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ABSTRACT: Distraction osteogenesis (DO) technique could be used to manage large-size bone defect successfully, but DO process
usually requires long duration of bone consolidation. Innovative approaches for augmenting bone consolidation are of great need.
Staphylococcal enterotoxin C2 (SEC2) has been found to suppress osteoclastogenesis of mesenchymal stem cells in vitro. In this
study, we investigated the effect of SEC2 on proliferation and osteogenic differentiation of rat bone marrow derived mesenchymal
stem cells (rBMSCs). Further, we locally administrated SEC2 (10ng/ml) or PBS into the distraction gap in Sprague–Dawley male
rat DO model every 3 days till termination at 3 and 6 weeks. The regenerates were subjected to X-rays, micro-computed
tomography, mechanical testing, histology, and immunohischemistry examinations to assess new bone quality. SEC2 had no effect
on cell viability. The calcium deposition was remarkably increased and osteogenic marker genes were significantly up-regulated in
rBMSCs treated with SEC2. In rat DO model, SEC2 group had higher bone volume/total tissue volume in the regenerates. At
6 weeks, mechanical properties were significantly higher in SEC2-treated tibiae comparing to the control group. Histological
analysis confirmed that the new bone had improved quality in SEC2 treated group, where the osteocalcin and osterix expression in
the regenerates was up-regulated, indicating faster bone formation. The current study demonstrated that SEC2 local injection
promotes osteogenesis and enhanced bone consolidation in DO. The findings support application of SEC2 as a potential novel
strategy to expedite bone consolidation in patients undergoing DO treatment. � 2016 Orthopaedic Research Society. Published by
Wiley Periodicals, Inc. J Orthop Res 35:1215–1225, 2017.
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Distraction osteogenesis (DO) as described by Ilizarov
is widely employed in the treatment of limb length
discrepancy, nonunion, and bone defects caused by
trauma or tumor resection.1–4 It has many advantages
over conventional treatments including less operative
time, bleeding, shorter duration of hospitalization, and
lower costs. However, to achieve larger segment bone
regeneration, an external fixator must be worn during
the long consolidation phase that may result in
discomfort and complications.5 To shorten the duration
of external fixation will reduce the complications and
various methods have tried to enhance the callus
consolidation, including using growth factors, hor-
mones, stem cells, and mechanical stimulation, etc.6

Due to the high cost, difficult in preparation or
complicated operational procedures, most of these
treatments are yet to be widely applied clinically.

Innovative approaches to augment bone consolidation
during DO are still in great need.

Staphylococcal enterotoxins (SEs) belong to a family
of related pyrogenic enterotoxins secreted by Staphylo-
coccus aureus and Streptococcus aureus.7 Different
from conventional antigens, SEs are powerful super-
antigens (SAg) that can stimulate vigorous prolifera-
tion of T-cell bearing certain T-cell receptor (TCR) and
release large amounts of cytokines such as interleu-
kin-1 (IL-1), interleukin-6 (IL-6), interleukin-10
(IL-10), gamma-interferon (IFN-g), and tumor necrosis
factor alpha (TNF-a), all have been applied in the
antitumor immunotherapy.8–12 The type C SEs (SECs)
are a group of highly conserved proteins with signifi-
cant immunological cross-reactivity and exhibit strong
antitumor effects.13 SEC2, one of the serological
variants of SECs with low toxicity, has been approved
as an therapeutic agent for malignant tumor and
leukemia in PR China.14 Previous study reported that
SEC2 also accelerated the absorption and organization
of hematomas at the fracture site and promoted
fracture healing in patients.7 The transformation of
mesenchymal stem cells (MSCs) and its subsequent
ossification to bone play a vital role during bone
formation and mineralization.15 Our previous study
has demonstrated that SEC2 promoted osteogenesis
and suppressed osteoclastogenesis of MSCs in vitro,
indicating that SEC2 might be a potential new thera-
peutic candidate for augmenting bone regeneration.16

However, the effect of SEC2 on bone formation/consoli-
dation during DO is not known. In the present study,
we investigated the effect of SEC2 on osteogenic
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differentiation of rat bone marrow derived mesenchy-
mal stem cells (rBMSCs), and the effect of local
administration of SEC2 on bone consolidation in a DO
rat model.

