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Abstract. Influence of bone marrow-derived mesenchymal 
stem cells (BMMSCs) on the healing of rabbit tibial fractures 
and the role of the Janus kinase-signal transducer and activator 
of transcription (JAK-STAT) signaling pathway in fracture 
healing were explored. Rabbit BMMSCs were isolated and 
cultured in vitro, and their purity was determined using flow 
cytometry. Rabbit fracture models were established, and 
injected with BMMSCs, BMMSCs + TG101348 or TG101348, 
with those injected with an equal volume of normal saline as 
control group, and the repair of fracture ends was evaluated 
via X-ray examination 3 weeks later. The BMMSCs isolated 
in vitro grew well, and flow cytometry assay results showed that 
the positive expression rates of cluster of differentiation (CD)90 
and CD105 in cells were 99.21 and 99.56%, respectively, with 
no CD45 expressed. According to the results of CCK-8 assay, 
TG101348 lowered the proliferation level of BMMSCs, and 
the wound healing assay revealed that the migration ability of 
BMMSCs at 24 and 48 h was substantially weaker than that in 
control group (P<0.05). After induction of osteogenic differ-
entiation for 3 weeks, alizarin red staining results manifested 
that osteogenic induction group had notably more calcium 
nodules than TG101348 group (P<0.05). Compared with those 
in control group, the protein expression levels of p-JAK2 and 
p-STAT3 were remarkably raised by osteogenic induction 
(P<0.05), but the protein expression levels of JAK2, p-JAK2 
and p-STAT3 were considerably decreased by TG101348 
(P<0.05). It was found through the X-ray examination that 
the rabbits in control group and those injected with BMMSCs 
recovered well, and the latter had larger external calluses at 
fracture ends than the former, while the fracture ends of those 
injected with TG101348 and BMMSCs + TG101348 were not 
healed completely. BMMSCs promote healing of rabbit tibial 
fractures through the JAK-STAT signaling pathway.

Introduction

The tibia is the larger and stronger one of the two lower leg 
bones below the knee, and a tibial shaft fracture or breakage 
is a common orthopedic injury that may be attributed to road 
traffic accidents, falls from height and sports activities, with 
an annual morbidity rate of approximately 0.02% (1,2). Tibial 
fractures represent 1.66% of the total cases in adults, and nearly 
10% of fracture patients have delayed healing or nonunion, 
which is the main complication in tibial fracture patients. In 
recent decades, as many as several million fracture patients 
are disabled due to poor healing (3,4), so that the patients have 
decreased productivity and even lose working capacity, thereby 
increasing social cost (5,6). Therefore, it is extremely important 
to study the physiological mechanism in the repair of fractures 
for facilitating fracture healing. The repair of fractures is an 
extremely complex physiological process that involves a wide 
variety of cells, including bone marrow-derived mesenchymal 
stem cells (BMMSCs), osteoprogenitors, osteoblasts and 
osteoclasts (2,7), and osteoblasts, the critical functional cells 
derived from BMMSCs, are responsible for the metabolism 
and fracture healing of adult bones (7).

Mesenchymal stem cells (MSCs) are stem cells with the 
multi-directional differentiation potential, first discovered in 
bone marrows, and they can differentiate in vitro into such 
functional cells as osteoblasts, chondrocytes, lipocytes and 
myoblasts (8). Relevant studies have found that after frac-
tures, BMMSCs can rapidly migrate into the fracture site 
and then start to proliferate and osteogenically differentiate. 
The osteogenic differentiation of BMMSCs is modulated by 
multiple hormones and local factors, so the stimulation of their 
osteogenic differentiation has been considered as an important 
mechanism by which fracture healing is accelerated (9,10). The 
Janus kinase-signal transducer and activator of transcription 
(JAK-STAT) signaling pathway plays a vital role in multiple 
processes such as cell proliferation and differentiation. Several 
studies have demonstrated that the JAK-STAT pathway can 
regulate the function of osteoblasts and bone tissue regen-
eration and promote angiogenesis (11), while modulating the 
differentiation and migration of preosteoclasts (12).

