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Abstract. – OBJECTIVE: To investigate the 
role of human umbilical cord mesenchymal stem 
cell (hucMSC)-derived exosomes in the Wnt sig-
naling pathway and their effects on fracture 
healing in rats. 

MATERIALS AND METHODS: A total of 24 
healthy male Sprague-Dawley (SD) rats were 
randomly divided into 3 groups, of which the 
experimental groups were injected with Phos-
phate-Buffered Saline (PBS) and hUCMSC-de-
rived exosomes, respectively, at the fracture site, 
and a blank control group was set. At 2 and 
3 w after treatment, respectively, the healing 
condition at the fracture site in the rats was 
detected by micro-computed tomography (CT). 
The protein expressions of β-catenin and Wnt3a 
of the Wnt signaling pathway in the bone tissue 
were measured via Western blotting (WB) assay. 
Quantitative Real Time-fluorescence Polymerase 
Chain Reaction (qRT-PCR) was performed to de-
termine the expressions of osteogenic marker 
genes [collagen type I (COL-1), osteopontin (OPN) 
and runt-related transcription factor 2 (RUNX2)]. 

RESULTS: The results of the micro-CT scan 
showed that the rats treated with exosomes had 
better apposition of the fracture site, and the 
appearance of cortical bone was continuous. 
The fracture sites in the blank control group 
and PBS injection group were not healed, and 
the appearance of cortical bone was discontin-
uous, with significant fracture lines. According 
to the WB results, the protein expression levels 
of β-catenin and Wnt3a in exosome treatment 
group were significantly higher than those in 
the blank control group and PBS injection group 
(p<0.01). The qRT-PCR results indicated that the 
expression levels of COL-1, OPN and RUNX2 in 
exosome treatment group were increased ev-
idently compared with those in the other two 
groups (p<0.01).  

CONCLUSIONS: HucMSC-derived exosomes 
are probably involved in the repair of fracture in 
rats through the Wnt signaling pathway.
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Introduction

Fracture is a fairly common clinical manifes-
tation of completely or partially broken continuity 
of bone structure caused by violence or cumula-
tive strain. Healing in about 10% of patients with 
fracture is delayed, which will bring physiological 
and psychological discomfort and great distress to 
the patients1. Therefore, stimulating the quick re-
pair and healing of fracture are of critical impor-
tance. Fracture healing is a complex process in-
volving a series of physiological activities, among 
which the proliferation and differentiation of os-
teoprogenitor cells and various stem cells at the 
fracture site play crucial roles in healing2. With 
the emergence of stem cell technology, an increas-
ing number of studies are applying the stem cells 
to treat numerous diseases, and growing attention 
and research have been attached to exosomes, as 
derivatives of the stem cells, by researchers in re-
cent years3. Exosomes refer to vesicle-like bodies 
containing complicated ribonucleic acids (RNAs) 
and proteins, with a diameter of 40-100 nm, 
which were first discovered in sheep reticulocytes 
in 1983. Exosomes participate in the transmission 
of signals and transport of substances between 
the internal environment and cells, and exert very 
important effects in tissue homeostasis, interac-
tions between organs and intercellular communi-
cation4,5. In the field of tissue regeneration, large 
quantities of studies on the treatment of diseas-
es with exosomes have been conducted by more 
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and more scientific researchers due to their stable 
components and fewer potential safety hazards6. 
Numerous researchers have verified that mesen-
chymal stem cell-derived exosomes have positive 
protective effects and manifest efficacy in animal 
models of myocardial infarction7, liver failure8 
and ischemia/reperfusion injury9. In addition, 
some studies have indicated that the Wnt signaling 
pathway performs vital functions in cell growth 
and differentiation and play crucial regulatory 
roles in bone development and formation10-12. Ac-
tivated Wnt/β-catenin signaling pathway can pro-
mote osteocyte proliferation and differentiation 
as well as further fracture repair13. Although there 
are studies on fracture repair involving exosomes 
and Wnt/β-catenin signaling pathway, the func-
tion of exosomes on the Wnt/β-catenin signaling 
pathway and their impacts on fracture repair are 
rarely investigated. This research aims to explore 
the impacts of human umbilical cord mesenchy-
mal stem cell (hucMSC)-derived exosomes on 
fracture healing by acting on the Wnt signaling 
pathway, providing theoretical bases and poten-
tial therapeutic methods for studies and clinical 
treatments related to fracture healing.

