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Improvement of bone defect healing in rats via
mesenchymal stem cell supernatant
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Abstract. The effects of mesenchymal stem cells (MSCs) from
three different sources in the treatment of bone defect with
stem cells, and the differences of curative effects were studied.
The umbilical cord, adipose and bone marrow mesen-chymal
stem cells (BMSCs) of Sprague-Dawley (SD) rats were isolated
and extracted, and the phenotype was identified for the 4th
generation. The SD rat model of bone defect was established.
The rats were randomly divided into: Normal saline group,
umbilical cord mesenchymal stem cell (UMSC) group, adipose
mesenchymal stem cell (AMSC) group and BMSC group. Rats
were treated with tail intravenous injection, followed by radio-
logical examination. The relative expression levels of factors
bone morphogenetic protein-2 (BMP-2), osteocalcin (OCN),
alkaline phosphatase (ALP), sclerostin (SOST), collagen
carboxy-terminal telopeptide (CTX) and tartrated resistant
acid phosphatase (TRACP) were measured via fluorescence
quantitative PCR and western blotting. Among the three
different kinds of stem cell supernatant, the detection using
bicinchoninic acid (BCA) method showed that the content of
P4-generation new cytokines was the highest. Wound healing
in the three stem cell supernatant groups was significant at
3 weeks after operation, which was faster than that in DF12
control group; the expression levels of BMP-2, OCN and ALP
in the bone samples treated with three kinds of MSC super-
natants after 5 weeks were significantly increased compared
with those in control group. The expression levels of SOST,
CTX and TRACP were significantly decreased compared with
those in control group. Three kinds of MSC supernatants can
promote the bone regeneration through promoting the secre-
tion of relatively more osteoblast factors, and inhibit the bone
loss. The concentration of cytokines in UMSC supernatant
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was the highest under the same culture condition, and BMSC
supernatant has a better effect in improving the bone defect
repair of rats under the same concentration of cytokines.

Introduction

With the advent of precision medicine, every country has paid
increasing attention to the development and application of
individualized treatment, and cell therapy has also gradually
become the main method of individualized treatment with the
capital injection and improvement of R&D level. The stem cell
treatment means in cell therapy is currently the field where each
country in the world compete to study and make significant
progress (1,2). In particular, considerable progress has been
made in the treatment of ophthalmic diseases, neurological
diseases and bone defect repair (3). The treatment of bone defect
mostly adopts scaffold materials or direct intravenous injection
of stem cells, but there is little research on the specific compo-
nents and repair mechanism (4). The stem cell supernatant
contains a number of beneficial factors secreted to adapt to the
external environment in the cell growth, and these factors can
protect and regulate the damage of tissues and organs (5). Bone
defect is the most common symptom in orthopedic diseases,
which is mainly treated with bone grafting at present (6,7). In
this experiment, the concentrations of cytokines in the three
kinds of different mesenchymal stem cell (MSC) supernatants
and the rates of bone defect repair were compared to investigate
whether the MSC supernatant, as a factor of stem cell therapy,
can promote the bone defect repair.

Materials and methods

Materials and reagents. The following were used:
Pl-generation umbilical cord mesenchymal stem cells
(UMSCs), Pl-generation adipose mesenchymal stem cells
(AMSCs), and P1-generation bone marrow mesenchymal stem
cells (BMSCs) (all from ATCC, Manassas, VA, USA); BCA
detection kit (TransGen, Beijing, China); F12/Dulbecco's
modified Eagle's medium (DMEM) (Hyclone, Logan, UT,
USA); 36 Sprague-Dawley (SD) rats, bone morphogenetic
protein-2 (BMP-2), osteocalcin (OCN), alkaline phosphatase
(ALP), sclerostin (SOST), p-CrossLaps, tartrated resistant
acid phosphatse (TRACP) primers (Sangon, Shanghai, China);
TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA);
reverse transcription kit (Takara Bio, Inc., Otsu, China); rabbit
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anti-rat BMP-2, OCN polyclonal antibody (dilution, 1:500; cat.
nos. sc-9003 and sc-30044; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA), rabbit anti-rat polyclonal antibody
(dilution, 1:1,000; cat. no. 11187-1-AP; Proteintech, Wuhan,
China), HRP goat anti-rabbit polyclonal antibody (dilution,
1:2,000; cat. no. sc-2004; Santa Cruz Biotechnology, Inc.).
The study was approved by the Ethics Committee of Dezhou
People's Hospital.