The present study explored the role of the JAK-STAT 
signaling pathway in the osteogenic differentiation of 
BMMSCs and its influence on the repair of tibial fractures, 
providing theoretical bases for related research on fracture 
repair and offering potential clinical treatments.
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Materials and methods

Main materials. Rabbits aged 15 weeks, xylazine, ketamine and 
enrofloxacin, Dulbecco's modified Eagle's medium (DMEM), 
fetal bovine serum (FBS), phosphate buffered saline (PBS), 
and double antibodies (Gibco; Thermo Fisher Scientific, Inc.), 
cluster of differentiation (CD) 45-PE, CD90-PE, CD105-PE, 
JAK2, phosphorylated (p)-JAK2, p-STAT3 and β-actin anti-
bodies (Abcam), TG101348 (Selleck Chemicals), and 0.22 µm 
pinhole filter (EMD Millipore).

Establishment of rabbit fracture models. Rabbits underwent 
osteotomy and external fixation of the left middle tibia. 
Anesthesia was performed using xylazine (2.5 mg/kg) and 
ketamine (22 mg/kg) and maintained with isoflurane. Then 
the animals were placed in right lateral position, and the left 
pelvis and limb were prepared for operation. A 1 cm-long 
cranial lateral incision was made at the tibial shaft, and the 
skull tibial muscle and gastrocnemius muscle were bluntly 
anatomized and separated to expose the tibia which was then 
fixed using a mini fixator. With the lateral tibial periosteum 
longitudinally cut open, transverse osteotomy was conducted 
using a saw, and sterile saline was used for continuous 
flushing. Subsequently, four needles with a diameter of 
1.6 mm were led into the lateral middle tibial shaft, and the 
fracture site was fixed using two proximal needles and the 
distal needles in tibial osteotomy. Finally, the fixator was 
fixed into the pin for routine muscular and subcutaneous 
closure. A preventive dose of enrofloxacin (5 mg/kg) was 
subcutaneously administered before operation and at 3 days 
after operation. This study was approved by the Animal 
Ethics Committee of Shandong Provincial Third Hospital 
Animal Center (Jinan, China).

Isolation and culture of BMMSCs. The tibia of rabbits was 
removed under sterile conditions, and cleaned using PBS. 
Then the bone ends were sawed off, and the bone cavity was 
rinsed with the DMEM containing 10% FBS and 1% double 
antibodies using a syringe. The cell suspension was harvested, 
centrifuged at 4˚C, 1,050 x g for 5 min, added with an appro-
priate amount of DMEM containing 10% FBS and 1% double 
antibodies for re-suspension and sedimentation. Following 
counting, the cells were inoculated into a 100 mm culture 
dish at the density of 1x105 cells/ml and cultured in an incu-
bator containing 5% CO2 at 37˚C. The medium was replaced 
every other day until 90% of the dish bottom was covered. 
The resulting cells were washed using PBS twice, digested by 
0.25% trypsin and sub-cultured at the density of 1:3.

Cell injection. BMMSCs were amplified through in vitro 
culture, and passage 5 (P5) BMMSCs growing well were 
collected and prepared into the cell suspension at the density 
of 1x107 cells/ml. The fracture rabbits prepared as above were 
divided into control group, inhibitor group, BMMSC injection 
group and BMMSCs + inhibitor group. The fracture end was 
locally injected with 500 µl of the cell suspension in BMMSC 
injection group, 500 µl of the cell suspension was locally 
injected into the fracture end, and 100 mg/kg TG101348 was 
orally taken in BMMSCs + inhibitor group, an equal volume 
of normal saline was locally injected into the fracture end, and 

100 mg/kg TG101348 was orally taken in inhibitor group, and 
the fracture end was locally injected with 500 µl of normal 
saline in control group.

