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Abstract

Improving the osteogenic activity of BMP-2 in vivo has signifi-
cant clinical application value. In this research, we use a clinical
gelatin sponge scaffold loaded with BMP-2 and dexamethasone
(Dex) to evaluate the osteogenic activity of dual drugs via ec-
topic osteogenesis in vivo. We also investigate the mechanism
of osteogenesis induced by BMP-2 and Dex with C2C12, a multi-
potent muscle-derived progenitor cell. The results show that
the gelatin scaffold with Dex and BMP-2 can significantly accel-
erate osteogenesis in vivo. It is indicated that compared with the
BMP-2 or Dex alone, 100nM of Dex can dramatically enhance
the BMP-2-induced alkaline phosphatase activity (ALP), ALP
mRNA expression and mineralization. Further studies show
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that 100nM of Dex can maintain the secondary structure of BMP-2 and facilitate recognition of BMP-2 with its receptors on the
surface of C2C12 cells. We also find that in C2C12, Dex has no obvious effect on the BMP-2-induced Smad1/5/8 protein expression and
the STAT3-dependent pathway, but Runx2-dependent pathway is involved in the Dex-stimulated osteoblast differentiation of BMP-2
both in vitro and in vivo. Based on these results, a potential mechanism model about the synergistic osteoinductive effect of Dex and
BMP-2 in C2C12 cells via Runx?2 activation is proposed. This may provide a theoretical basis for the pre-clinical application of Dex and

BMP-2 for bone regeneration.
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Introduction

Large bone defects and non-unions resulting from resection,
trauma or pathology are serious public health problems and
common clinical problems, especially for the elderly [1].
However, currently used orthopedic implants show unsatisfac-
tory therapeutic effects motivating the fabrication of more effec-
tive bone substitutes [2-4]. To address this, the addition of
growth factor is an attractive strategy. As a member of the trans-
forming growth factor (TGF-p) superfamily, bone morphogenetic
protein-2 (BMP-2) has been considered to be the most effective
growth factor that can promote osteogenesis and bone tissue
remodeling [5-8]. In 2002, BMP-2 was approved by the US FDA
and European Medicines Agency for clinical use, including spinal
fusion, fracture healing and implant fixation. Unfortunately,
the clinically required high BMP-2 level and thereby possible
side effects, such as induction of bone resorption, abnormal oste-
ogenesis and nerve cell responses in non-repair areas

greatly affect the wide application of BMP-2 in clinic [9-12].
Urgently, it calls for a strategy to promote the osteoblastic bioac-
tivity of BMP-2.

As a matter of fact, various approaches have been attempted
from different perspectives to enhance/promote the biological ac-
tivity of BMP-2 in vivo and in vitro. Nowadays, formulating the
growth factor into micro- and nano-carrier delivery systems may
represent the most commonly used method to maintain protein
stability and prolong the therapeutic effect [13, 14]. However, in
clinical applications, the BMP-2 carriers that can be used are just
several mature products, such as gelatin sponge and calcium
phosphate cement (CPC) [15]. Recently, combined use with a posi-
tive modulator of BMP-2, such as the cytokines, synthetic gluco-
corticoids, hormone and vitamin, may be an appealing strategy
for clinical application [16-20]. Among these, non-growth factor
dexamethasone (Dex), which is considered to be one of the earli-
est and most widely used inducers of bone-related cells
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differentiation, appears to be most attractive [21-24]. Previous
investigations have acclaimed that in BMSCs, Dex with appropri-
ate dosage could effectively enhance the osteogenic differentia-
tion induced by BMP-2 [23, 25]. These studies have strongly
proven the feasibility to enhance the BMP-2-induced osteogenic
differentiation and bone mineralization by Dex and thus lower
the dosage of BMP-2 through their synergistic efficacy. However,
the role of Dex in BMP-2-induced bone formation is still not clear.
Especially, the mechanism related to two widely used methods
for evaluation of the bioactivity of BMP-2, which are the ectopic
bone formation and incubation with C2C12 cells still need enor-
mous research.

In this study, we implanted a clinical gelatin sponge scaffold
loaded with BMP-2 and Dex into the muscle bags of mice, and
found the ectopic bone formation was significant in vivo.
Furthermore, C2C12 cell line was chosen to explore the effect of
Dex on the capacity of BMP-2-inducing osteoblastic differentia-
tion and bone mineralization. Alkaline phosphatase activity
(ALP), a typical osteoblast-specific marker, was used to quantify
the activity of osteoblastic differentiation. Both the dose- and
time-dependent effects of Dex on the biological activity of BMP-2
were studied in vivo and in vitro. We also research the effect of
Dex on the secondary structure of BMP-2 and the binding capac-
ity of BMP-2 with its receptors on C2C12 cell membrane.
Meanwhile, we also investigated the effects of Dex on Smad-
signaling, signal transducer and activator of transcription 3
(STAT3) dependent mechanism, in vitro mineralization and
effects of Dex and BMP-2 on the expression of osteogenic markers
and related transcription factors, in order to propose the poten-
tial mechanism about the synergistic osteoinductive effect of Dex
and BMP-2 in C2C12 cells.