Methods. Collection of stem cell supernatant and determina-
tion of cytokine content (8): Pl1-generation stem cells were
sub-cultured in 75T culture flask at 8000/T for 48 h until the
P4 generation. Then the F12/DMEM containing serum was
replaced with the serum-free medium, and the cells continued
to be cultured for 3 days, followed by the collection of super-
natant. Supernatant (1 ml) was taken and the concentration of
cytokines was detected using the bicinchoninic acid (BCA)
method. Formula: Cytokine concentration = total protein
concentration - protein concentration in DF12 medium.

Establishment of rat model of bone defect and drug
administration (9). Thirty-six rats weighing 300-400 g were
randomly divided into 4 groups with 9 rats in each group. Rats
were kept in cages with controlled temperature and light cycles
(24°C and 12/12 light cycles) with free access to water. Under
the anesthesia with ketamine (60 mg/kg), rats were fixed with
a fixator, and 8 mm long middle section of femoral shaft with
periosteum was removed. The collagen complex with stem cell
supernatant freeze-dried powder containing 3 mg cytokine
was implanted into each rat. Rats were divided into: i) Control
group; ii) UMSC supernatant group; iii) AMSC supernatant
group; and iv) BMSC supernatant group.

Evaluation of bone defect healing effect (10). The bone
healing was observed via computed tomography (CT) at 1, 3
and 5 weeks. Evaluation criteria of bone formation: No bone
formation, O point; 25% bone formation, 1 point; 25-50% bone
formation, 2 points; 51-75% bone formation, 3 points; 76-99%
bone formation, 4 points; and 100% new bone filling the bone
defect, 5 points.

The relative expression levels of BMP-2, OCN, ALP, SOST,
CTX and TRACP in bone tissues of the 4 groups were detected
via quantitative polymerase chain reaction (QPCR) after
6 weeks. The bone tissues at the bone defect were ground into
powder, and the mRNA was extracted from bone cells using
TRIzol. After reverse transcription, the detection was perfor-
med via qPCR amplification. According to the mRNA
sequence of NCBI, Primer 5.0 was used to design the real-time
primer sequences: BMP-2 forward, GAAGAGAAAAGCGT
CAAGCGA and reverse, TGATCAGCCAGGGGAAAGG;
OCN forward, AGGGCAGCGAGGTAGTGA and reverse,
CCTGAAAGCCGATGTGGT; ALP forward, CAGTTAGAT
TTGGAGGTTCAACTTC and reverse, GAAGTTGAACCT
CCAAATCTAACTG; SOST forward, ATTCAGTGCCAA
GGTCA and reverse, TGGAGGTAGCCAAACAT; CTX
forward, AAGGTGTTGTGCGATGAC and reverse, GTCGG
TGGGTGACTCTG; TRACP forward, AGCCCTTTCTAC
CGC and reverse, CACGCCATTCTCATCTT; GAPDH
forward, GGAGCGAGATCCCTCCAAAAT and reverse,
GGCTGTTGTCATACTTCTCATGG.

The protein expression levels of BMP-2, osteogencin,
ALP, SOST, CTX and TRACP were detected via western
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Figure 1. Cytokine concentrations in UMSC supernatant of PI-P5.
UMSC, umbilical cord mesenchymal stem cell.
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Figure 2. Cytokine concentrations in AMSC supernatant of P1-P5. AMSC,
adipose mesenchymal stem cell.

blotting. The lung tissues were ground in the liquid nitrogen
and then transferred to RIPA protein lysis buffer for splitting
on ice for 30 min, during which the buffer was vibrated and
mixed for 3 times. After centrifugation at 12,000 x g at 4°C for
10 min, the supernatant was placed in 1.5 ml EP tube. Some
supernatants were taken for detection of protein concentra-
tion using the BCA method, while some for ensuring that
the protein content in each sample to be tested was 100 pg.
Reduced loading buffer (5X) was added and boiled in boiling
water for 10 min. The above sample solution was slowly added
into the sample well of the prepared gel with a micro-syringe.
After SDS-PAGE under 80V, the target protein in the gel was
transferred onto the NC membrane via the wet transfer under
40V for 0.5 h. After that, the protein was rinsed with eluent
for 10 min (at least 3 times) and the antibody was given. Then
the protein was sealed with skimmed milk powder at 4°C
overnight. At room temperature, the primary antibody was
incubated for 2 h, and the secondary antibody was incubated
for 1 h; then the fluorescent substrate was added for tabletting
and imaging in the dark.