Materials and Methods

Main Materials
Sprague-Dawley rats, pentobarbital sodium 

(Shanghai Longsheng Chemical Co., Ltd., Shang-
hai, China), SYBR Green Real Time-Polymerase 
Chain Reaction (RT-PCR) Master Mix kit (Ta-
KaRa, Tokyo, Japan), hucMSCs (Shanghai Cell 
Bank of Chinese Academy of Sciences, Shang-
hai, China), Dulbecco’s Modified Eagle Medium/
nutrient mixture F-12 (DMEM/F12, Hyclone, 
South Logan, UT, USA) medium, fetal bovine 
serum (FBS, Hyclone, South Logan, UT, USA) 
and Phosphate-Buffered Saline (PBS, Gibco, 
Grand Island, NY, USA), HyStem®-HP Cell Cul-
ture Scaffold Kit (Sigma-Aldrich, St. Louis, MO, 
USA), TRIzol (Invitrogen, Carlsbad, CA, USA), 
cluster of differentiation 9 (CD9) antibody, CD63 
antibody, CD81 antibody, β-catenin antibody, 
Wnt3a antibody and β-actin antibody (Abcam, 
Cambridge, MA, USA), and 0.22 μm pinhole fil-
ter (Millipore, Billerica, MA, USA).

Establishment of Rat Model of Fracture
The rat model of fracture was established ac-

cording to the experimental methods of femoral 
fracture. This study was approved by the Animal 

Ethics Committee of Gansu Hospital of Tradition-
al Chinese Medicine Animal Center. All the rats 
were deprived of food and water for 8 h before 
the experiment and then fixed after anesthesia by 
intraperitoneal injection of 0.75% pentobarbital 
sodium. The operation was performed at the an-
terior patella of the knee joint of the right hind 
leg, during which an approximately 1 cm-long 
straight incision was made, and the muscle and 
fascia were separated carefully. The shaft of the 
middle femur was cut off using a dental saw, the 
fracture sites were aligned via a Kirschner wire, 
and the incision was sutured carefully layer by 
layer. After the modeling operation was complet-
ed, the rats were fed under a clean environment 
with regular disinfection and provided with rou-
tine food and water.

Culture of HucMSCs and Extraction 
of Exosomes

HucMSCs were cultured in an incubator with 
a DMEM/F12 medium containing 10% FBS at 
37°C with 5% CO2. When 90% of the bottom of 
the dish was covered with the cells, they were 
washed with PBS twice, digested with 0.25% 
trypsin and subcultured at a density of 1:3. The 
extraction methods for exosomes are as follows14: 
the medium of hucMSCs was collected once ev-
ery other day, transferred into a centrifuge tube 
and centrifuged at 300 g and 4°C for 10 min. The 
supernatant was taken and centrifuged at 16,500 
g and 4°C for 20 min. Next, the supernatant was 
collected and filtered using the 0.22 μm filter, the 
filtrate was centrifuged at 120,000 g and 4°C for 
70 min, and the supernatant was absorbed imme-
diately, followed by washing with PBS, ultracen-
trifugation again and collection of precipitation.

Treatment with Exosome Injection
A HyStem-HP hydrogel carrier was used to 

deliver the exosomes. According to the methods 
in the manufacturer’s instructions of hydrogel, 
100 μg exosomes were sufficiently mixed with 
100 μL of hydrogel, and the mixture was inject-
ed into the fracture site of the rats in the experi-
mental group before the incision at the femur was 
closed through the operation. PBS was used as a 
control of exosomes in the experimental group, 
and the group injected with nothing was set as a 
blank control group.