METHODS
Ethics
In this study, 12-week-old male Sprague–Dawley (SD) male
rats were used. All of them were provided by the Laboratory
Animal Research Centre of the Chinese University of Hong
Kong with animal experimental ethical approvals. Animal
surgery was carried out under the animal license issued by
the Hong Kong SAR Government and the approval of the
Institutional Animal Care and Use Committee of the Chinese
University of Hong Kong. All surgeries were performed
under anesthesia, and efforts were made to minimize the
suffering of the animals.

SEC2 Solution and Chemicals
SEC2 solution (10ng/ml) was provided by Shenyang Xiehe
Pharm Company (Shenyang, PR China, www.xiehegroup.
com.cn). All chemicals used were purchased from Sigma–
Aldrich, St. Louis, except where specified.

Isolation and Culture of rBMSCs
The details of rBMSCs isolation and culture have been
described previously.17 Briefly, cells were cultured in alpha
modified Eagle’s medium (a-MEM, Invitrogen) supplemented
with 10% fetal bovine serum (FBS, Gibco), 100U/ml penicil-
lin and 100mg/ml streptomycin at 37˚C in a 95% humidified
atmosphere of 5% CO2. Surface markers including CD34,
CD44, CD45, and CD90 (BD Biosciences), were used to
determine the purity of MSCs. We used rBMSCs of passages
3–6 in the experiments.

Cell Viability Assay
The rBMSCs were trypsinized and placed in a 96 flat-
bottomed well plate at an initial density of 5000 cells per
well. After 24 h of incubation, the medium was changed
into SEC2 containing medium at different doses (0, 0.1, 1,
10, 50 ng/ml). Cells were incubated at 37˚C for 48 and 72 h.
The proliferation was determined by methyl thiazolyl
tetrazolium (MTT) reduction assay. After incubation,
rBMSCs were treated using the MTT solution with a finial
concentration of 0.5mg/ml for 4 h at 37˚C. The dark blue
formazan crystals formed in intact cells were solubilized
with 150ml DMSO and the plate was shaken for 10min.
The absorbance was measured at 570nm with a microplate
reader.

Osteogenic Differentiation and Alizarin Red Staining
Osteogenic differentiation was performed as previously
described.18 Briefly, samples (5000 cells/cm2) were incubated
in a 12-well plate. When over 80% confluence was reached,
the medium was removed and replaced by osteogenic induc-
tion medium (OIM, 1nM dexamethasone, 50mM L-ascorbic
acid-2-phosphate, and 20mM b-glycerophosphate with com-
plete medium) with SEC2 (10ng/ml). The OIM without SEC2
and a-MEM were set as positive and negative control,
respectively. Also, Alizarin Red staining was performed to
clarify the effect of only SEC2 in a-MEM on the rBMSCs.
Mineralization assay was performed to evaluate calcium
deposit formation after 7-day SEC2 treatment. Cells were
washed with PBS and fixed with 70% for 10min. After

which, cells were stained with Alizarin Red (PH 4.2) for
10min at room temperature and washed three times with
deionized water. Orange red staining showed the position
and intensity of calcium deposits. The calcium deposition
was extracted with 10% cetylpyridinium chloride (CPC), and
the OD of the extract was measured at 570nm.

