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A B S T R A C T

Background: Osteogenesis and angiogenesis are important for bone fracture healing. Irisin is a muscle-derived
monokine that is associated with bone formation.
Methods: To demonstrate the effect of irisin on bone fracture healing, closed mid-diaphyseal femur fractures were
produced in 8-week-old C57BL/6 mice. Irisin was administrated intraperitoneally every other day after surgery,
fracture healing was assessed by using X-rays. Bone morphometry of the fracture callus were assessed by using
micro-computed tomography. Femurs of mice from each group were assessed by the three-point bending testing.
Effect of irisin on osteogenic differentiation in mesenchymal stem cells in vitro was evaluated by quantitative real-
time polymerase chain reaction (qRT-PCR), alkaline phosphatase staining and alizarin red staining. Angiogenesis
of human umbilical vein endothelial cells (HUVECs) were evaluated by qRT-PCR, migration tests, and tube for-
mation assays.
Results: Increased callus formation, mineralization and tougher fracture healing were observed in the irisin-treated
group than in the control group, indicating the better fracture callus healing due to Irisin treatment. The vessel
surface and vessel volume fraction of the callus also increased in the irisin-treated group. The expression of BMP2,
CD31, and VEGF in callus were enhanced in the irisin-treated group. In mouse bone mesenchymal stem cells, irisin
promoted ALP expression and mineralization, and increased the expression of osteogenic genes, including OSX,
Runx2, OPG, ALP, OCN and BMP2. Irisin also promoted HUVEC migration and tube formation. Expression of
angiogenic genes, including ANGPT1, ANGPT2, VEGFb, CD31, FGF2, and PDGFRB in HUVECs were increased by
irisin.
Conclusion: All the results indicate irisin can promote fracture healing through osteogenesis and angiogenesis.
These findings help in the understanding of muscle–bone interactions during fracture healing.
The Translational Potential of this Article: Irisin was one of the most important monokine secreted by skeletal
muscle. Studies have found that irisin have anabolic effect one bone remodeling through affecting osteocyte and
osteoblast. Based on our study, irisin could promote bone fracture healing by increasing bone mass and vascu-
larization, which provide a potential usage of irisin to promote fracture healing and improve clinical outcomes.
in 2; CD31, platelet endothelial cell adhesion molecule-1; VEGF, vascular endothelial growth factor; ALP, alkaline
tor, alpha 3 subunit; OPG, osteoprotegerin; OCN, osteocalcin; HUVEC, human umbilical vein endothelial cells;
VEGFb, vascular endothelial growth factor b; FGF2, fibroblast growth factor 2; PDGFRB, platelet-derived growth
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1. Introduction

Fractures and the bone repair process impose a huge burden on pa-
tients and society. Approximately, 5%–10% of fractures are subject to
delayed healing or result in a non-union [1]. Non-union occurs when
underlying pathologies lead to either the fracture callus failing to fully
ossify, in atrophic cases, or not form altogether. Fracture healing is a
complex procedure that involves the coordination of many different
processes [2], among which angiogenesis and osteogenesis play very
important roles [3,4]. Many tissues and cells are involved in these pro-
cesses, including the bone marrow, periosteum, and vascular endothe-
lium. During the fracture healing, cells and cytokines are transported to
the fracture site through blood vessels (T. [5], and mesenchymal stem
cells differentiate into chondrocytes and osteoblasts. Soft callus (carti-
lage) is formed, followed by the hard callus (bone) (T [5].

Muscle is the major soft tissue surrounding the bone. Fracture healing
complication rates are much higher in fractures with muscle damage [6].
Vascularization plays an important role in the early stage of fracture
healing, and the soft tissues surrounding the fracture site are an impor-
tant source of blood vessels required for transporting oxygen, nutrients,
and bone progenitor cells to the injured area [7]. In addition, the muscle
can induce bone formation. In the fracture healing process, newly formed
callus tissue tends to be the largest and most dense at the bone-muscle
interface, indicating that the muscle contributes to the formation of the
callus or provides a suitable biomechanical environment for its devel-
opment [8]. In recent years, the muscle secretome (myokines) has
increasingly garnered attention because of its important role in
muscle–bone interactions.