Materials and methods
Materials

Dex, p-nitrophenyl phosphate (PNPP-Na), FITC-Phalloidin and
Alexa Fluor 647-linked goat-anti-mouse IgG were all purchased
from Sigma-Aldrich (CA, USA). Gelatin sponge scaffolds were
purchased from Jingling Med Co. Ltd (Nanjing, China). rhBMP-2
protein was purchased from Shanghai Rebone Co. Ltd (Escherichia
coli-derived, China). The antibody for anti-BMP-2 was obtained
from R&D systems Co. Ltd (USA). Bicinchoninic acid (BCA) Assay
Kits and DAPI were obtained from Biyuntian Biological Co. Ltd
(Suzhou, China). Reagents related to cell culture were all
obtained from Gibco Company (New York, USA).

Ectopic bone formation in vivo

This study followed the NIH laboratory animals care and was
approved by the Laboratory Animal Center of National Tissue
Engineering Research Center. Dex (0, 4, 20 and 100 ug) and 15pg
of BMP-2 were added onto gelatin sponge scaffolds
(5x5 x 3mm), respectively, then freeze-dried at low tempera-
ture, and stored at —20°C. A total of 24 male mice (1 month old,
Shanghai Slack Company, China) were anesthetized with diethyl
ether inhalation. Animal mice were divided into four sample
groups, and gelatin sheets were implanted in the muscle pocket
of the right thigh. Two weeks after the operation, the mice were
sacrificed by cervical vertebrae and the implanted samples were
obtained. A micro-CT scanned image (eXplore Locus SP) was used
to evaluated the bone formation. All scans use 80kV voltage and
80mA current. The projected image was taken over 360° in 0.4°
increments. GE Microview ABA 2.1.2 software was used to carry
out bone radiation morphometric analysis. In the Region of

Interest of each set part, we further quantitatively detect the vol-
ume of new bone and tissue mineral density.

The in vivo Runx2 protein was detected as the below-
mentioned Western blotting analysis in this experiment. Two
weeks after implantation, the implants were harvested and then
lysed for 30 min with RIPA Lysis Buffer containing 1.0 mM phenyl-
methanesulfonyl fluoride. The total tissue protein lysis buffer
was centrifuged at 1.2 x 10*rpm for Smin and the supernatant
was collected. Then, the rest steps were similar to the determina-
tion of p-Smads/Runx2 proteins in vitro in ‘Western blotting
analysis’ section.

Cell culture

The C2C12 cell, a mouse myoblast cell line with osteoblastic po-
tential, was obtained from the American Type Culture Collection.
C2C12 cells were cultured in a 37.5 cm? flask with DMEM contain-
ing 10% fetal bovine serum (FBS), antibiotics (100 mg/ml strepto-
mycin and 100 U/ml penicillin-G) (we called growth medium) in a
5% CO,/95% air incubator, digest and separate with 0.25% tryp-
sin/0.03% ethylenediaminetetraacetic acid. The cells were
counted and used in subsequent experiments.

Measurement of ALP activity

As mentioned earlier [26], ALP activity was measured with PNPP-
Na. ALP activity was set as the absorbance value at 405nm per
milligram of protein per minute. Use BCA kit (Beyotime, Jiangsu,
China) to detect the total protein concentration of cells, with bo-
vine serum albumin (BSA) as the standard. In order to determine
the ALP activity by histochemical method, the cells were fixed,
then washed with PBS for several times, and incubated with a
mixture with 1mg/ml Fast Blue BB salt (Shanghai Yuanju,
China), 0.5mg/ml naphthol AS-BI phosphate (Sigma, CA, USA),
0.05mol/1 MgCl,, 0.01mol/l levamisole and 2% (V/V) dimethyl
formamide (DMF) for 30 min at 37°C. The fixed cells were imaged
with a Leica DMi8 optical microscope (Leica, Germany).

Mineralization assay

For determining the formation of bone nodules, the mineraliza-
tion of extracellular matrix was indicated by Alizarin Red S
staining as previously described [27]. Cells were cultured in main-
tenance medium (containing 2% FBS) for 2 or 3weeks, and the
cell medium was changed every 2 days. Subsequently, within
the set time, the cells were washed twice with PBS solution
at room temperature (RT) and fixed with 4% paraformaldehyde
(w/v) solution for 15min. We then stained the fixed cells
with 1% Alizarin Red (Shanghai, China) (pH=4.2) for 15min.
Then, we washed the cells with PBS for twice, and digital
images of the stained cells were observed and taken with an op-
tical microscope.