RNA Extraction and Quantitative Real-Time PCR
Total RNA was extracted from the cultured rBMSCs at
7 days after induction with RNeasy Mini Kit (Invitrogen) and
first-strand cDNA was synthesized using M-MLV reverse
transcriptase (Invitrogen) according to the manufacturer’s
instructions. Real-time PCR was performed with the Step
one plus real-time PCR system (Applied Biosystems). The
reaction conditions consisted of 10ml reaction volumes with
diluted cDNA template 1, 5ml SYBR-Green master mix (2�),
3.4ml PCR-grade water, and 0.6ml of each primer (10mM).
Amplification conditions were follows: first at 95˚C for 5min,
and then 40 cycles of 95˚C for 15 s and 60˚C for 60 s. Primer
sequences were as follows: Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) forward: 50ggcatggactgtggtcatgag30,
reverse:50tgcaccaccaactgttagc30; ALP forward: 50accattcccacgt
cttcacattt30, reverse: 50agacattctctcgttcaccgcc30; Runt-related
transcription factor 2 (Runx2) forward: 50acttcctgtgctcggtgc
t30, reverse: 50gacggttatggtcaaggtgaa30; osteocalcin (OCN)
forward: 50cctcacactcctcgccctatt30, reverse: 50ccctcctgcttggacac
aaa30; osteopontin (OPN) forward: 50gtaccctgatgctacagacg30,
reverse:50ttcataactgtccttcccac30. The relative quantification of
gene expression was analyzed with 2�DDCT method, normal-
ized with GAPDH expression level.

Animal Surgery and Distraction Osteogenesis Model
Twenty rats were used in our study. Each rat was anesthe-
tized with a solution of 0.2% (vol/vol) xylazine and 1% (vol/
vol) ketamine in PBS. All animals were subjected to a right
tibia transverse osteotomy procedure with a closed fracture
at the midshaft near fibula-tibia junction under sterile
condition. Of note, the periosteum of tibia should
be retained as much as possible. A mono-lateral external
distraction fixator (Tianjing Xinzhong Company, PR China)
was assembled to fix proximal and distal segments of the
osteotomy. Surgical incisions were then sutured sequentially.
All rats were randomized assigned into two groups after the
surgery: PBS group (n¼ 10) and SEC2 group (n¼ 10). After
5 days of latency period, the lengthening was performed at a
rate of 1mm/day, in two steps (every 12h) for 10 days. At the
end of lengthening period, animals received either 100ml
PBS (PBS group) or 100ml SEC2 solution (10ng/ml, SEC2
group) injection into the distraction gap every 3 days till
termination, respectively. All rats received subcutaneous
injection of Calcein (10mg/kg, Sigma–Aldrich) at the end of
distraction period, and Xylenol Orange (30mg/kg, Sigma–
Aldrich) 3 days before termination. Four rats from each
group were terminated at day 36 after surgery, while the
rest of the animals were terminated at day 57 after surgery.
Bilateral tibias were harvested, strapped free of muscle, and
processed for further examinations.

Digital Radiographs
At the end of lengthening, anterior-posterior X-ray was taken
including the distraction zone, and thereafter every week
using digital X-ray machine (MX-20, Faxitron X-Ray Corp.,
Wheeling, IL), under the condition of exposure time 6,000ms
and a voltage of 32 kV.

1216 XU ET AL.

JOURNAL OF ORTHOPAEDIC RESEARCH JUNE 2017

http://www.xiehegroup.com.cn
http://www.xiehegroup.com.cn


Micro-Computed Tomography (mCT)
Animals were terminated 3 and 6 weeks after distraction, and
the structural change within the distraction regenerate was
quantitatively assessed using a high-solution mCT (mCT40,
Scanco Medical, Bassersdorf, Switzerland) at custom isotropic
resolution of 8mm isometric voxel size with a voltage of 70kV p
and a current of 114mA.19 A global threshold (165mg hydroxy-
apatite/cm3) was used to perform three dimensional (3D)
reconstructions of mineralized tissue, and a Gaussian filter
(sigma¼ 0.8, support¼ 2) was applied to suppress noise. 3D
histomorphometric analysis was performed using sagittal
images of the distraction regenerate. The region of interest was
defined as the distraction zone (regenerate) between the two
closest proximal and distal half-pins. Low- and high-density
mineralized callus were reconstructed according to different
thresholds (low attenuation¼ 158, high attenuation¼ 211)
using the established evaluation protocol with small modifica-
tion.20 The high-density tissues represented the newly formed
highly mineralized bone, while the low ones represented the
newly formed callus. Bone volume/total tissue volume (BV/TV)
of each specimen was recorded for analysis.

