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Article focus
�� The aim of this study was to investigate 

the in vitro effect of Staphylococcal entero-
toxin C2 (SEC2) on osteogenesis differen-
tiation of human mesenchymal stem 
cells, and to investigate the in vivo effect 
of SEC2 on fracture healing.

Key messages
�� Staphylococcal enterotoxin C2 (SEC2) pro-

motes the osteoblast differentiation of rat 
mesenchymal stem cells.

�� Local administration of SEC2 accelerates 
fracture healing in rats.

Strengths and limitations
�� This study confirms previous findings that 

SEC2 promotes osteogenic differentiation 
of mesenchymal stem cells (MSCs).

�� More research is required to understand 
the mechanics of how SEC2 works in pro-
moting osteogenesis and fracture healing.

�� Further clinical studies are needed to vali-
date these results in a human model.

Introduction
Fracture is a common orthopaedic condition 
that places a serious burden on both individ-
uals and society. The recovery of long bone 
fracture generally needs over three months, 
but approximately 10% to 20% of patients 
still suffer from delayed union or nonunion, 
which suggests that a better therapeutic 
strategy is needed to help fracture union.1-2 
During the last two decades, some cytokines 
and growth factors, such as bone morpho
genetic protein (BMP), differentiation factor-5 

Staphylococcal enterotoxin C2 promotes 
osteogenesis of mesenchymal stem cells 
and accelerates fracture healing

Objectives
As one of the heat-stable enterotoxins, Staphylococcal enterotoxin C2 (SEC2) is synthesized 
by Staphylococcus aureus, which has been proved to inhibit the growth of tumour cells, and 
is used as an antitumour agent in cancer immunotherapy. Although SEC2 has been reported 
to promote osteogenic differentiation of human mesenchymal stem cells (MSCs), the in vivo 
function of SCE2 in animal model remains elusive. The aim of this study was to further eluci-
date the in vivo effect of SCE2 on fracture healing.

Materials and Methods
Rat MSCs were used to test the effects of SEC2 on their proliferation and osteogenic dif-
ferentiation potentials. A rat femoral fracture model was used to examine the effect of local 
administration of SEC2 on fracture healing using radiographic analyses, micro-CT analyses, 
biomechanical testing, and histological analyses.

Results
While SEC2 was found to have no effect on rat MSCs proliferation, it promoted the osteoblast 
differentiation of rat MSCs. In the rat femoral fracture model, the local administration of 
SEC2 accelerated fracture healing by increasing fracture callus volumes, bone volume over 
total volume (BV/TV), and biomechanical recovery. The SEC2 treatment group has superior 
histological appearance compared with the control group.

Conclusion
These data suggest that local administration of SEC2 may be a novel therapeutic approach 
to enhancing bone repair such as fracture healing.
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(df-5), vascular endothelial growth factor (VEGF), and 
platelet-derived growth factor (PDGF), have been reported 
to be beneficial for fracture healing.3-7 However, most 
studies are still in their preclinical stage and their effica-
cies are controversial.8

Staphylococcal enterotoxin C2 (SEC2) is a heat-stable 
enterotoxin that is produced by Staphylococcus aureus. As 
a member of superantigens, SEC2 strongly stimulates 
T-cells’ activation by facilitating their crosslinking with 
major histocompatibility class II molecules.6,9 SEC2 have 
been proven to inhibit the growth of tumour cells and 
have been used as an antitumour agent in cancer immuno
therapy.10 In China, it has been approved to use SEC2 as 
an antitumour drug in clinical settings due to its capabili-
ties to induce the secretion of inflammatory cytokines such 
as interferon gamma (IFN-γ), interleukin 1 (IL-1), interleu-
kin 6 (IL-6), and tumour necrosis factor alpha (TNF-α).11

In our previous study,12 SEC2 was found to promote 
the in vitro osteogenesis and suppress osteoclastogenesis 
of human mesenchymal stem cell (MSCs). These findings 
revealed the de novo function of SEC2 on osteogenic dif-
ferentiation of human MSCs in vitro. To further elucidate 
the in vivo effect on fracture healing in this study, SEC2 
was locally applied in a rat femoral fracture model. The 
quality of bone formation was evaluated by radiography, 
micro-CT scanning, mechanical properties testing, and 
histology examinations. The results demonstrated that 
SEC2 could promote fracture healing and accelerate the 
healing process, suggesting that SEC2 would be a poten-
tial new therapeutic strategy for bone fracture.