Through the bone-muscle crosstalk, exercise can have many physical
benefits largely owing to its association with angiogenesis, including a
reduced muscle loss and a reduced risk of fractures. Physical exercise is
recommended by the WHO as a prophylactic measure and treatment for
osteoporosis [9]. Myokines, such as aminobutyric acids, can be used as
biomarkers to evaluate the risk of osteoporosis fracture (Z [10]. Irisin is a
muscle-derived monokine that is secreted in response to exercise. Irisin is
a cleaved version of its precursor, fibronectin type III domain-containing
5 (FNDC5) protein [11]. Irisin was initially found to drive the conversion
of white adipose tissue to brown adipose tissue [12]. Subsequently, the
role of irisin in the skeletal system has gained attention, and Colaianni
et al. have found that irisin affects bone formation (G [13,14]. Moreover,
irisin has been found to induce proliferation [15] and angiogenesis in
human umbilical vein endothelial cells (HUVECs) in vitro [16]. Because
osteogenesis and angiogenesis are the two important factors affecting
bone fracture healing. Whether irisin can promote bone fracture healing
is still unknown.

Previous studies on irisin were mainly consisted of epidemiological
analyses of the irisin levels and fracture rates. Anastasilakis et al. found
that the circulating irisin levels were lower in post-menopausal women
with osteoporotic fractures [17]. Palermo et al. found an inverse corre-
lation between the irisin levels and vertebral fragility fractures [18]. Yan
et al. reported that low concentrations of irisin in older women were
associated with an increased risk of hip fractures [19]. Finally, Serbest
et al. found that irisin levels increased 60 days after a fracture stabili-
zation operation, suggesting that it participates in the bone union process
[20].

With the emerging findings that muscle may affect bone by acting as
secretory endocrine organs besides exerting mechanical loading. Irisin
act as the important monokine play key role in bone remodeling. As irisin
is a monokine that can promote both osteogenesis and angiogenesis, it is
important to determine its potential role in fracture healing. Here, we
proposed an assumption that irisin can promote fracture healing through
endochondral osteogenesis as well as angiogenesis. And we evaluated the
role of irisin in fracture healing by using a model of closed mid-
diaphyseal femur fractures with exogenous irisin treatment. The poten-
tial mechanisms underlying the effect of irisin on osteogenesis and
angiogenesis were studied in vitro.
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2. Methods

2.1. Animals

8- week-old male C57BL/6 mice with mature bone development [21]
(Mus musculus) were purchased from Shanghai SIPPR BK Laboratory
Animals Ltd (Shanghai, China). Mice were housed under a 12 h light/-
dark cycle with free access to food and water. All animals used in this
study have been ethically approved and received care in compliance with
the institutional guidelines established by the Committee of Ethics on
Animal Experiments at the Shanghai Jiao Tong University School of
Medicine (Number: SH9H-202-A754-1).

2.2. Mouse femur fracture model and irisin treatment

Mouse femur fracture model was established to investigate the effects
of irisin on fracture healing (M [22]. Briefly, mice were adequately
anesthetized and analgesia to minimize suffering. The femurs were
fractured in a controlled manner by scoring the bone and inducing a
clean, transverse break with a beaver blade. Then, a closed
mid-diaphyseal femur fracture model with stabilization was established
by using a 23-gauge intramedullary needle (Yunaosi, Suzhou, China).
After surgery, mice were randomly divided into control or irisin treat-
ment group (N ¼ 8 per group). A group (N ¼ 8) per timepoint included 5
of them that underwent μCT scanning after microfil perfusion and the
remaining 3 femurs were directly decalcified for sectioning. In addition,
after 4 weeks (28 days), 7 animals per group underwent mechanical
testing. Recombinant irisin (8880-IR-025; R&D, MN, USA) was admin-
istered intraperitoneally to mice at a dose of 100 μg/kg body weight
every other day from the beginning on the first day after the surgery,
which was proved that irisin have anabolic effect on bone [23,24]. The
same volume of vehicle (0.9% normal saline) was used for the control
group (Fig. 1A).

2.3. Radiography, fracture healing score and mechanical testing

After surgery, lateral radiograph of mice was taken for X-ray analysis
by using the Faxitron MultiFocus system (50 kV; 200 mV; 32 ms; Tucson,
AZ) for high-precision focus detection on 3, 7, 10, 15, 17 and 28 days
post-fracture (DPF). All of radiographic images were individually quan-
tified by three independent observers where Irisin and control samples
were coded when the analysis was being performed. Fracture healing
score (FHS) was assessed following three criteria: bone formation, bone
union, and bone remodeling [25]. Every criterion was scored as either
“0”which means “does not meet the criteria” or “1”which indicated that
the criteria was met and is present by radiographic analysis. Right femurs
of mice from the control and irisin groups on 28DPF were used for the
three-point bending test (N ¼ 7 mice per group). Intact femur containing
callus after needle removal were wrapped in saline-soaked gauze and
frozen at � 20 �C until use.