Binding capacity of BMP-2 to the C2C12 cell
membranes

We performed the immunofluorescence assay to analyze the
binding efficiency of BMP-2 to the cell membranes. C2C12 cells
were adhered for 24h and then treated with elevated Dex in the
presence of 0.4 ug/ml BMP-2 for 6h. After that, we fixed the cells
with 4% paraformaldehyde and blocked the n-specific binding
sites with 5% FBS/PBS solution at RT for 1h. After that, we incu-
bated the cells with anti-BMP-2 antibody (R&D, USA) for another
1h at RT followed by Alexa Fluor 647-linked goat-anti-mouse IgG
(Sigma-Aldrich, USA) for staining BMP-2. The cytoskeleton was
stained with FITC-Phalloidin (Sigma, USA) and the nuclei were
stained with DAPI solution at RT. We used a confocal microscope
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(A1R, Nikon, Japan) to measure BMP-2, cytoskeleton and nucleus
at 562, 488 and 405 nm wavelengths, respectively.

Far-ultraviolet circular dichroism detection

The secondary structure of BMP-2 affected by Dex was measured
by far-ultraviolet circular dichroism (far-UV CD) spectroscopy
(Model J-715, Japan). The far-UV CD spectrum was obtained at a
wavelength of 190-260nm. We used a rectangular quartz cell
with 1mm path length for testing, and used a time constant of
250ms at a scan rate of 1 077 m/min. Each spectrum data was
tested for three times and the average value was taken. CDNN
Deconvolution Software (version 2.1) was used to calculate the
secondary structure of BMP-2.

RT-PCR analysis

In the presence of the specified concentration of the inducer, the
cells were grown to 80% confluency in a 6-well plate with mainte-
nance medium. According to the instructions of real-time reverse
transcription polymerase chain reaction, total RNA was extracted
using a total RNA Extraction Kit (Axygen, USA). We synthesized
the first strand cDNA with PrimeScript RT Reagent kit (Takara,
Japan). After that, we diluted the cDNA 10-fold with sterile dis-
tilled water, and then subjected a 4 pl diluted cDNA to real-time
polymerase chain reaction (RT-PCR) using SYBR PCR Kit (Takara,
Japan). RT-PCR was performed in a 10pl mixed solution, which
was composed of 1x polymerase chain reaction (PCR) buffer,
1x SYBR Premix Ex Taq (5u), 4ul aliguot of the diluted cDNA,
0.2 pl ROX Reference Dye, 0.4 pl of forward primer and 0.4 pl of re-
verse primer. The experimental conditions of real-time fluores-
cence quantitative PCR were like these: raised to 95°C and
maintained for 30s, then, run for 40 cycles, 95°C for 5s and 60°C
for 34 s. The result of RT-PCR was detected by ABI 7900HT instru-
ment. The primer sequences used in this study were shown in
Table 1.

Western blotting analysis

C2C12 Cells were incubated with thBMP-2 (Rebone, China), Dex
and a combination of two inducers for 4h to determine the
phospho-Smad1/5/8 protein, while treated for 72h to determine
the Runx2 protein. C2C12 cells were lysed with 1x lysis buffer,
and then determine the total protein concentration using BCA de-
tection kit with BSA as the standard. The obtained protein sample
(10 pg) was separated and transferred to a membrane. Then, it
was blocked with 5% skimmed milk, and then incubated with a
diluted solution (1:500) including anti-phospho Smad1/5/8 and
anti-actin (Santa Cruz, CA) at 4°C for 12h. After that, the mem-
brane was washing with water and incubated with the secondary
antibody for 1 h. The bands were displayed by chemilumines-
cence according to the manufacturer’s instructions.

Statistical analysis

All data provided here are in the form of mean =+ standard devia-
tion, and similar results were obtained in each of our

experiments. Statistical analysis is using one-way analysis of var-
iance. A value of P < 0.05 is considered statistically significant.