Materials and Methods
BMSCs culture and osteogenic induction.  The bone 
marrow-derived mesenchymal stem cells (BMSCs) were 
first isolated from the bone marrow aspirated from four-
week-old male Sprague Dawley rats, and then BMSCs 
were cultured and characterized using flow cytometry 
to confirm the MSCs identity. Isolated BMSCs were cul-
tured in Minimum Essential Medium Alpha (α-MEM) sup-
plemented with 10% fetal bovine serum (FBS, GIBCO, 
Thermo Fisher Scientific, Green Island, New York), 
2 mM L-glutamine (Thermo Fisher Scientific), 100 U/mL 

penicillin, and 100 μg/mL streptomycin (P/S, Thermo 
Fisher Scientific). To induce osteogenic differentiation 
of BMSCs, a mixture of 10 nM dexamethasone (Sigma; 
St. Louis, Missouri), 50 μg/ml ascorbic acid 2-phosphate 
(Sigma), and 10 mM glycerol 2-phosphate (Sigma) was 
added into the culture medium. The differentiation 
medium was changed every three days.
Cell viability assays.  Cell viability was analyzed by using 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT, Sigma) assays as described previ-
ously. Briefly, 5 × 103 cells were seeded per well into a 
96-well plate. After being cultured with different SEC2 

Table I.  Primers used in this study

Gene Primer nucleotide sequence

GAPDH 5’-GGTCGGTGTGAACGGATTTGG-3’ (Forward)
  5’-GCCGTGGGTAGAGTCATACTGGAAC-3’ (Reverse)
Alkaline phosphatase 5’-CCAGCAGGCTTACCAAGAA-3’ (Forward)
  5’-TTTATCGCACAAAGGGAACA-3’ (Reverse)
Runx2 5’-TCCAGACCAGCAGCACTCC-3’ (Forward)
  5’-TCAGCGTCAACACCATCATTC-3’ (Reverse)
Osteocalcin 5’-AACGGTGGTGCCATAGATGC-3’ (Forward)
  5’-AGGACCCTCTCTCTGCTCAC-3’ (Reverse)
Osteopontin 5’-AATGAAGGGCCCTGAGC-3’ (Forward)
  5’-GCCAGTTCTGCAAGGAAGC-3’ (Reverse)

GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; Runx2, Runt-related 
transcription factor 2
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Staphylococcal enterotoxin C2 (SEC2) promoted the osteoblast differentiation 
of bone marrow-derived mesenchymal stem cells (BMSCs). a) Different dose 
of SEC2 has no obvious effect on cell viability of BMSCs. b) and c) Calcium 
nodule formation was evaluated by Alizarin Red S staining and quantified by 
colorimetric assays. *p < 0.05 versus negative control; †p < 0.01 versus nega-
tive control. OD, osteogenic differentiation.
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concentrations (1 pg/ml to 500 pg/ml) for one day, three 
days, and seven days, the cell viabilities were determined 
with MTT assays by using a Benchmark Plus microplate 
spectrometer (Bio-Rad Laboratories, Hercules, California).
Alizarin Red S staining.  The Alizarin Red S staining was 
used to evaluate the calcium deposits formation. Cells 
were washed with phosphate buffered saline (PBS) and 
fixed with 75% ethanol for ten minutes, then 1% Alizarin 
Red S was added and maintained for 15 minutes. The 
result was measured at 550 nm using an automated 
plate reader (Thermo-Labsystems Inc., Leuven, Belgium) 
after elution with 1 ml of 10% cetylpyridinium chloride in 
10 mM sodium phosphate.
Real-time quantitative polymerase chain reaction (qRT-
PCR). A fter ten days’ osteoinduction of BMSCs, total 
cellular RNAs were extracted using the RNeasy mini 
kit (Qiagen, Dusseldorf, Germany). The cDNAs were 