Cell Counting Kit (CCK)-8 assay. The P3 BMMSCs with 
good growth were seeded into a 96-well plate at 1x104 cells/ml 
and cultured using DMEM + 10% FBS or DMEM + 10% FBS 
+ 1 µM of TG101348 for 7 days. The corresponding wells were 
added with 10 µl of CCK-8 solution daily (Dojindo Molecular 
Technologies, Inc.), and the culture plate was incubated in an 
incubator for 1-2 h. Finally, the absorbance at 450 nm was 
determined using a microplate reader.

Wound healing assay. The P3 BMMSCs growing well were 
inoculated into a 6-well plate at 2x105 cells/ml and cultured 
using DMEM + 10% FBS until the cells completely covered 
the dish bottom, and a straight scratch was made using a 
pipette tip. The cells were washed using PBS 3 times. With 
the scratched cells removed, the resulting cells were cultured 
in DMEM or DMEM + 1 µM of TG101348, and they were 
photographed and analyzed at 24 and 48 h.

Osteogenic induction of BMMSCs. The P3 BMMSCs growing 
well were seeded into a 6-well plate at 2x105 cells/ml and 
started to be osteogenically induced when 90% of the dish 
bottom was covered by the cells using the following medium: 
DMEM + 50 mg/l ascorbic acid + 0.5 mM of sodium 
β-glycerophosphate + 1 µM of dexamethasone and 10% FBS. 
The BMMSCs cultured in osteogenic induction medium 
were taken as induction group, those in osteogenic induction 
medium + 1 µM of TG101348 as inhibitor group, and those in 
DMEM + 10% FBS as control group, and they were cultured 
in an incubator containing 5% CO2 at 37˚C. The medium was 
changed every other day, and the culture lasted for 3 weeks.

Flow cytometry analysis. Flow cytometry analysis was 
performed in the P3 BMMSCs growing well as follows. After 
being washed using PBS twice, the cells were digested using 
0.25% trypsin into single-cell suspension, and rinsed using 
PBS 3 times. With the density adjusted to 3x105 cells/ml, the 
cells were incubated separately with CD45-PE, CD90-PE and 
CD105-PE antibodies for flow cytometry in the dark at 4˚C, 
and the cell samples incubated with anti-rat IgG1-PE antibody 
were taken as homotype controls. The resulting cells were 
washed using PBS 3 times, and detected with a flow cytometer 
(Beckman Coulter, Inc.). Finally, the data were analyzed using 
Kaluza software.

Alizarin red staining and semi-quantitative analysis. After the 
induction of osteogenic differentiation for 3 weeks, the cells 
were rinsed with PBS twice, fixed in an appropriate volume of 
4% paraformaldehyde at room temperature, washed with PBS 
twice again and incubated with 40 mM of alizarin red staining 
solution at 37˚C for 30 min. With the staining solution aspi-
rated, PBS was added to wash the cells 3 times, and the cells 
were observed and photographed under a microscope. After 
PBS was discarded, the calcium nodules were dissolved using 
10 mM of cetylpyridinium chloride. Finally, the absorbance at 
a wavelength of 550 nm was measured using the microplate 
reader for semi-quantitative analysis.
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Western blotting. The cells induced to differentiate and cultured 
in vitro were added with cell lysis buffer in moderation. After 
the cell lysis suspension was collected using a cell scraper, 
the cells were lysed at 4˚C overnight, and centrifuged at 4˚C, 
11,500 x g for 10 min to extract total proteins. Then the concen-
tration of the proteins was determined via bicinchoninic acid 
(BCA) protein assay (Pierce; Thermo Fisher Scientific, Inc.), 
and the proteins were separated through 8% sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred onto a polyvinylidene fluoride (PVDF) membranes 
(EMD Millipore). Subsequently, the membrane was sealed in 
Tris buffered saline using 5% skim milk powder and 0.1% 
Tween-20 and slightly shaken and reacted with the JAK2, 
p-JAK2, p-STAT3 and β-actin primary antibodies at 4˚C over-
night. Afterwards, the horseradish peroxidase (HRP)-labeled 
secondary antibodies were added for incubation. Finally, the 
proteins were treated with electrochemiluminescence (ECL) 
reagent, exposed and detected.