Four-Point Bending Mechanical Testing
The distraction regenerates were harvested at 6 weeks after
lengthening completed, with fixators removed and were
subjected to mechanical testing. The contralateral tibia was
tested as an internal control. A four-point bending device
(H25KS; Hounsfield Test Equipment Ltd.) with a 250N load
cell was used to test the tibia to failure. The tibiae were
loaded in the anterior–posterior direction with the inner and
outer span of the blades set as 8 and 18mm, respectively.
The long axis of tibia was placed perpendicular to the blades
during the test.21 The modulus of elasticity (E-modulus),
ultimate load, and energy to failure were obtained and
analyzed using built-in software (QMAT Professional; Tinius
Olsen, Inc., Horsham, PA). The biomechanical properties of
the new bone were expressed as percentages of the contralat-
eral intact bone properties.

Histology and Immunohistochemistry
The tibiae were fixed in 10% EDTA formalin for 48h. Half of
the specimens were decalcified in 10% EDTA solution for
3 weeks and embedded in paraffin. Thin sections (5mm) were
cut using a rotary microtome (HM 355S, Thermo Fisher
Scientific, Inc., Germany) along the long axis of each tibia in
sagittal plane. After deparaffinization, immunohistochemis-
try staining was performed. The other half specimens were
not decalcified and subjected to gradient alcohol dehydration,
xylene defatting, and embedded in methyl methacrylate.
Thin (5mm) and thick (10mm) sections were cut using
RM2155 hard tissue microtome (Leica, Wetzlar, Germany)
along the long axis of tibia, respectively. The 5-mm sections
were stained with Trichrome Goldner and Von Kossa for
static histomorphometric assessment, while the unstained
10-mm ones were used for dynamic histomorphometric meas-
urements including singled labeled surface (sL.S), double-
labeled surface (dL.S), ratio of mineralizing surface to bone
surface (MS/BS), calculated as double plus half of single-
labeled surfaces), mineral apposition rate (MAR),
bone formation rate per unit of bone surface (BFR/BS), bone
formation rate of bone volume (BFR/BV), and bone formation
rate of tissue volume (BFR/TV).

Immunohistochemistry staining was performed using a
standard protocol on the paraffin sections.22 In brief, secretions

were incubated with primary antibodies to rabbit osteocalcin
(OCN, Santa Cruz, 1:100, sc30045) and Osterix (Osx, Abcam,
1:100, ab22552) overnight at 4˚C. For staining, a horse radish
peroxidase–streptavidin detection system (Dako) was used,
followed by counterstaining with hematoxylin. The positive
stained cell numbers and area in the whole distraction regener-
ate per specimen in three sequential sections (50, 150, and
250mm) per rat in each group were counted and compared,
which were expressed as the percentages of the bone volume.

Blood Collection and Serum Analysis
Five milliliter blood sample was collected by cardiac
puncture immediately after the animals were sacrificed
at weeks 3 and 6 after distraction. The blood samples
were centrifuged at 1800g for 15min. The resultant sera
were stored at �80˚C until analysis. We have used
interleukin-1b (IL-1b), IL-6, and IL-10 as markers for
systemic inflammatory responses and the levels were
measured using the ELISA kits according to the manu-
facturer’s instructions (Shanghai LanPai Biotechnology
Co., Ltd).

Statistical Analysis
All quantitative data was analyzed using SPSS 18.0 software
for windows (SPSS, Chicago, IL). The statistical differences
among groups were analyzed by non-parametric test. Proba-
bilities (p) <0.05 were considered significant.