X-Ray Examination and Analysis
After fracture modeling and at 2 and 3 w after 

the operation, an X-ray perspective apparatus was 
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applied to examine the fracture site; the fracture 
modeling and fracture conditions after operation 
and treatment were observed. Photography con-
ditions: tube projection distance of 100 cm, 100 
mA and 50 kV. X-ray images were analyzed using 
medical image analysis software.

Extraction of Total RNA and 
Quantitative Real Time-Polymerase 
Chain Reaction (qRT-PCR)

The sequences of collagen type I (COL-1), os-
teopontin (OPN), runt-related transcription factor 
2 (RUNX2) and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) were obtained from the 
website of NCBI database (http://www.ncbi.nlm.
nih.gov/). The primers were designed using Pre-
mier 6.0 software and synthesized by Sangon Bio-
tech Co. (Shanghai, China). The primer sequenc-
es for COL-1, OPN, RUNX2 and GAPDH are 
shown in Table I. TRIzol reagent was utilized to 
extract the total RNA, and its concentration was 
measured via a NanoDrop spectrophotometer. 
Then, the total RNA was synthesized into com-
plementary deoxyribonucleic acid (cDNA) using 
the random primers from Reverse Transcription 
(RT) Master Mix kit. Next, quantitative Real 
Time-Polymerase Chain Reaction (qRT-PCR) 
was performed using the SYBR-Green RT-PCR 
Master Mix kit and ABI 7500 sequence detection 
system (Applied Biosystems, Foster City, CA, 
USA) in accordance with the manufacturer’s pro-
tocol. The transcription level was evaluated based 
on cycle threshold (Ct) value. The target amount 
of standardized internal reference was calculated 
using the 2-∆∆Ct method.

Western Blotting (WB)
Total proteins were extracted from the exo-

somes and fracture site, whose concentration was 
determined by bicinchoninic acid (BCA) protein 
assay (Pierce, Waltham, MA, USA). Then, the 
proteins were separated via 8% dodecyl sulfate, 
sodium salt-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred onto a polyvi-
nylidene difluoride (PVDF) membranes (Milli-
pore, Billerica, MA, USA), followed by sealing 
with 5% skim milk powder and 0.1% Tris-Buff-
ered Saline and Tween 20 (TBST; Sigma-Aldrich, 
St. Louis, MO, USA). Subsequently, primary an-
tibodies for CD9, CD63, CD81, β-catenin, Wnt3a 
and β-actin were added and gently shaken at 4°C 
overnight. After that, Horseradish-peroxidase 
(HRP)-labeled secondary antibodies were added 
for incubation, and the proteins to be detected 

were subjected to exposure using enhanced che-
miluminescence (ECL; Thermo Fisher Scientific, 
Waltham, MA, USA) reagent. β-actin detected 
using the same WB was taken as the control.

Statistics Analysis
Statistical Product and Service Solutions 

(SPSS) 20.0 software (SPSS, Chicago, IL, USA) 
was used for data record and processing. The data 
in each group was presented as mean ± standard 
deviation (χ–±s), and independent-sample t-test 
was adopted for comparison between groups. 
p<0.05 suggested that the difference was statisti-
cally significant.

Results

Detection of HucMSC-Derived Exosomes
After amplification and culture, hucMSCs 

were in a good growth status, with plump mor-
phology (Figure 1A). Next, the supernatant medi-
um for cell culture was collected to successfully 
extract the exosomes by means of ultracentrif-
ugation. The purified exosomes manifested a 
regular spheroidal shape under the transmission 
electron microscope, with a diameter of 30-100 
(Figure 1B). The WB results showed that CD9, 
CD63 and CD81 were expressed by the exo-
somes (Figure 1C).

X-Ray Analysis for Femoral 
Fracture Healing in Rats

After the establishment of the rat model of 
fracture, the hucMSC-derived exosomes, PBS 
and blank control were injected separately. The 
photography results of X-ray after 3 weeks of 
feeding displayed that the fracture was not healed 
in the blank control group (Figure 2A) and PBS 
injection group (Figure 2B), while it was healed 
well in the exosome injection group (Figure 2C).