then reversely transcribed from the extracted RNAs 
by PrimeScript RT Master Mix (Takara, Kusatsu, Shiga, 
Japan). The Power SYBR Green PCR Master Mix (Thermo 
Fisher Scientific) was applied in the quantitative RT-PCR 
to detect the target mRNAs by using ABI 7300 Fast Real-
Time PCR Systems (Applied Biosystems, Foster City, 
California). The primers of osteogenic genes, such as 
alkaline phosphatase, runt-related transcription factor 
2 (Runx2) osteocalcin, and osteopontin, are listed in 
Table I. The relative fold changes of candidate genes were 
analyzed by using the 2−ΔΔCt method.
Rat femoral fracture model.  This animal experiment was 
approved by the Animal Research Ethics Committee. The 
rat femoral fracture model was performed as previously 
reported.13,14 A total of 20 Sprague Dawley male rats 
(all 12 weeks old) were divided into two groups: treat-
ment group (n = 10) and control group (n = 10). After 
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Staphylococcal enterotoxin C2 (SEC2) promoted the expression of the osteogenic markers during the osteogenesis of bone marrow-derived mesenchymal stem 
cells (BMSCs). The osteogenic marker genes, including a) alkaline phosphatase, b) runt-related transcription factor 2, c) osteocalcin, and d) osteopontin, were 
examined by real-time quantitative polymerase chain reaction (qRT-PCR) assays. *p < 0.05 versus negative control.
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intraperitoneally anaesthetizing the rats with ketamine 
and xylazine, a mid-femoral transverse osteotomy was 
made with a sagittal saw. The incision was washed and 
closed in two layers with absorbable suture. After seven 
days of the operation, 0.82 ng (in 41 ul PBS) SEC2 was 
locally injected into the fracture site every three days 
(until termination) under x-ray assays. For the control 
group, the same volume of PBS was injected.
Radiography examination.  The fracture was monitored 
weekly using a digital radiographic machine (Faxitron 
MX-20 with DC-2 option, Faxitron, Tucson, Arizona). The 
fractures were scored as described previously.15 Fracture 
union was assessed according to the mineralized callus 
that bridges the fracture line (right side, one point; left 
side, one point; anterior side, one point; posterior side, 
one point). The score was estimated by two independent 
investigators blinded to the treatments. All rats were ter-
minated at week four and the collected fractured femora 
were subjected to micro-CT examination as described 
previously.16 The femora were scanned by vivaCT 40 
(SCANCO Medical, Bruttisellen, Switzerland) with a reso-
lution of 10.5 μm. The scan range included 3 mm proxi-
mal and 3 mm distal to the fracture line. All samples were 
analyzed by using the same parameters according to our 
established evaluation protocol (sigma = 1.2, two voxel 
widths, low attenuation = 124; high attenuation = 256, in 
per mille of maximal image gray value). The low-den-
sity tissues represented the newly formed calluses and 