2.4. Histological evaluation

Right femurs of mice from the control and irisin groups were har-
vested 2, 3 and 4 weeks after the operation (N¼ 3 mice per group). Bone
samples were immersed in 4% paraformaldehyde at 4 �C for 24 h,
decalcified in 10% EDTA at 4 �C for 4 weeks, and finally embedded in
paraffin. The femurs were sectioned (3 μm slices) along the longitudinal
axis and stained with hematoxylin and eosin (H&E) and safranin O-fast
green for histological analysis. Formaldehyde-fixed, paraffin-embedded
bone tissue sections (5 μm) were assessed through immunohistochemical
(IHC) staining. Sections were deparaffinized and hydrated with distilled
water, followed by antigen recovery using 0.25% trypsin. Endogenous
peroxidase activity was blocked by using peroxidase. Sections were
incubated with primary antibodies against bone morphogenetic protein 2
(BMP2), vascular endothelial growth factor (VEGF), platelet endothelial



Fig. 1. Irisin treatment accelerates femur fracture healing in mice. (A) Design of the experiment. A mouse femur fracture model was established to investigate the
effects of irisin on fracture healing. The fracture healing score (FHS), bone microstructure and formation of blood vessels were assessed at different time point (B)
Evaluation of fracture healing using radiographs. FHS was assessed based on the following three criteria: bone formation, bone union, and bone remodeling, by
observing the radiographs. *, p < 0.05 (C) Three-point bending testing of right femur at 28 days post-fracture (DPF) (N ¼ 7 mice per group for femoral mechanical
testing) (D) Representative X-ray images of the right femur at 0, 3, 7, 9, 15, 17 and 28 days post-fracture (DPF) (N ¼ 8 mice per group for X-ray detection). Significance
(P value) is calculated by two-way ANOVA analysis. *P < 0.05.
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cell adhesion molecule-1 (CD31) (1:1,000, CST) overnight at 4 �C, fol-
lowed by incubation with horseradish peroxidase-conjugated secondary
antibodies. The peroxidase was reacted with 3,3ʹ-diaminobenzidine
(DAB), and the sections were then counterstained with Gill hematoxylin.
A minimum of four samples were included in each group. After stained
with H&E, bone fraction/Total callus (%) and cartilage fraction/Total
callus (%) of the femurs were calculated by BIOQUANT OSTEO system
(Bioquant; Nashville, TN, USA). While BMP2, CD31 and VEGF positive
rate in the callus area were calculated by Image-Pro Plus software (Media
Cybernetics; Rockville, MD, USA).
2.5. Microfil perfusion

Mice were euthanized with Microfil perfusion (N¼ 5 mice per group)
(Flowtech, Carver, MA, USA). Briefly, the thoracic cavity is opened, an
incision in the right atrial appendage is made as the outflow tract, and a
vascular catheter is then penetrated the left ventricle. 20 mL (100 U/mL)
of heparinized saline and 4% paraformaldehyde were sequentially
perfused, followed by 10 mL of microfil at 2 mL/min. Finally, femurs
were dissected at 4 �C overnight and continued to be decalcified for
subsequent μCT scans.

Micro-computed tomography analysis of bone microstructure and
angiogenesis.

Micro-computed tomography (μCT) scanning was performed to
measure the microstructure of the bone callus (N ¼ 5 mice per group).
After euthanasia, the mouse femurs were dissected and fixed for 24 h in
10% PFA, transferred to 70% ethanol, and then prepared for μCT scan-
ning using μCT80 (Scanco μCT80, SCANCO Medical AG, Brüttisellen,
Switzerland), with an isotropic voxel size of 10 μm. The entire femur was
scanned, and the volume of interest (VOI) used was 6 mm (600 slides),
centered on the osteotomy line. Microarchitecture parameters were
analyzed, including the bone volume fraction (BV/TV, %), connection
density (Conn.Dens, 1/mm3), trabecular number (Tb.N, 1/mm), trabec-
ular thickness (Tb.Th, mm) and trabecular separation (Tb.Sp, mm). After
evaluating the bone tissue, the femurs were placed in a decalcification
solution at 4 �C for 4 weeks, and the solution was replaced every 48 h.
Then the decalcified femurs were scanned again [26] to evaluate vessels
in callus. Microarchitecture parameters were analyzed, including the
vessel surface, vessel number, vessel volume fraction, and vessel surfa-
ce/vessel volume (BS/BV, %).
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2.6. Cell culture

HUVECs were purchased from the American Type Culture Collection
(ATCC, Rockville, MD, USA). HUVECs were cultured in α-MEM (Gibco,
Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco) at 37 �C in a humidified atmosphere with 5% CO2.