RESULTS
SEC2 Had No Effect on Cell Viability and Promoted
Osteogenic Differentiation of rBMSCs
As a result of purity of rBMSCs derived from healthy
12-week male rats, over 97% cells expressed the positive
markers CD44 and CD90, and only a few cells (<3%)
expressed the negative markers CD34 and CD45 (Fig. 1).

To investigate the effect of SEC2 on cell viability, the
MTT assay was performed. The results showed that
there was no difference among five groups with different
doses of SEC2 during 48- and 72-h culture (Fig. 2A). To
clarify the effect of SEC2 on osteogenesis of rBMSCs in
vitro, Alizarin Red staining was performed at day 7.
There were more calcium deposit numbers in the SEC2
in a-MEM group than that of the a-MEM group (nega-
tive control), but less than that in the OIM group
(positive control). More mineralized nodule formation
could be seen in the SEC2 in OIM group than that in
positive control (Fig. 2B). The quantitative results
demonstrated that SEC2 treatment remarkably
increased calcium deposition, especially in the group of
SEC2 in OIM (Fig. 2C). Furthermore, we detected the
gene expression of ALP, Runx2, OCN, and OPN at day
7. The real-time PCR results showed that all these
osteogenic markers were significantly up-regulated in
the OIM plus SEC2 treatment group (Fig. 2D).

Radiographic and mCT Assessment of the Distraction
Regenerate
A representative series of X-rays across the time-
course of DO in tibia were shown in Figure 3 to
exhibit the general progression of bone consolidation.
Little callus was seen in the gap immediately after
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distraction in both groups, while more continuous
callus appeared in SEC2 treatment group as time
went on, especially at the end of the consolidation
phase, whereas an obvious gap was still seen in the
PBS group (Fig. 3B). Similar results were confirmed
by the mCT examination at 3- and 6-weeks time
points after distraction (Fig. 4A). The value of BV/TV
calculated by mCT at week 3 showed significant
difference in 158–211 threshold, while the 6-week
results exhibited significant difference in all three
thresholds, indicating more newly formed mineral-
ized bone volumes in the SEC2 treatment group
(Fig. 4B and Table 1).

Mechanical Testing Results
To investigate the quality of new callus, mechanical
testing was performed to investigate the specimen’s

biomechanical properties at termination. A significant
higher in ultimate load and energy to failure in the
SEC2 treatment group comparing to the PBS group
after the results being normalized to the contralateral
normal tibiae; while no significant difference in E-
modulus between the two groups was detected
(Fig. 4C and Table 2).

Histological, Histomorphometric, and Immunostaining
Results
Firstly, representative undecalcified sections from
both groups at weeks 3 and 6 during consolidation
phase stained with Trichrome Goldner and Von Kossa
were shown in Figure 5A and B. More chondrocytes
could be found in the PBS group than that of the
SEC2 group, especially at week 6, indicating that the
mineralization of newly formed callus has accelerated

Figure 1. Cell surface markers of rBMSCs derived from healthy 12-week male rats. Over 97% MSCs expressed the positive markers
CD44 and CD90, and only a few cells (<3%) expressed the negative markers CD34 and CD45.
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Figure 2. SEC2 had no effect on cell viability and promoted osteogenic differentiation of rBMSCs. (A) Cell viability was evaluated by
the MTT assay. The OD level of rBMSCs treated with SEC2 showed no difference among the doses from 0 to 50ng/ml. (B) The
mineralization of rBMSCs was showed by Alizarin Red staining after 7 days of treatment and more mineralization was seen in the
SEC2 treatment (10ng/ml) groups comparing to other two control groups, respectively. (C) Alizarin red concentrations were quantified
by absorbance measurement at 570nM, significant more Alizarin Red was seen in the two SEC2 treatment (10ng/ml) groups, especially
in the group of SEC2 in OIM. (D) Osteogenesis-related genes expression was detected by quantitative real-time PCR after treatment
with SEC2 (10ng/ml) in a-MEM or OIM for 7 days. Triplicate tests were conducted in each experiment. �p<0.05, ��p<0.01, compared
to the a-MEM group (negative control). #p<0.05, -p< 0.01, compared to the OIM group (positive control).