the high-density tissues represented the newly formed 
highly mineralized calluses. The following morphomet-
ric analysis parameters were accessed: TV (total volume 
of tissue), BVlow (volume of low radio-opacity bone), 
BVhigh (volume of high radio-opacity bone), and total 
connected density. These parameters were applied to 
calculate the percentage of the total tissue volume.
Biomechanical testing.  The femora from each group 
(n = 6) were harvested for four-point bending mechani-
cal test after micro-CT examination. A four-point bending 
device (H25KS; Hounsield Test Equipment Ltd. UK) with 
a constant displacement rate of 5 mm/min was used in 
accordance with our previous report.17 The femora were 
loaded in the anterior-posterior direction with the inner 
span blades set as 8 mm and the outer span blades set as 
20 mm. The long axis of the femur was placed perpendic-
ular to the blade during the test. The load-displacement 
curves of femora were generated using a built-in computer 
software (QMAT Professional; Tinius Olsen, Inc., Horsham, 
Pennsylvania) and ultimate load (UL), energy to failure, 
and modulus of elasticity (E-modulus) were analyzed.
Histological analyses.  The harvested fractured femora 
samples were fixed in 10% formalin for 24 hours, and 
then decalcified with 5% ethylenediaminetetraacetic acid 
(EDTA) buffer for one month. They were dehydrated in 
successive alcohol concentrations before being embed-
ded in paraffin. Specimens were cut into 5 μm sections 
by a Rotary Microtome (HM355S). Sections from each 
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a) Radiographic analyses of fracture healing with Staphylococcal enterotoxin C2 (SEC2) treatment. Bone formation in fracture sites was detected by x-ray assays. 
b) Graph showing that larger callus areas were found in the SEC2-treated group. c) Graph showing that higher radiographic scores were observed in the SEC2-
treated group. *p < 0.05 versus control.
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sample were stained with haematoxylin and eosin, 
Safranin O, or immunohistochemical staining of osteo-
calcin for histology examinations.
Statistical analysis.  Differences between groups were 
examined for statistical significance using analysis of vari-
ance (ANOVA), and the results were expressed as means 
± sd. All experiments were performed in triplicate. The 
significance level was set at p < 0.05 (two-tailed).

Results
Effects of SEC2 on cell viability of BMSCs.  BMSCs were 
treated with SEC2 and the effects of SEC2 on cell viability 
were examined. As showed in Figure 1a, no obvious effect 
on cell proliferation was observed with SEC2 treatment at 
different concentration from 1 pg/ml to 500 pg/ml.
SEC2 promoted osteogenic differentiation of BMSCs.  The 
rat BMSCs were cultured in an osteoinduction medium 
with either 100 pg/ml or 500 pg/ml SEC2, and the cal-
cium nodule formation was evaluated by Alizarin Red 
S staining. The results showed that SEC2 significantly 
enhanced the calcium nodule formation (Fig. 1b), and 
the increased mineralization was further quantified by 
colorimetric assays (Fig. 1c). We further examined the 
expression of osteogenic markers, such as alkaline phos-
phatase, Runx2, osteocalcin, and osteopontin; the results 
showed that these markers were significantly upregu-
lated by both 100 pg/ml and 500 pg/ml SEC2 (Fig. 2). 

These results suggest that SEC2 could stimulate osteo-
genic differentiation of BMSCs.
Radiographic analyses of bone fracture in the SEC2-treated 
group.  To examine the in vivo effect of SEC2 on fracture, a 
rat femoral fracture model was applied in this study. SEC2 
was locally injected every three days and x-ray assays were 
examined weekly. Although it caused a slight fever in rats, 
no other obvious side effects were found.18 As shown in 
Figure 3a, there was no difference between groups at week 
one; however, the size of callus (callus width and callus 
area) was increased in the SEC2-treated group from week 
two. We also found that fracture lines remained clear in the 
control group at week three and four; whereas it nearly dis-
appeared and a larger size of callus bridging the fracture 
gap was observed in the SEC2-treated group (Figs 3a and 
3b). At week four, the mean scores of fractures union were 
evaluated, and the results showed that the SEC2-treated 
group had a significantly higher score (Fig. 3c).
Micro-CT analyses of femora from the SEC2 and control 
groups.  To evaluate the osteoinduction ability of SEC2, 
micro-CT analysis was employed to quantify the newly 
formed bone tissues. As shown in Figures 4a and 4b, 
more newly mineralized calluses were observed in the 
the SEC2 group. Although the rats treated with SEC2 dis-
played no obvious increase in Bone Volume Density (low) 
(BVlow/TV) (Fig. 4c), a significant increase was observed 
in Bone Volume Density (high) (BVhigh/TV) (Fig. 4d), total 
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Micro-CT analyses of femora from Staphylococcal enterotoxin C2 (SEC2) and control groups. a) and b) The representative image of micro-CT examination at 
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volume; TV, total volume.
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Graphs showing the mechanical testing of the repaired bones with control and Staphylococcal enterotoxin C2 (SEC2) treatment. Fractured femora were col-
lected for mechanical testing. Significant increases were found in a) maximum force of failure, b) modulus of elasticity, and c) energy to failure in SEC2 group. 
*p < 0.05 versus control.