Statistical analysis. Data were presented as mean + standard
deviation, and SPSS 18.0 (SPSS, Inc., Chicago, IL, USA) soft-
ware was used to analyze the one-way analysis of variance
or t-test among groups. P<0.05 was considered to indicate a
statistically significant difference.

Results
Cytokine concentrations in the three different kinds of MSC

supernatant. Among the three different kinds of stem cell
supernatants, the detection using BCA method showed that
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Figure 3. Cytokine concentrations in BMSC supernatant of P1-P5. BMSC,
bone marrow mesenchymal stem cell.

Table I. Radiological score of bone formation in each group at
different time-points after operation (n=9).

Groups Week 1 Week 3 Week 5

Control 0.61+0.13 0.95+0.11 1.55+0.21
UMSC 1.24+0.11* 2.43+0.23 3.54+0.18"
AMSC 1.32+0.43° 2.32+0.31° 3.32+0.19°
BMSC 1.65+0.31° 2.97+0.12° 4.02+0.22°

*Compared with DF12 group, p<0.05; "compared with UMSC group,
p<0.05. UMSC, umbilical cord mesenchymal stem cell; AMSC, adi-
pose mesenchymal stem cell; BMSC, bone marrow mesenchymal
stem cell.

the content of P4-generation new cytokines was the highest,
then UMSC (414 pg/ml) > AMSC (382 ug/ml) > BMSC
(356 pug/ml) (Figs. 1-3).

Effect of stem cell supernatant on bone healing. UMSC,
AMSC and BMSC groups were detected via X-ray. The results
revealed that porosis could be seen at 3 weeks after operation.
At 5 weeks after operation, 3 out of 9 cases of bone defect
were healed, and the healing effect in BMSC group was the
best. Slight poroma could be seen in DF12 group, and the bone
defect was not healed. At 5 weeks after operation, the porosis
and wound healing were greatly improved in the three groups
of stem cell supernatants, and large pieces of complete new
bone appeared containing more lamellar bones and fibrous
bones. There was no significant change in control group, and
no poroma was found, only slight bone formation in the distal
and proximal ends (Table I).

Detection of effect of MSC supernatant on the expression
of osteoblast factors, BMP-2, OCN and ALP, in bone defect
via gPCR and western blotting. At 5 weeks after operation,
the activities of BMP-2, OCN and ALP in bone cells were
significantly increased after treatment with the three kinds of
stem cell supernatants, and the expression levels under BMSC
supernatant treatment were the highest. MSC supernatant,
especially BMSC supernatant, could significantly promote
the expressions of osteoblast factors, thus promoting the bone
defect healing (Fig. 4).
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Figure 4. Effect of MSC supernatant on the expression of osteoblast factors
in bone defects. (A-C) Detection of the relative expression levels of BMP-2,
OCN and ALP via qPCR. (D) Detection results of western blotting. MCS,
mesenchymal stem cell; BMP-2, bone morphogenetic protein-2; OCN, osteo-
calcin; ALP, alkaline phosphatase.

Detection of effect of MSC supernatant on the expression of
factors related to the inhibition of bone formation and resorp-
tion, SOST, CTX and TRACP, in bone defect via gPCR and
western blotting. At 5 weeks after operation, the activities
of SOST, CTX and TRACP in bone cells were significantly
decreased after treatment with the 3 kinds of stem cell super-
natants, and the expression levels under BMSC supernatant
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Figure 5. Effect of MSC supernatant on the expression of osteogenesis-inhibiting factors in bone defects. (A-C) Detection of the relative expression levels of
SOST, CTX and TRACP via gPCR. (D) Detection results of western blotting. SOST, sclerostin; CTX, collagen carboxy-terminal telopeptide; TRACP, tartrated

resistant acid phosphatse.

treatment were the lowest. MSC supernatant, especially BMSC
supernatant, could inhibit the expressions of cytokines related
to the bone loss, thereby reducing the bone loss at the bone
defect and promoting the bone defect healing (Fig. 5).