X-ray examination. The fracture site was examined using an 
X-ray machine through the perspective shooting, with the tube 
projection distance of 100 cm, and at 100 mA and 50 kV, imme-
diately after the establishment of rabbit fracture models and at 
3 weeks after operation, so as to observe the fracture models 
and postoperative and post-treatment fractures. Finally, X-ray 
images were analyzed using medical image analysis software.

Statistical analysis. Statistical Product and Service Solutions 
(SPSS) 20.0 software (IBM Corp.) was applied to statisti-
cally process data. The data in each group were expressed 
as mean ± standard deviation (mean ± SD), and inter-group 
comparison was made using independent-samples t-test. P<0.05 
was considered to indicate a statistically significant difference.

Results

In vitro isolation and culture of rabbit BMMSCs. The 
BMMSCs isolated and cultured in vitro showed favorable and 

whirlpool-like growth, and plumpness in morphology (Fig. 1A). 
According to the results of flow cytometry analysis in P3 cells, 
the positive expression rates of CD45, CD90 and CD105 in 
cells were 0.53, 99.21 and 99.56%, respectively (Fig. 1B).

Proliferation and wound healing results of BMMSCs. 
BMMSCs were cultured using JAK2 inhibitor TG101348, with 
those normally cultured as controls. At 0, 1, 2, 3, 4, 5, 6 and 
7 days, the optical density (OD) was measured using CCK-8 
assay, and it was found that the cells proliferated in a sigmoid 
curve, while the application of TG101348 lowered the prolif-
eration level of BMMSCs (Fig. 2). The wound healing assay 
results revealed that compared with those in control group, the 
BMMSCs cultured with TG101348 had a notably weakened 
migration ability at 24 and 48 h (P<0.05) (Fig. 3).

In vitro induction of osteogenic differentiation of BMMSCs. 
BMMSCs were induced in vitro to differentiate into osteo-
blasts for 3 weeks, and the alizarin red staining results showed 

Figure 1. Culture and flow cytometry identification and analysis of rabbit BMMSCs. (A) Morphology of BMMSCs under an inverted microscope. (B) Results 
of flow cytometry analysis: The positive expression rates of CD45, CD90 and CD105 in cells are 0.53, 99.21 and 99.56%, respectively. Scale bar 100 µm. 
BMMSCs, bone marrow-derived mesenchymal stem cells; CD, cluster of differentiation.

Figure 2. OD of BMMSCs at 0, 1, 2, 3, 4, 5, 6 and 7 days determined via 
CCK-8 assay. Control, BMMSCs normally cultured; TG, those cultured in 
the medium added with JAK2 inhibitor TG101348. BMMSCs, bone marrow-
derived mesenchymal stem cells.



WANG  and  ZHANG:  BMMSCs PROMOTE HEALING OF RABBIT TIBIAL FRACTURES 2313

that the osteogenically induced BMMSCs had large numbers 
of calcium nodules, while only few of those co-induced with 

JAK2 inhibitor TG101348 were stained red, but the BMMSCs 
normally cultured for 3 weeks were not stained red (Fig. 4A). 

Figure 3. Wound healing assay results. (A) Migration of differentially treated cells at 0, 24 and 48 h. (B) Relative quantification of the area of the cul-
ture dish uncovered by cells: The migration ability of BMMSCs cultured with TG101348 at 24 and 48 h is remarkably weaker than that in control group 
(P<0.05). *P<0.05, the difference is statistically significant. Control, BMMSCs normally cultured; TG, those cultured in the medium added with JAK2 inhibitor 
TG101348. BMMSCs, bone marrow-derived mesenchymal stem cells.