bone volume density (BVtotal/TV) (Fig. 4e), and connected 
density (Fig. 4e). Therefore, local administration of SEC2 
could enhance the healing of bone fractures.
Biomechanical testing of repaired bone with SEC2 treat-
ment.  The mechanical properties of the repaired bones 
could be examined by the mechanical testing. The modu-
lus of elasticity (E-modulus), ultimate loading, and energy 
to failure were examined; these results indicated that they 
were all significantly improved in the SCE2 treated group 
(Figs 5a to 5c), suggesting a better biomechanical recov-
ery of the treated bone.
Histological analyses of regenerated bone tissues.  Haema
toxylin and eosin staining and Safranin O staining were 
performed to evaluate the newly mineralized-bone tis-
sue. As shown in Figs 6a and 6d, better callus forma-
tion was exhibited and more chondroid tissues were 
observed in the SEC2-injected group, suggesting that 
this group has greater endochondral ossification (Figs 
6b and 6e). The increased osteocalcin expression was 
also observed in the SEC2-treated group (Figs 6c and 
6f). Moreover, there was a higher percentage of chon-
drocytes in the uncalcified callus (Fig. 6h) and more 
periosteal woven bones were formed in the SEC2-
treated group (Fig. 6g).

Discussion
BMSCs are multipotent cells that can be easily expanded 
and differentiate into multiple cell types.19,20 It has been 
shown that SEC2 inhibited tumour cell growth by 60% at 
the concentration of 10 ug/ml.10 In our previous study,12 
SEC2 with higher concentrations (20 ug/ml to 100 ug/ml) 
slightly suppressed the cell proliferation of human 
BMSCs. However, MTT results showed that SEC2 at lower 
concentrations had no effect on cell proliferation, sug-
gesting that SEC2 has no toxicity to BMSCs.

To further confirm the effect of SEC2 on osteogenic 
differentiation of rat BMSCs, we examined the formation 
of calcium deposits and the expression of osteogenesis-
related genes. As an important functional indicator of 
osteogenesis,21 SEC2 could enhance the formation of 

calcium nodule. Upregulation of osteogenesis-related 
genes induced by SEC2, such as alkaline phosphatase, 
osteocalcin, osteopontin, and Runx2, have further dem-
onstrated the promoting effects of SEC2 on osteogenic 
differentiation of BMSCs. Among these osteogenic genes, 
alkaline phosphatase is considered as an early osteoblast 
marker and osteocalcin acts as a late-stage marker of 
osteogenic differentiation and mineralization.22,23 A low 
dose of SEC2 treatment could enhance the expression of 
osteopontin, a gene for prominent bone matrix protein.12 
Runx2 is a pivotal transcriptional regulator that inhibits 
adipogenic differentiation through blocking PPARγ2 
activity.24,25 Previously, we reported that 20 μg/ml SEC2 
protein significantly increased osteogenic differentiation 
and inhibited osteoclast differentiation.12 In the present 
study, even a lower dose of SEC2 protein (100 pg/ml) 
could also demonstrate a similar pro-osteogenic effect on 
rat BMSCs.