Results and discussion

Evaluation of ectopic osteogenesis of
BMP-2+dex@gelatin scaffold in vivo

We examined the effect of gelatin sponge scaffold with Dex and
BMP-2 (BMP-24+Dex@gelatin) on the ectopic osteogenesis using
the mouse thigh muscle model in vivo (Fig. 1a). In preliminary
experiments, we found that 15pg BMP-2 per mice could effec-
tively induce the ectopic bone formation and 1-150ug of Dex
could promote the process in vivo. So, in this study, we fixed the
dosage of BMP-2 at 15pg per mice and Dex within 4-100 pg.
Within 2 weeks, in the presence of 20 ug of Dex, the new bone for-
mation was significantly increased than groups without Dex
(Fig. 1b). The blank group without BMP-2 had no ectopic bone for-
mation (data not shown). The detection of pCT could distinguish
the mineralized tissue from the soft tissue remaining in the im-
plant. It revealed that the compaction of mineralized tissues of
Dex-loaded groups was slightly better than control group
(Fig. 1c). We also calculated the volume of new bone (Fig. 1d) and
tissue mineralization density (Fig. 1le) to more accurately assess
the condition of ectopic bone formation. The Runx2 protein ex-
pression in vivo was measured by western blotting analysis
(Fig. 1f and g). The expressions of Runx2 proteins in vivo with Dex
and BMP-2 are both higher than BMP-2 group, meanwhile, the
group with BMP-2 and 20 ug Dex shows the highest Runx2 protein
expression. From our animal results, it was demonstrated that a
gelatin sponge scaffold with appropriate concentration of BMP-2
and Dex could enhance bone formation in vivo. With relative low
amount of Dex (20 pg/implantation), BMP-2 induced higher value
of bone volumes and tissue mineral density within 2 weeks in
mice.

Effect of Dex and BMP-2 on osteoblastic
differentiation in vitro

Before determining the effect of Dex on the BMP-2-induced ALP
levels, we first treated C2C12 cells with BMP-2 or Dex alone at dif-
ferent concentrations for 3 days. When the concentration of
BMP-2 was equal to or bigger than 0.4 pg/ml, it could be observed
that the ALP activity had increased significantly. But in the case
of cells treated with Dex alone, the expression of ALP did not
show statistically significant difference compared to that without
any inducer (Supplementary Figs S1 and S2). The dose-depen-
dence of Dex on the BMP-2-induced osteoblastic differentiation
was detected subsequently. It can be seen that BMP-2 and 5-
200nM of Dex all expressed higher ALP activity compared to sam-
ples treated with BMP-2 alone (Fig. 2a). Specifically, the ALP levels
monotonically increased with the increasing of Dex concentra-
tion up to 100nM, and then slightly decreased or remained con-
stant afterwards. Figure 2b shows that after the culture, the

Table 1. Sense and antisense primers utilized for RT-PCR amplification

Target Forward primer sequence

ALP 5'-CCA ACT CTT TTG TGC CAG AGA-3
Runx2 5/-CGG CCC TCC CTG AAC TCT-3'
Osteocalcin 5/-CTG ACA AAG CCT TCA TGT CCA A-3'

1d-1 5'-GCG CAC CGT GAA CCT AAA C-3
5'-GGT ATG CTT GAT CTG TAT CTG C-3/
5'-GTC GTG GAG TCT ACT GGT GTC-3'

Collagen I
GAPDH

Reverse primer sequence

5/-GGC TAC ATT GGT GTT GAG CTT TT-3'
5/-TGC CTG CCT GGG ATC TGT-3'

5/-GCG GGC GAG TCT GTT CAC TA-3'
5'-GTG GAC TGG CAA TGG AGA AAC-3'
5'-AGT CCA GTT CTT CAT TGC ATT-3
5/-GAG CCC TTC CAC AAT GCC AAA-3'
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Figure 1. Effect of Dex on BMP-2-induced ectopic osteogenesis in vivo. (a) Gelatin sponge scaffold with 15 pg of BMP-2 and 0, 4, 20, 100 pg Dex was
implanted into thigh muscle pouches of mice to stimulate ectopic osteogenesis. The digital pictures (b) and micro-CT images (c) of new ectopic bone
after 2 weeks of surgery were displayed (n=6). Use GE software-Microview ABA 2.1.2 to quantitatively analyze the new bone volume (d) and tissue
mineral density (e) from the micro-CT image. The data presented are the average of three independent experiments. (f) Western blot analysis of Runx2
and B-actin protein abundances in ectopic bone formation. (g) Integrated in vivo Runx?2 optical data analysis by ImageJ 1.42. *indicates that group with
BMP-2 and 20 ug Dex contained higher bone volume than groups without Dex. # indicates that the tissue mineral density of groups with Dex and BMP-2
all higher than groups without Dex. & indicates that the Runx2 protein levels in vivo with Dex and BMP-2 higher than BMP-2 group. @ indicates that the
Runx?2 protein expression of the group with BMP-2 and 20 pg Dex is significantly higher than the other groups. *P, #P, &P, @P < 0.05

staining of cells treated with (0.4 pg/ml BMP-2 + 100 nM Dex) was
the most intensely.