Figure 3. Animal experimental design and representative X-rays of the distraction regenerate (gap) at various time points were
present. (A) After a 5-day latency period, distraction was initiated over 10days at 1mm/day in two equal increments. Local injection of
PBS and SEC2 started at the beginning of consolidation phase, and every three days thereafter till termination (weeks 3 or 6).
(B) Little callus was seen in the gap immediately after distraction in both groups, while more continuous callus appeared in SEC2
group as time went on, especially at the end of the consolidation phase, whereas an obvious gap was still seen in the PBS group (n¼ 10
before weeks 3 and n¼6 from 4 to 6).
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in the SEC2 group. It was clearly exhibited in the Von
Kossa staining that most of new bone have consoli-
dated and the continuity of the cortical bone and bone
marrow cavities were evident in the SEC2 group at
week 6 (Fig. 5B). Secondly, the representative images
of dynamic histomorphometric measurements was
shown in Figure 6A. The quantitative results showed
that the SEC2 treatment significantly increased MS/
BS, MAR, BFR/BS, BFR/BV, and BFR/TV, indicating
more quantitative bone formation in the SEC2 group
(Fig. 6B). Finally, the result of immunostainings with
OCN and Osx revealed significant increase in the
numbers of positive OCN and Osx cells in the distrac-
tion regenerate in the SEC2 group (66.45�11.14 at
weeks 3 and 58.03�15.90 at 6) compared to those in
the PBS group (25.91�5.24 and 33.13�7.49) (Fig. 7),
suggesting that SEC2 treatment enhanced bone con-
solidation during DO.

SEC2 Up-Regulated IL-1b, IL-6, and IL-10 Levels in Serum
The levels of serum IL-1b and IL-10 in SEC2 group at
week 3 after distraction were 7.68� 2.33 and
8.76� 1.03 pg/ml, respectively (n¼4), which have no
significant difference compared to that of PBS group
(8.43�2.28 and 9.21� 0.13 pg/ml, n¼4). At week 6,
the levels of serum IL-1b and IL-10 in SEC2 group
were 11.50�2.73 and 13.58� 2.75 pg/ml, respectively
(n¼6), which have significant difference compared to
that of PBS group (6.37� 1.46 and 9.12� 0.53 pg/ml,

n¼ 6). As for IL-6 in serum, the SEC2 group had
significantly higher levels at weeks 3 and 6
(50.49�1.17 and 10.67�1.57ng/L, respectively) com-
pared to the PBS group (24.51�10.36 and
7.78�0.73 ng/L, respectively) (Fig. 8). All these data
suggested that the injection of SEC2 could stimulate
the systemic inflammatory responses.

DISCUSSION
A variety of approaches have been tried to accelerate
consolidation and shorten external fixation time dur-
ing DO, in order to reduce the complications and
patient’s discomfort associated with DO treatment. In
the present study, we showed that SEC2 promotes
osteogenic differentiation and bone formation of
rBMSCs, and demonstrated its therapeutic potential
to accelerate bone consolidation in a rat DO model.