Primary bone mesenchymal stem cells (bMSCs) were harvested from
4-week-old C57BL/6malemice, as previously described [16]. Briefly, the
femurs were collected on a super-clean bench, and the bone marrow cells
were washed with Dulbecco's modified Eagle's medium (DMEM) and
collected using a syringe. The bMSCs were cultured in DMEM (Gibco)
supplemented with 10% FBS (Gibco), 50 U/mL penicillin, and 50 mg/mL
streptomycin at 37 �C in a humidified atmosphere with 5% CO2. After 24
h, non-adherent cells were removed by washing with phosphate-buffered
saline (PBS), and third generation (designated “P3”) primary bMSCs
were used for the experiments. For osteogenic differentiation, cells were
seeded in 6-well plates at a density of 1 � 106 cells/well. Osteogenesis
was induced by adding osteogenic induction medium containing 10%
FBS, 10 nM dexamethasone, 10 mM b-glycerophosphate, and 0.05 mM
L-ascorbic acid-2-phosphate.

2.7. Cell migration assay

Cell migration assay was performed as previously described [27].
HUVECs were seeded on 6-well plates at a density of 1 � 106 cells/well.
After growth to 85%–90% confluence, cells were scraped using a sterile
disposable pipette tip to make a scratch wound. Then, the cells were
washed twice with PBS and incubated in α-MEM with 2% FBS and 100
ng/mL irisin or the same volume of PBS [28]. After incubation for 12 h
and 24 h, the wound area was photographed using an inverted phase
contrast microscope (Olympus Corporation, Japan), and the relative
percentage of wound healing was calculated using Image-Pro Plus soft-
ware (Media Cybernetics; Rockville, MD, USA).

2.8. Tube formation assay

Tube formation assay was performed in Matrigel (BD Biosciences)
according to the manufacturer's guidelines. HUVECs were suspended in
DMEM with 2% FBS and 100 ng/mL irisin or the same volume of PBS.
HUVECs (1.5 � 104) were seeded onto Matrigel-coated 96-well plates
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and were incubated at 37 �C and 5% CO2 for 6 h. The cells were then
stained with a calcein-AM solution (Yeason, Shanghai, China) and 40,6-
diamidino-2-phenylindole. Tube formation was photographed using a
fluorescence microscope (Olympus Corporation).

2.9. Alkaline phosphatase staining

After the induction of osteogenesis for 7 days with or without irisin
(100 ng/mL) [24], bMSCs were fixed with 4% paraformaldehyde for 15
min and stained using an alkaline phosphatase (ALP) reagent kit (Nanjing
Jiancheng Bioengineering Institute, China) according to the manufac-
turer's protocol. Cells were washed with PBS twice to remove the excess
dye and then observed by inverted phase contrast microscope.

2.10. Alizarin red staining

After the induction of osteogenesis for 21 days with or without irisin
(100 ng/mL), bMSCs were fixed with 4% paraformaldehyde for 15 min
and stained with 0.1% alizarin red (Sigma–Aldrich) for 30 min at room
temperature, according to the manufacturer's protocol. Cells were
washed with PBS twice to remove the excess dye and then observed using
an inverted phase contrast microscope.

2.11. RNA extraction and quantitative real-time PCR

Total RNA was purified from cells using TRIzol reagent (Invitrogen)
according to the manufacturer's instructions. RNA concentration was
assessed using a Nanodrop spectrophotometer (ND-1000; Thermo Sci-
entific, USA). Equal amounts of RNA (1000 ng) were reversed-
transcribed using a Bimake Supermix kit (Bimake). Diluted comple-
mentary DNA (cDNA) was subjected to quantitative real-time polymerase
chain reaction (qRT-PCR, ABI 7500; Applied Biosystems, Foster City, CA,
USA) using the SYBR Green reagent (Bimake), as described previously
[29]. The qRT-PCR primers used in this study are listed in Table 1.
Expression values were normalized to that of β-actin using the 2�ΔΔCt

method.