Figure 4. In vitro induction of differentiation of BMMSCs into osteoblasts. (A) Alizarin red staining results of BMMSCs after induction of osteogenic differ-
entiation. (B) Semi-quantitative analysis of the alizarin red staining results using a microplate reader at 550 nm: The osteogenically induced BMMSCs exhibit 
a considerably higher OD value than those co-induced with TG101348 (P<0.05). *P<0.05, difference is statistically significant compared with the other two 
groups. Control, BMMSCs normally cultured; Induce, BMMSCs osteogenically induced; Induce + TG, BMMSCs osteogenically induced with JAK inhibitor 
TG101348. BMMSCs, bone marrow-derived mesenchymal stem cells; OD, optical density.
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It was found through the semi-quantitative analysis of the aliz-
arin red staining results that the OD of osteogenically induced 
BMMSCs was notably higher than that of the BMMSCs 
co-induced with TG101348 (P<0.05) (Fig. 4B).

Analysis of JAK/STAT signaling pathway in osteogenic 
induction. BMMSCs were induced to osteogenically differ-
entiate for 1 or 3 weeks, and then the JAK-STAT signaling 
pathway-related proteins JAK2, p-JAK2 and p-STAT3 were 
detected using WB. The results showed that compared with 
those in control group, the protein expression levels of p-JAK2 

and p-STAT3 increased notably in induction group at 1 and 
3 weeks (P<0.05), whereas the protein expressions of JAK2, 
p-JAK2 and p-STAT3 in the osteogenic induction of cells were 
considerably repressed by JAK2 inhibitor TG101348 (P<0.05). 
As the time of induction was extended, the expression levels 
of p-JAK2 and p-STAT3 in the 3rd week of induction were 
higher than those in the 1st week (Fig. 5).

Role of BMMSC transplantation in the healing of rabbit 
fractures. After tibial fractures, the rabbits were injected with 
BMMSCs, JAK2 inhibitor TG101348 or BMMSCs + TG101348, 

Figure 5. The JAK-STAT signaling pathway in the induction of osteogenic differentiation of BMMSCs detected via WB. (A) Protein expression of JAK2, 
p-JAK2 and p-STAT3 in the 1st week of the induction: Compared with those in control group, the protein expression levels of p-JAK2 and p-STAT3 are 
substantially elevated in induction group (P<0.05), while the expressions of JAK2, p-JAK2 and p-STAT3 are suppressed by TG101348 (P<0.05). (B) Protein 
expression of JAK2, p-JAK2 and p-STAT3 in the 3rd week of the induction: The protein expression levels of p-JAK2 and p-STAT3 in osteogenic induction 
group are notably higher than those in control group (P<0.05), whereas the protein expression levels of JAK2, p-JAK2 and p-STAT3 are lowered by TG101348 
compared with those in control group (P<0.05). *P<0.05, the differences are statistically significant compared with the other two groups. Control, BMMSCs 
normally cultured; Induce, BMMSCs normally cultured; Induce + TG, BMMSCs osteogenically induced with JAK inhibitor TG101348. JAK-STAT, Janus 
kinase-signal transducer and activator of transcription; BMMSCs, bone marrow-derived mesenchymal stem cells; WB, western blotting; p-, phosphorylated.

Figure 6. X-ray examination results of fracture ends in rabbits differently treated at 3 weeks after fractures. BMMSCs, bone marrow-derived mesenchymal 
stem cells; TG, TG101348.
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and 3 weeks later, the recovery of fractures was evaluated 
via X-ray examination. Based on the results, the rabbits in 
control group and those injected with BMMSCs recovered 
well. Moreover, the external calluses at the fracture ends of 
the rabbits injected with BMMSCs were larger than those in 
control group, while the fracture ends were not completely 
healed in the rabbits injected with JAK2 inhibitor TG101348 or 
BMMSCs + TG101348 (Fig. 6).