As a superantigen, SEC2 has already been applied
as a supplementary treatment for cancer. Systemic
administration of SEC2 induces the release of cyto-
kines such as IL-1, IL-6, IL-10, IFN-g, and TNF-a.11,12

In PR China, the SEC2 solution at low concentration
(10ng/ml) has been approved by Chinese FDA as an
antitumor immunotherapy agent and has been used in
clinics for more than 20 years.23 Up to date, new
indications of SEC2 in promoting wound healing such
as fracture healing and diabetic ulcer healing, have
been proposed and investigated. Wan et al. showed
that SEC2 induced osteogenic differentiation of MSCs

Figure 4. SEC2 administration improved the quality of new callus via mCT analysis and mechanical test. (A) 3D mCT images of the
tibia distraction zone in two groups at weeks 3 and 6 confirmed more continuous callus was found after SEC2 treatment. (B) mCT
analysis data showed the value of BV/TV at week 3 having significant difference in 158–211 threshold, while the 6-week results
exhibited significant difference in all three thresholds. (C) Better mechanical properties (including ultimate load and energy to failure)
of distraction tibia were showed in the SEC2 group (in percent) at week 6. �p<0.05, compared with PBS group, n¼4 at weeks 3, and
n¼ 6 at 6.

Table 1. The Value of BV/TV in the Distraction Regenerates

158–211 158–1,000 211–1,000

3 weeks 6 weeks 3 weeks 6 weeks 3 weeks 6 weeks

PBS 0.086� 0.004 0.052� 0.003 0.208� 0.032 0.201� 0.014 0.122� 0.028 0.149� 0.015
SEC2 0.124� 0.015� 0.074� 0.011� 0.218� 0.010 0.274� 0.036� 0.095� 0.005 0.200� 0.027�
�p<0.05, compared with PBS group, n¼ 4 at weeks 3, and n¼6 at 6.
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and promoted fracture healing.24 In the current study,
we first showed that SEC2 did not affect rBMSCs
viability or cell proliferation; then confirmed that
SEC2 promoted osteogenic differentiation of rBMSCs
and enhanced their mineralization. Next, we checked
the changes of osteogenic marker genes in the SEC2
treated rBMSCs, and found that ALP, Runx2, Osx,
OPN, and OCN were all upregulated by SEC2 treat-
ment. ALP, an early marker of osteoblastic differentia-
tion, can hydrolyze pyrophosphate to generate
phosphate which reacts with calcium to form hydroxy-
apatite to promote mineralization, indicating that ALP

plays an important role in bone formation.25,26 Runx2,
the runt family transcription factor, is a pivotal
transcription regulator and plays a crucial role in
osteoblast differentiation.27 Previous studies have
revealed that Runx2 gene transfer is effective to
enhance the osteogenic potential of MSCs.28,29 OPN, a
prominent bone matrix protein, is produced by osteo-
blastic cells and regulated by Runx2.30 OCN is a
marker gene at a late stage of osteoblast differentia-
tion.31 SEC2 treatment significantly increased the
expression of these osteogenic marker genes, indicat-
ing that SEC2 enhanced osteogenic differentiation of
rBMSCs, probably through mediating the key osteo-
genic transcription factor Runx2.

Although our previous study already showed that
SEC2 could promote osteogenic differentiation of
MSCs in vivo,16 the current study was the first to
show the effect of SECs on bone formation/consolida-
tion in DO process. We administered SEC2 locally into
the distraction gap in a rat model of DO, which
represents a dramatic bone reconstructive process,1,32

and revealed the de novo function of SEC2 on bone

Figure 5. SEC2 intervention accelerated new callus consolidation via histological analysis. Rrepresentative sections stained with
Trichrome Goldner (A) showed better callus formation in the SEC2 group than that of PBS group, especially at week 6. Von Kossa
staining (B) clearly exhibited that most of new bone has been consolidated and the continuity of the cortical bone and bone marrow
cavities was evident in the SEC2 group at week 6.