Discussion

The treatment of bone defect has always been a problem
faced by clinical orthopedists. There are many reasons for
bone defects, including both external trauma and internal
infection (11). Although the body itself has the wound repair
mechanism, the larger wound defect can not be healed by
itself (12). At present, bone grafting is commonly used to
treat the large bone defect (13), but it still has some problems,
the application of autologous bone grafting is limited by the
limited bone supply in the donor site, increased surgical risk
and prolonged surgery time (14). Allogeneic bone grafting may
cause the rejection reaction of body, disease transmission, non-
union and other complications, which also limits the clinical
application of allogeneic bone grafting (15).

MSC:s belong to the pluripotent cells, and they are derived
from the mesoderm and ectoderm in the early development,
hence comes the name (16). It was first discovered in the bone
marrow, namely BMSC, which not only has the differentiation
function of embryonic stem cells, but also can be replicated,
cultured and cryopreserved on a large scale in vitro (17). It can
differentiate into a variety of required functional cells through
the induction of chemical substances and bioactive factor, thus
forming the functional tissues and organs. The current known
MSCs can be transformed into up to 10 kinds of cells, so it
has a very high application value and prospect in the tissue

and organ repair (18). At present, the commonly-used MSCs
mainly include BMSCs, UMSCs and AMSCs.

Stem cell supernatant was first studied in the embryonic
stem cells. The protein multi-dimensional electrophoresis and
cytokine antibody chip analysis reveal that there are 201 kinds
of independent gene products in the supernatant cultured in
human stem cells, more than 80% of which can be detected via
the quantitative reverse transcription-polymerase chain reac-
tion (RT-PCR). The function of stem cell supernatant can be
exerted in the metabolism, defense response and tissue differ-
entiation, which can activate the signaling pathways, including
vascular biology, bone development and other transforming
growth factors. There are many cytokines that can promote the
cell growth in the stem cell supernatant, including epidermal
growth factor (EGF) and fibroblast growth factor (FGF).
The proteomics analysis of stem cell medium provides more
experimental basis for the paracrine mechanism of stem
cells (19). At present, there are many studies on the effect of
MSC supernatant on the healing of skin injury, but its effect on
bone defects has not been reported.

BMP-2, as an important marker of bone formation, exists
and plays a role in multiple signaling pathways related to the
bone formation and regeneration, which can enhance the
production of proteins required for bone tissues and strongly
promote the differentiation of cells with differentiation poten-
tial into the osteoblasts. Some studies considered that BMP-2 is
one of the most valuable index and growth factors in the bone
formation (18), which is necessary in the differentiation of
MSC:s into osteocytes. OCN is a kind of vitamin K-dependent
cadherin, which plays an important role in the bone mineral-
ization. On one hand, it strengthens the reaction of calcium
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ions with hydroxyapatite in the body; on the other hand, it
suppresses the abnormal deposition after the combination of
them, thus benefiting the normal development and formation
of bone. Once the synthesis of OCN in the body is blocked,
it will affect the normal combination of calcium ions and
hydroxyapatite, thus hindering the formation of osteoclasts.
Therefore, OCN is often used as an important marker of
osteoblasts. ALP is also a unique substance expressed by
osteoblasts during bone formation, whose concentration can
often reflect the capacity of bone formation, because it can
bind to the hydroxy limestone via the hydrolyzing phosphate
and accelerate its precipitation, thereby increasing the rate of
bone formation.

SOST (sclerosteosis) gene can express the SO (sclerostin),
the latter of which promotes the osteoblast apoptosis. Studies
have found that SO can promote the expressions of a variety
of apoptosis factors, and can modify BMP with phosphoryla-
tion, thus inhibiting the activity of protein factor BMP that
promotes the osteoblast conversion, and blocking the bone
formation. Type I CTX can improve the activity of osteo-
clasts and strengthen the bone resorption and transformation,
leading to the gradual degradation of loss of bone, and causing
osteoporosis, osteomalacia, fractures and other metabolic
diseases. TRACP is also an important marker of bone resorp-
tion, whose level is also high in the blood when the osteoclast
activity is high. TRACP can increase the OCN activity, often
accompanied by osteoporosis, osteomalacia and bone meta-
static cancer (20).

In conclusion, the data of three kinds of typical MSCs
show that the culture supernatant of MSCs contains the active
substances that can promote the bone defect repair, which
can also increase the high expression of osteocyte formation
factors and inhibit the low expression of the factors related to
the bone loss through the signaling pathway, thereby promoting
the bone defect repair.
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