In addition, we further investigated the effect of SEC2 
on fracture healing. Transverse fracture of long bone dia-
physis is one of the most common types of fractures.26 
Therefore, an open transverse femoral (osteotomy) frac-
ture was created in the present study and fixed using a 
intramedullary needle fixation. Compared with the closed 
fracture model, the open fracture model allows for a bet-
ter controlled and more uniform fracture pattern. The 
results showed that local administration of SEC2 increased 
callus formation and improved mechanical properties.

During fracture healing, the newly formed callus con-
sists of a less mineralized bone with a larger amount of 
haematoma, collagen fibers, and cartilage. The micro-CT 
examination was employed to analyze the bone quality. 
The rate of radio-opacity bone volume (BV) to total vol-
ume (TV) and the connectivity density was examined to 
indicate the callus formation and the mineralization. The 
total volume includes prefracture cortical bone, newly 
formed bone, and unmineralized tissues. Both BVlow and 
BVhigh are used for monitoring the newly formed bone, 
while BVhigh only represents highly mineralized callus 
bone. No difference was observed in BVlow/TV between 
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the two groups, which suggests their newly formed cal-
luses remain similar. Moreover, SEC2 group exhibited 
more callus mineralization and remodelling, with a sig-
nificant increase in BVhigh/TV and BVtotal/TV values. These 
findings revealed that SEC2 accelerated ossification dur-
ing fracture healing. Furthermore, biomechanical testing 
also showed a better biomechanical recovery of the 
defected bone in SEC2 group.

On the other hand, the regenerated bone tissues 
induced by SEC2 were examined by histological analy-
ses. By haematoxylin and eosin staining and Safranin O 
staining, the larger callus was observed in SEC2 group, 
indicating that the treatment group had a higher per-
centage of cartilage and bone tissues. These findings 
also suggest that SEC2 treatment could accelerate 

endochondral ossification. The promoted endochondral 
ossification was also reported with other anabolic bioac-
tive factors such as VEGF and insulin-like growth factor-
I.27,28 Osteocalcin is mainly expressed in osteoblasts and 
hypertrophic chondrocytes during fracture healing.29,30 
In this study, we found an increased osteocalcin expres-
sion in the SEC2 group. Therefore, SEC2 may accelerate 
endochondral bone formation and the bone remodel-
ling process. As for the molecular mechanism, although 
several signalling pathways, such as PI3K/mTOR signal-
ing, NF-ĸB signalling, and Ca2+/calcineurin (CaN)/
nuclear factor of activated T cells (NFAT) signalling, 
were demonstrated to be involved in SEC2-induced 
immune activation,31,32 the pathway of SEC2 on osteo-
genesis differentiation remains elusive. As a coactivator 
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Histological analyses of regenerated bone tissues. The calluses were examined by a) and d) haematoxylin and eosin staining (HE), and b) and e) Safranin O 
staining. c) and f) The expression of osteocalcin (OCN) was examined by immunohistochemical staining. g) Graphs showing that a higher percentage of bones 
and h) more chondrocytes were found in Staphylococcal enterotoxin C2 (SEC2) group. *p < 0.05 versus control.
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of Runx2/Cbfa1, the Interferon (IFN)-inducible gene 
IFI16 was activated during the osteogenic differentiation 
in our previous study.12 Furthermore, SEC2 may activate 
Runx2-dependent gene transcription and promote oste-
oblast differentiation, whereas its binding to PPARγ 
represses PPARγ-dependent gene transcription and 
impairs adipocyte differentiation.33,34

In conclusion, we have demonstrated that SEC2 could 
promote osteogenic differentiation of BMSCs and the 
local administration of SEC2 could accelerate fracture 
healing in a rat model. Therefore, SEC2 may be a poten-
tial new therapeutic agent to facilitate bone repair. 
However, more research is required to understand the 
mechanics of how SEC2 works in promoting osteogene-
sis and fracture healing, and further clinical studies are 
needed to validate these results in a human model.
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