Table 2. Mechanical Test Results of Distraction
Regenerates at Week 6

E-Modulus Ultimate Load Energy to Failure

PBS 0.28� 0.32 0.33� 0.19 0.41� 0.26
SEC2 0.50� 0.27 0.83� 0.19� 1.28� 0.46�
�p<0.05, compared with PBS group, expressed as percentages of
the contralateral intact bone, n¼ 6.
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regeneration. SEC2 intervention significantly in-
creased new callus formation and mineralization from
week 2 following distraction, as confirmed by the BV/
TV data obtained from mCT. The results demonstrated
that newly formed callus was significantly more in the
SEC2 treatment group at week 3, and highly mineral-
ized bone was formed at week 6. Histological and
histomorphometric data also confirmed that new bone
formation and consolidation were significantly acceler-
ated in the SEC2 treatment group. In contract,
cartilaginous tissues were still present in the distrac-
tion regenerates in the PBS group. The numbers of
positive OCN and Osx cells, which are markers of
osteoprogenitors,22,33 were significantly increased in

the distraction regenerates in the SEC2 treatment
group. In addition, mechanical testing results con-
firmed that the distraction regenerates had signifi-
cantly increased mechanical properties in the SEC2
treatment group comparing to the PBS treatment
group. Taken together, these results firmly confirmed
that SEC2 treatment significantly expedite bone con-
solidation during DO.

DO is a dynamic process during which osteotomy
followed by gradual distraction yields two vascularized
bone surfaces, where new calluses are formed rapidly.
Previous study showed the pro-inflammatory cytokines
IL-6 and IL-1 were upregulated following osteotomy
and returned to baseline levels rapidly at the end of

Figure 6. Dynamic histomorphometric measurements showed more quantitative bone formation in the SEC2 group. (A) Arrows
pointed to the Calcein and Xylenol orange labeling in representative images of two groups at weeks 3 and 6. (B) Quantitative
measurements of dynamic histomorphometric parameters containing MS/BS, MAR, BFR/BS, BFR/BV, and BFR/TV were significantly
increased in the SEC2 group. �p< 0.05, ��p< 0.01, compared to PBS group.

Figure 7. Immunohistochemical and quantitative analysis of the percentages of OCN (A–E) and Osx (a–e) positive cells (brown) in
the distraction zone (regenerate) exhibited the SEC2 treatment group significantly increased numbers of OCN and Osx-positive cells
compared to that of the PBS group (��p< 0.01).
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latency phase in DO, and the expression of IL-6
elevated again once distraction started because IL-6
responded to tensile strain.34 Although IL-6 inhibits
MSCs proliferation, it promotes osteogenic differentia-
tion of MSCs, this may contribute to enhanced intra-
membranous ossification.35 Similarly, Perrien et al.
demonstrated that systemic administration of IL-1 can
protect rapid bone formation during DO but did not
change bone mineral density of the intact bone.36

Studies also showed that SEC2 administration could
increase the level of IL-6 and IL-1, IFN-g, and TNF-a.11

The up-regulated levels of IL-6 and IL-1 in sera have
been demonstrated in our study. Moreover, the level of
IL-10 that can facilitate the tissue-healing process in
injuries was increased after SEC2 administration.12

The pro-osteogenic effect of IFN-g has been reported in
recent studies.37,38 IFN-g is considered as a strong
inhibitor of osteoclast differentiation and bone resorp-
tion, which in turn promote osteogenesis.39,40 Gersten-
feld et al. suggested that TNF-a is also involved in bone
formation process, but it has little effect on bone
remodeling.41

Despite the promising findings in the current study,
there are limitations. Since this study is a proof of
concept study, we did not perform further detailed
analysis of the cytokine levels in the distraction
regenerates, and the mechanisms of SEC2 promoting
bone formation in vivo remain to be further explored.
Second, the dose of the SEC2 applied in the present
study was low, 1ng SEC2 was injected (10ng/ml in
100ml) directly into the distraction regenerate, and

repeated every 3 days till termination. The repeated
injection is not feasible for routine clinical use. We
plan to test different doses of SEC2 in slow release
forms in the future studies.

In summary, our data confirmed that SEC2
improves osteogenic differentiation of rBMSCs and its
local repeated administration at low dose significantly
accelerated bone formation and consolidation during
DO in a rat model. SEC2 may be a new agent to
argument bone formation and consolidation in patients
undergoing DO treatment.
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