The culture time-dependent effects of the two inducers on ALP
expression were detected (Fig. 2¢). The cells simultaneously treated
with both Dex and BMP-2 showed the highest ALP activity at all indi-
cated times. To clarify whether Dex and BMP-2 affect the differentia-
tion of C2C12 cells at different stages, the results in Fig. 2d show a
comparison of the relative ALP expression in the ‘early treatment’
(1-2days) and ‘late treatment’ (34 days) cells. As can be seen, treat-
ment with the combination of Dex and BMP-2 in the early and late
stages induced the highest ALP expression. The mineralization stain-
ing checked by Alizarin Red is shown in Fig. 2e. Cells treated with a
combination of Dex and BMP-2 or BMP-2 alone showed more stained

areas, indicating the formation of mineralized products, than that
treated with Dex or control (no inducer), at both 2 and 3 weeks.
According to the previous literature [28], BMP-2 was consid-
ered to have greater osteogenic differentiation ability in pre-
osteoblasts or pluripotent stem cells, but the osteogenic differen-
tiation effect was poor in mature osteoblast cell lines. For osteo-
blasts, Dex has favorable and unfavorable effects on the cell
mineralization and osteoblast differentiation, which depending
on the concentration of Dex, cell type and cell density [29-31].
Together with our results that Dex did not affect the C2C12 cells’
ALP expression, it could be hypothesized that the promoting ef-
fect of Dex and BMP-2 on osteoinductive activity might takes
place via mediating BMP-2-induced osteogenesis. However, in



Regenerative Biomaterials, 2022, Vol. 9, rbac008 | 5

(b)

—_—
)
—
-
o
*

o
i

ALP activity
405nm OD value/min/mg protein
>

il

Q.
Blank 0 5 10 20 100 200 500
BMP-2(0.4ug/mL) + Dexamethasone /nM

—_
(2]
~
*
+

ALP activity
405nm OD value /min/mg protein

I control
1 .5‘ - DeX *k *
I BMP-2

I BMP-2 + Dex

% *
1 2 3 4
Culture Time (d)

1.0

0.5

0.0-

—_
o
—
i
N
B

=
2
<
a
j=2
£
ZE
=
2 0] 3W
o
— T 044
z >
a
S 024 H
8 oo m B
8o
F 4+ 4+ 4+ o+ o+ o+ - . . . BWP2
4+ + %+ - - - 4+ + + . pex Day12
+ 0+ -+ -+ o+ - - BMP-2
+ + o+ + o+ -+ . Dex DHI4

@ BMP-2+Dex  BMP-2 Dex

e

Figure 2. Dex enhanced the biological activity of BMP-2. (a) ALP was measured after cells were cultured with 0.4 pg/ml of BMP-2 and 0, 5, 10, 20, 100, 200
or 500nM of Dex for 3days. The data were obtained from the color reaction of p-nitrophenylphosphate. (b) The staining of ALP activity was using fast
blue BB and naphthol as-BI phosphate salt. (c) ALP activity of C2C12 cells for different incubation times. Cells incubated with BMP-2 (0.4 pg/ml), Dex
(100nM) or a combination of both for different incubation times. (d) The ALP activity was induced by adding inducers at different time periods. For the
first 2 days of C2C12 cell culture, used BMP-2 (0.4 pg/ml), Dex (100nM) or a mixture of two inducers as the medium, and removed the inducer after 48h
of culture. Then, we cultured the cells with the designated inducers from Day 3 to 4. ALP activity was measured at Day 4 (n=4). (e) Effects of BMP-2 and
Dex on C2C12 cells mineralization. The culture medium of C2C12 cells were BMP-2 (0.4 pg/ml), Dex (100 nM) or a mixture of two inducers. The staining
of cell mineralization was detected using 1% Alizarin Red S and checked at 400x magnification. *P < 0.05. *P < 0.001

C2C12 cells, our results showed that continuous treatment with
any inducer alone showed better results than switching from one
inducer to another (Fig. 2d). And the role of BMP-2 was very im-
portant in both ‘early-treated’ and ‘later-treated’ periods. These
results indicated that in C2C12, Dex and BMP-2 might be acting in
the same differentiation stage or the same pathway. Inconsistent
with the previous results, both Dex and BMP-2 can be used as os-
teoblast stimulators in human BMSCs, but show different effects
at different stages of osteoblast differentiation [28]. Furthermore,
Dex seems to be more effective in the BMP-2-mediated osteoblast
differentiation in equine BMSCs, whereas less effective in human
BMSCs [32]. It was indicated that the effects of Dex on the BMP-2-
induced osteoblast differentiation may be cell type and concen-
tration dependent.