Table I. Primer sequences for COL-1, OPN, RUNX2 and 
GAPDH detection.

Name Sequence

COL-1 F 5'-GTACATCAGCCCAAACCCCA-3'
COL-1 R 5'-CAGGATCGGAACCTTCGCTT-3'
OPN F 5'-GCCAGCCAAGGACCAACTA-3'
OPN R 5'-AGTGTTTGCTGTAATGCGCC-3' 
RUNX2 F 5'-GCCAATCCCTAAGTGTGGCT-3'
RUNX2 R 5'-AACAGAGAGCGAGGGGGTAT-3'
GAPDH F 5'-AGTGCCAGCCTCGTCTCATA-3'
GAPDH R 5'-GGTAACCAGGCGTCCGATAC-3'
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Wnt Signaling Pathway Analysis
The expression levels of the Wnt signaling 

pathway-related proteins β-catenin and Wnt3a in 
tissues at the fracture site in different treatment 
groups were analyzed (Figure 3A). The results 
showed that injecting hucMSC-derived exosomes 
could markedly increase the expression levels of 
β-catenin and Wnt3a (p<0.01; Figure 3B), which 
were maintained at relatively high levels after in-
jection for 2 and 3 w. However, the protein ex-
pression levels of β-catenin and Wnt3a in the 
blank control group and PBS injection group were 
lower than those in the exosome injection group, 
and they were higher at 3 w than those at 2 w, 
displaying an increasing trend with the prolonged 
recovery time.

Expressions of Osteogenic Marker 
Genes at the Fracture Site in Different 
Treatment Groups Detected Via qRT-PCR

The expressions of osteogenic marker genes 
(COL-1, OPN and RUNX2) at the fracture site in 
different treatment groups were detected via qRT-
PCR at 3 w. It was indicated that the exosome 
injection group had markedly higher expression 
levels of COL-1, OPN and RUNX2 at the frac-
ture site than the blank control group and PBS 
injection group (p<0.01; Figure 4). There were no 
significant differences between the blank control 
group and PBS injection group (p>0.05; Figure 4).

Discussion

The patients with fracture, a relatively com-
mon disease, suffer from great physiological dis-
tress and inconvenience to life. The successful 
healing of fracture is of important significance for 
the patients, but it is a complex process involving 
inflammation, angiogenesis and bone anabolism15. 
Exosomes are extracellular vesicles secreted by 
cells, including proteins and nucleic acids, which 
are bioactive substances in essence and ultimately 
released into the extracellular matrix (ECM)16,17. 
Yin et al18 have revealed that the genetic informa-
tion contained in the stem cell-derived exosomes 
can be shared by maturate osteocytes and stem 
cells and promote bone regeneration. COL-1, the 
most abundant protein in bone ECM, is synthe-
sized by the osteocytes and serves as a crucial bio-
marker of bone formation19. RUNX2, expressed in 
pre-osteoblastic cells, is a key transcription factor 
in the process of osteoblast differentiation, whose 
inactivation can inhibit the osteoblast differen-

Figure 1. HucMSCs and their exosomes. A, Morphology of hucMSCs observed under an inverted microscope. B, Morphol-
ogy of hucMSC-derived exosomes observed under a transmission electron microscope. C, Protein expressions of CD9, CD63 
and CD81 in hUCMSC-derived exosomes detected via WB.

A B C

Figure 2. Rat femurs observed via X-ray 3 w later. A, Blank 
control group, fracture non-union. B, PBS + HyStem-HP 
hydrogel carrier injection group, fracture non-union. C, 
HucMSC-derived exosomes + HyStem-HP hydrogel carrier 
injection group, significant fracture healing.