Discussion

Fracture healing is a complex physiological process in which 
the bone is locally repaired. This process involves such cells 
as osteoblasts and osteoclasts that are directly implicated in 
bone remodeling and bone resorption, and massive osteoblasts 
produced in the early stage of healing is vital for the repair of 
fractures (13). Relevant studies have corroborated that after 
fractures, MSCs migrate to the fracture site to proliferate 
and differentiate into osteoblasts. The mature osteoblasts 
secrete a matrix material called osteoid, and then they are 
embedded in the osteoid and differentiate into osteocytes, 
followed by the formation of bone matrices via calcification. 
Ultimately, the healing of fractures end up with the formation 
of bone tissues (13,14). BMMSCs play a crucial role in the 
whole repair process of fractures (9). Stem cells have been 
applied to the treatment of fractures, such as nonunion (15), 
and the transplantation of culture-amplified BMMSCs can 
enhance local repair (7). In this study, the fracture site was 
locally injected with BMMSCs, and it was discovered that 
they promoted the formation of external calluses and repair 
of fractures.

The osteoblasts and osteoclasts in bone development and 
repair can be modulated by various local factors, including 
cytokines in bone microenvironment and multiple cytokine 
signaling pathways, such as the JAK-STAT pathway. The 
JAK-STAT signaling pathway was originally identified as a 
pathway that mainly responds to the activation of receptors 
of interferon-γ and interleukin-6 family members (16). The 
JAK family members comprise JAK1, JAK2, JAK3 and Tyk2, 
and STAT protein was initially discovered as the potential 
cytoplasmic transcription factor (17). The phosphorylation 
of STATs is triggered by the binding of cytokines to their 
receptors on the cell surface via the JAK-STAT signaling 
pathway (18). The JAK-STAT signaling pathway plays a key 
role in the growth and differentiation of various types of cells, 
and many cytokines that activate this pathway have been found 
through studies to affect the proliferation and differentiation 
of osteoblasts and osteoclasts. The in vitro activation of the 
JAK-STAT signaling pathway can enhance alkaline phosphatase 
activity and increase osteocalcin expression, suggesting that 
the differentiation of osteoblasts can be promoted (19). In this 
study, the expression of JAK in BMMSCs was inhibited by 
the JAK inhibitor, and it was discovered that the proliferation 
and migration abilities of cells were weakened, implying 
that the JAK-STAT signaling pathway has a certain effect on 
BMMSCs. A previous study has demonstrated that STAT3 can 
promote proliferation and enhance anti-inflammatory activity, 
and that the JAK inhibitor inhibits the expression of JAK2 
and weakens the activity of STAT3, thereby leading to the 
decline in the proliferative ability of cells (19). The osteogenic 

differentiation of BMMSCs was further induced, and the 
results revealed that JAK inhibitor substantially inhibited the 
generation of osteoblasts, illustrating that the JAK2-STAT3 
signaling pathway is important in the differentiation of stem 
cells into osteoblasts.

According to a study (20), JAK2 deficiency causes the 
decoupling between growth hormone-receptor signals and 
the downstream mediator STAT, thus affecting the normal 
development of bones. Since STAT3 mediates the anabolism 
signals in osteoblasts and regulates bone formation, selectively 
inactivating STAT3 in osteoblasts can inhibit bone formation, 
thereby decreasing the bone mass and raising the incidence 
rate of traumatic fractures in individuals (21,22). Additionally, 
prior to bone formation, the mice with JAK2 knocked out 
die of anemia at E12.5 (20). The fracture sites were injected 
with BMMSCs in this study, and it was found that the degree 
of the repair of fractures was increased, whereas the healing 
capacity of fractures declined in the presence of JAK inhibitor, 
probably because the JAK inhibitor suppresses the expression 
of JAK2, causing the decoupling of its downstream mediator 
STAT3, inhibiting the differentiation of MSCs into osteoblasts 
and the expression of anabolism signals in osteoblasts (17), and 
ultimately weakening the healing capacity of fractures.

Based on the results of this study, BMMSCs can differ-
entiate into osteoblasts in vitro and promote the repair of 
fractures and the mineralization of bone tissues in the fracture 
healing probably through the JAK-STAT signaling pathway.
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