Evaluation of the binding capacity and secondary
structure of BMP-2 incubating with Dex

Typically, the important step in BMP-2-mediated osteogenic dif-
ferentiation is to make BMP-2 bind to its receptors. In our re-
search, the binding of BMP-2 to cell membrane surface receptors
was evaluated by immunocytochemistry (Fig. 3a). Despite Alexa
Fluor 647-labeled BMP-2 was detected on the cell membranes of

all samples after 6h of incubation, the fluorescence intensity in-
creased when the concentration of Dex was 5-500nM, and the
highest fluorescence intensity was observed for 100nM Dex. It
was indicated that less Dex enhanced the binding of BMP-2 to
BMP-2 receptor (BMP-R) on the cell surface, while high concentra-
tion of Dex would reduce the binding efficiency of BMP-2 to its
receptors.

Figure 3b shows the far-UV CD spectra of BMP-2 in the pres-
ence of Dex with different concentrations. The secondary struc-
tural elements of free BMP-2, 0.4 ung/ml BMP-2 with 5, 20, 100 and
500nM Dex in 0.5mM PBS were exhibited in Table 2. For free
BMP-2, the contents of alpha-helix (a-helix), beta-sheet (B-sheet),
beta-turn (B-turn) and random coil were 16.6%, 15.67%, 15.46%
and 52.27%, respectively. With progressive addition of Dex, the
percentages of a-helix, B-sheet, B-turn, and random coil were all
slightly changed. The percentage of o-helix was increased by
0.37% in BMP-2 + 100 nM Dex, while for BMP-2 4 5-, 20- and 500-
nM Dex, the percentages of o-helix were decreased by 1.73%,
0.49% and 1.65%. Compared to free BMP-2, the addition of 100 nM
Dex showed the smallest changes of the folding structure.

As an important member of TGF-B protein, BMP-2 initiates
its function through binding to BMPR-IA/IB receptor with high
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surface was detected with alexa fluor 647-labeled anti-mouse IgG (red) and anti-BMP-2 antibodies. (b) Far-UV CD spectrum of BMP-2 at different
concentrations of Dex. Secondary structure of BMP-2 was detected with related software

Table 2. Secondary structure of free BMP-2, 0.4 ng/ml BMP-2 with 5, 20, 100 and 500 nM Dex in 0.5 mM PBS as determined by CD spectra®

Secondary structure compositions Free BMP-2 + 5 nM BMP-2 + 20 nM BMP-2 + 100 nM BMP-2 + 500 nM
BMP-2 (%) Dex (%) Dex (%) Dex (%) Dex (%)

a-Helix 16.60 14.87 16.11 16.97 14.95

B-Sheets 15.67 13.92 11.19 15.34 11.05

B-Turns 15.46 15.51 14.33 15.13 15.17

Rndm. coil 52.27 55.70 58.26 52.35 58.72

Changes of the folding structure 12.1 5.6 111 13.0

Software CDNN V2.1 was used to analyze the190-260 nm spectra region to evaluate the secondary structure of protein.
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affinity and subsequently BMP-II receptor with lower affinity on
the cellular surface to form a signaling complex, and then acti-
vates the downstream signaling pathway (Smad, MAPK and STAT3
pathways). Therefore, from this viewpoint, when analyzing the
role of Dex in regulating the osteogenic differentiation induced by
BMP-2, the effect of Dex on the binding of BMP-2 to its receptor and
the subsequent signal pathways should be studied. Herein, the
presence of Dex in a concentration of 0-500nM could facilitate rec-
ognition of BMP-2 with BMP-R on C2C12 cell surface. The results
indicated that in the presence of Dex, the efficient combination of
BMP-2 and BMPR-R played a critical role in determining the osteo-
genic activity of BMP-2. Moreover, it also can be hypothesized
that high concentration of Dex (500nM) might down-regulated the
combination efficiency of BMP-2 and BMP-R. Similar to our results,
Matsumoto [33] reported 1puM Dex inhibited BMP-2-mediated ex-
pression of Runx2 and reduced the expression of osteocalcin (OC).
Furthermore, the CD spectra showed that the concentration of Dex
had a significant effect on the secondary structure of BMP-2. Thus,
the osteogenic differentiation of C2C12 cells was closely related to
the balance between the concentration of Dex and BMP-2.

Effects of Dex on the signal pathway and
osteoblast markers of BMP-2

Figure 4a and b shows that no marked difference in phospho-
Smad1/5/8 levels was found in C2C12 cells incubated with (BMP-
2+Dex) or BMP-2. Moreover, we tested a targeting factor that acti-
vates Smad signaling, Id-1, and found that treated with Dex had
no effect on the expression of Id-1 induced by BMP-2 (Fig. 4e).
Next, the STAT3 was investigated in our research and whether it
played a key role in this synergy process. We have used an inhibi-
tor of STAT3 phosphorylation, AG490, to confirm our conjecture
[22]. Figure 4f shows that there was no obvious enhancement or
inhibition on ALP activities of C2C12 cells treated with inducers