A B C
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tiation20. As a vital component of bone matrix, 
OPN is persistently expressed during the growth 
and remodeling of endochondral bone and highly 
expressed at the site of osteoclast resorption21. In 
this research, it was shown that hucMSC-derived 
exosomes could improve the expressions of os-
teogenic marker genes such as COL-1, OPN and 
RUNX2, indicating that they can effectively stim-
ulate the osteoblast differentiation and accelerate 
fracture healing in the rats.

Whether hucMSC-derived exosomes may 
accelerate skeletal healing through the Wnt sig-
naling pathway was further explored in this re-
search. The Wnt/β-catenin signaling pathway is 
a highly conserved pathway mainly composed 
of multiple protein factors, including extracel-
lular ligands (Wnt), β-catenin in the cytoplasm, 
seven-transmembrane receptor proteins [frizzled 
(Frz)] and glycogen synthase kinase-3 (GSK-3)22. 
It regulates a variety of physiological processes 
of cells, such as development, differentiation, 
growth and apoptosis, which is highly similar 
among different species. A study10 has demon-
strated that the Wnt/β-catenin signaling pathway 
plays a dominant regulatory role in bone devel-
opment and formation during the embryonic de-
velopment. Wnts are secretory glycoproteins that 
promote downstream signal transduction by vir-
tue of their co-receptors (LDL-receptor-related 
protein 5/6 and seven-transmembrane receptor 

complex Frz) primarily under the regulation of 
GSK-3. β-catenin is a subunit of the cadherin pro-
tein complex capable of transducing intracellular 
signals in the Wnt signaling pathway. It can be 
transported into the nucleus by the cytoplasm and 
then activate the transcription of osteogenesis-re-

Figure 3. Expressions of the 
Wnt signaling pathway-relat-
ed proteins at the fracture site 
in rats detected via WB. A, 
WB assay results for β-cat-
enin and Wnt3a at the frac-
ture site in rats at 2 and 3 w 
in blank control group, PBS 
injection group and exosome 
injection group, with β-actin 
as the internal reference. B, 
Histogram for relative expres-
sions of β-catenin and Wnt3a. 
The expression levels of β-cat-
enin and Wnt3a in exosome 
injection group are notably 
higher than those in the blank 
control group and PBS injec-
tion group (p<0.01), **stands 
for extremely significant.

A

B

Figure 4. Expressions of osteogenic marker genes COL-1, 
OPN and RUNX2 at the fracture site in different treatment 
groups detected via qRT-PCR at 3 w. **Stands for signifi-
cant differences between the exosome injection group and 
blank control group or PBS injection group.



Human umbilical cord mesenchymal stem cells-derived exosomes on fracture healing

4959

lated genes by binding to T cell factor/lymphoid 
enhancer factor, a transcription factor23. It has 
been testified that the Wnt signal transduction is a 
key molecular mechanism in the process of frac-
ture healing. Leucht et al24 have illustrated that 
the reduced Wnt signal transduction will trigger 
the bone marrow stromal cell to differentiate into 
adipocytes, while increased Wnt signal transduc-
tion will promote osteogenic differentiation. The 
bone marrow mesenchymal stem cell-derived 
exosomes can alleviate radiation-induced bone 
loss and restore the osteogenic differentiation by 
improving the expression of β-catenin25. In addi-
tion, β-catenin is able to positively regulate the 
differentiation of mesenchymal stem cells into 
osteoblastic lineage26. Relevant studies have man-
ifested that Wnt3a can enhance the ALP activity 
induced by BMP9, increase the expressions of OC 
and OPN and accelerate mineral (calcium) depo-
sition and bone formation in vivo27, illustrating 
that inducing the expressions of β-catenin and 
Wnt3a in the Wnt signaling pathway can promote 
the bone formation. 

Conclusions

We found that hucMSC-derived exosomes 
could increase the protein expressions of β-cat-
enin and Wnt3a in the Wnt signaling pathway, 
indicating that hucMSC-derived exosomes 
probably participate in repairing fracture in 
rats through the Wnt signaling pathway. This 
research can provide effective therapeutic ap-
proaches for fracture in clinic and theoretical 
bases for related studies.
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