after adding AG490. From the previous reports, cytokines that af-
fect the differentiation of osteoblasts included the IL6 family [34].
Janus kinases (JAKs) were activated by the binding of IL-6 to its re-
ceptor, and then STAT3 was phosphorylated by activated JAKs,
thereby regulating the transcription of multiple genes and differ-
entiation of osteoblasts. [35, 36]. With adding AG490 in culture
medium, we found that STAT3 had no effect on the ALP activity
of the experimental groups (Fig. 4f). Somewhat contradictory to
previous report, in which they found that in C3H10T1/2 [22], a
mouse embryonic fibroblast cell line, Dex and BMP-2 could signif-
icantly enhance ALP activity and accelerate early osteoblast dif-
ferentiation through the STATS3 signaling pathway. We believe
this difference might be related to the cell type.

In order to further explore whether the combined enhance-
ment of ALP activity by Dex and BMP-2 is related to bone
formation-related transcription factors, we measured mRNA lev-
els of ALP, osteocalcin (OC), collagen I (Col I) or Runx2 after 1, 3
and 5 days treatment (Fig. 5). Treatment with (Dex+BMP-2)
strongly enhanced the expression of Runx2 mRNA at 1 and 3
days, especially at 5 days (Fig. 5d). Treatment with Dex or BMP-2
alone all enhanced the expression of Runx2 at 3 and 5 days, com-
pared to that in control group. The Runx?2 protein expressions of
C2C12 treated for 3days in vitro exhibited similar results detected
by western blots (Fig. 4c and d). From the semi-quantitative
analysis, it was found that the level of Runx2 expression in cells
incubated with BMP-2 or Dex alone was significantly lower than
the experimental group treated with BMP-2+4+Dex. Apparently,
Dex and BMP-2 could synergistically enhance the expression of
Runx2 mRNA and protein in the indicated times.

The potential mechanism about the regulation of
osteoblast differentiation with BMP-2 and Dex

It was demonstrated that BMP-2+Dex@gelatin scaffold could en-
hance bone formation in vivo from our animal results.
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Figure 4. Effects of Dex on osteoblastic differentiation induced by BMP-2. (a) Effects of Dex on Smad1/5/8 phosphorylation signaling pathway induced by
BMP-2. Western blotting for phosphorylated Smad1/5/8 was detected andp-actin was set as the blank group. (b) Integrated p-Smads optical data
analysis by ImageJ 1.42. (c) Western blot analysis of Runx2 and B-actin in C2C12 cells in vitro. (d) Integrated Runx? optical data analysis by ImageJ 1.42.
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Furthermore, we have selected C2C12 cells as our model cell line
and then investigate the effect of Dex on osteoblast differentia-
tion induced by BMP-2 and the related mechanism in vitro.
The presented data confirmed that Dex, as expected, could
dramatically increase the ALP activity of C2C12 cells treated with
BMP-2 in typical time- and concentration-dependent manners.
Moreover, Dex and BMP-2 could increase the expression of Runx2
mRNA and protein both in vitro and in vivo.

In general, Activating the Smad-Runx?2 signaling pathway is
the way for BMP-2 to display its osteogenic activity. After BMP-2
binds to its receptor, it stimulates the phosphorylation of Smad1/
5/8 and binds to Smad4. The complex interacts with Runx?2 in
the nucleus to activate the transcription of the genes which con-
tain OSE2, thereby activating osteogenic differentiation [37, 38].
Runx? is an important transcription factor for differentiation
of mesenchymal precursor cells into osteoblasts [39-41].
Therefore, we measured the effect of Dex on the Smad1/5/8 and
Runx? expressions during BMP-2 incubation in this study. The
results indicated that in the cells incubated with (BMP-2 +Dex)
or BMP-2, the protein levels of 1d-1 and Smad1/5/8 had no signif-
icant difference, which means that the BMP-Smad signal chan-
nel may not be the reason for the high expression of ALP
activity induced by the synergistic effect of Dex and BMP-2. But
the level of Runx2 protein and mRNA expression of (BMP-
2+Dex)-treatment were much higher than the cells induced by
Dex or BMP-2 alone. Moreover, the in vivo Runx2 protein level of
(BMP-2+Dex)-treatment was also higher than that only induced
by BMP-2. The results imply that Runx2 may play a key role
in the osteogenic differentiation of C2C12 cells induced by
(Dex+BMP-2).

This noticeable difference with regard to Runx2 mRNA/protein
levels between BMP-2 alone and BMP-2+ Dex-treatment
arouse our attention. Treatment with BMP-2 not only inhibited
the expression of C2C12 cells’ master genes (including MyoD) and
blocked their myogenic differentiation, but also enhanced osteo-
genic differentiation by triggering the expression of osteogenic-
related genes [42]. It was also reported that in C2C12 cells, the
regulation of Runx2 played a key role in blocking the myogenic
differentiation of C2C12 cells and the process of osteogenic differ-
entiation induced by BMP-2 [43]. Taking into account these
considerations, two explanations for the above stimulatory effect
of Dex on the osteogenic differentiation induced by BMP-2 are
possible.

The first possibility, we believe, is related to the suppression
of the master-forming genes expression and thus the blockage of
the formation of myoblast lineage. As a kind of skeletal muscle
myogenic progenitor cell, C2C12 is thought to differentiate into
muscle cells. But BMP-2 can reverse this process by up-regulating
the expression of Id-1 and Runx2 and reducing the activity of
MyoD protein. Overexpression of Runx2 can inhibit the activity
of MyoD protein and prevent the myogenic differentiation of
C2C12. Moreover, it has been documented that the inhibition
of Runx2 gene in mice can lead to complete cessation of osteo-
genic differentiation [27]. Therefore, it can be hypothesized that
up-regulation Runx?2 triggered by Dex might potentiate the sup-
pressing of the MyoD family and the inducing of Smad-Runx2
signaling pathway. As a result, the ALP activity, OC and Col I
mRNA were all increased.

The second cause is associated with the role of BMP-activated
Smads and Runx? signal pathway. Although Runx2 plays a very
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important role in the process of osteogenic differentiation, there
are many other factors in this process. For example, all phos-
phorylated Smad proteins (Smad 1/3/5/8) and Runx1, Runx2 and
Runx3 all show interactions in vitro. It has been reported that
Runx3 and Smad3 can regulate the TPRE gene together [44]. Lee
et al. [43] also found that in C2C12 cells, the synergistic effect of
BMP-activated Smads and Runx2 could induce the overexpres-
sion of its osteogenic-specific genes. Our experimental results
also supported this hypothesis. The expression of Runx?2 induced
alone by Dex was not enough to induce the osteoblast differentia-
tion. Only under the condition of BMP-2 co-cultivation, Dex can
enhance the osteoblast differentiation. Therefore, we conclude,
the combination of the up-regulation Runx2 and BMP-activated
Smads stimulate the differentiation of C2C12.

Taken together, the above results suggested that in C2C12
cells, 5-500 nM Dex could effectively enhance the binding of BMP-
2 and BMP-R, and also enhance BMP-2-induced ALP expression,
and (Dex+BMP-2)-treatment could significantly promote several
osteoblast markers and osteogenic transcription factors mRNA
expression. We also confirmed that Runx2 was involved in the
synergistic osteogenic effects of Dex and BMP-2 both in C2C12
cells and in vivo. Previous studies have reported that the receptor
site of Dex is in cytoplasm and the receptor of BMP-2 is on the
surface of cell membrane. Therefore, based on these results
obtained here and the previous reports, the mechanism model of
Dex and BMP-2 synergistically inducing bone formation in the
C2C12 cell model was proposed (Fig. 6). Firstly, low concentration
of Dex facilitates recognition of BMP-2 with its receptors, and
then the BMP-2 receptors form a heterodimer and initiate the sig-
nal transduction cascade by phosphorylating downstream cyto-
solic factors, like Smad 1/5/8. Secondly, the complex formed by
Dex binding to its receptor, together with the Smad molecules,
regulates the expression of downstream Runx2, which subse-
quently recognizes and binds to specific DNA sequence binding
site, and then inhibits the myogenic differentiation and promotes
the osteoblast differentiation. The C2C12 model and thigh mus-
cle pouch implant model have demonstrated that Dex

potentiates osteoblast differentiation induced by BMP-2 both
in vitro and in vivo. With this respect, this study will lead us to
find an optimal concentration ratio of Dex and BMP-2 for better
osteogenic differentiation and will hasten the therapeutic appli-
cation of a combined therapy of Dex and BMP-2.

Conclusions

In this study, we identified that Dex with low concentration could
significantly potentiate osteoblast differentiation induced by
BMP-2 in C2C12 cells in vitro and the ectopic osteogenesis in vivo,
as indicated by higher ALP levels, enhanced mineralization and
better binding capacity to its receptors. It also appeared that
compared with other experimental groups, the mRNA and pro-
tein expression of Runx2 increased significantly, which was con-
sistent with the gene expression level of ALP. With these findings,
it can be inferred that Dex at low concentrations may enhance
the BMP-2 induced bone reconstruction, which may provide a
new strategy to stimulate bone regeneration through the com-
bined use of Dex and BMP-2. The results obtained here may be
valuable for future research on the special signal transduction
pathway of BMP-2 and the design of biomaterials for bone repair.
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Supplementary data are available at REGBIO online.
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