2.12. Statistical analysis

Data are presented as the mean � standard deviation (SD). All in vitro
data were obtained from three independent experiments. Differences
between groups and different time point were analyzed by two-way
Table 1
Primers used in realtime PCR.

Genes Primer sequence
Mouse Osterix (OSX) 50 CTCTCTGCTTGAGGAAGAAG
Mouse Osterix (OSX) 30 GTCCATTGGTGCTTGAGAAG
Mouse Runx2 50 CCGGGAATGATGAGAACTA
Mouse Runx2 30 ACCGTCCACTGTCACTTT
Mouse OPG 50 ACCCAGAAACTGGTCATCAGC
Mouse OPG 30 CTGCAATACACACACTCATCACT
Mouse ALP 50 GCCTGGATCTCATCAGTATTTGG
Mouse ALP 30 GTTCAGTGCGGTTCCAGACAT
Mouse β-actin 30 CACAGCCTGGATGGCTACGT
Human Ang1 50 AGCGCCGAAGTCCAGAAAAC
Human Ang1 30 TACTCTCACGACAGTTGCCAT
Human Ang2 50 AACTTTCGGAAGAGCATGGAC
Human Ang2 30 CGAGTCATCGTATTCGAGCGG
Human VEGFB 50 GAGATGTCCCTGGAAGAACACA
Human VEGFB 30 GAGTGGGATGGGTGATGTCAG
Human CD31/PECAM-1 50 AACAGTGTTGACATGAAGAGCC
Human CD31/PECAM-1 30 TGTAAAACAGCACGTCATCCTT
Human FGF2 50 AGAAGAGCGACCCTCACATCA
Human FGF2 30 CGGTTAGCACACACTCCTTTG
Human PDGF 50 AGCACCTTCGTTCTGACCTG
Human PDGF 30 TATTCTCCCGTGTCTAGCCCA
Human β-actin 5 CATGTACGTTGCTATCCAGGC
Human β-actin 3 CTCCTTAATGTCACGCACGAT
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ANOVA. Differences between two groups of in vitro results were
analyzed by using Student's t test. Statistical analyses were performed
using SPSS 24.0 software (SPSS Inc., Chicago, IL, USA) and GraphPad
Prism 6 software. Statistical significance was set at p < 0.05.

3. Results

3.1. Fracture healing score was increased after irisin injection

FHS showed that the irisin-treated group exhibited faster healing than
control group according to the FHS at 7, 10, 15, 17 and 28 DPF (p< 0.05,
Fig. 1B). Femurs of the irisin-treated and control group achieved union at
28DPF and the femurs were stronger in the irisin-treated group (Fig. 1C).
After surgery, the fracture calluses were evaluated by using X-rays, which
were taken at 0, 3, 7, 9, 15, 17 and 28 DPF (Fig. 1D).

3.2. Irisin increase bone microstructure and bone mineral density of
fracture callus

Three-dimensional reconstruction of the femur fracture sites revealed
callus formation at 2, 3 and 4 weeks post-surgery in both groups
(Fig. 2A). BV/TV was significantly increased in the irisin-treated group at
all time points, and Conn. Dens was only increased at 2 weeks post-
surgery but did not differ at 3 and 4 weeks. Bone volume was
increased in irisin-treated group at 3 weeks post-surgery than two weeks.
The irisin-treated group gained more BMD after 2 weeks than the control
group, indicating an accelerated mineralization after irisin treatment.
Tb.N and Tb. Sp were reduced from 2 to 4 weeks. Compared to the
control group, this downward trend was more pronounced in the irisin-
treated group. While Tb.Th was the opposite of them, showing an up-
ward trend in both groups at all time points (Fig. 2B). These parameters
demonstrated better fracture healing in the irisin-treated group.

3.3. Irisin promote vascular ingrowth

After decalcification, the three-dimensional reconstruction of the
fracture calluses revealed neovascularization in both groups at different
time (Fig. 3A). The vessel surface and vessel volume fraction were
significantly increased in the irisin-treated group at 3 weeks post-surgery
than 2 weeks (p < 0.05), whereas the vessel number and BS/BV did not
differ between the groups. However, moreangiogenesis at 2 and 3 weeks
resulted in faster fracture healing by irisin and thus obviously less neo-
vascularization in the irisin-treated group at 4 weeks (Fig. 3B).

3.4. Irisin increase osteogenesis and angiogenesis related protein expression

H&E staining revealed fracture callus formation in both groups dur-
ing fracture healing (Fig. 4A). The infiltration of inflammatory cells in the
early stage of fracture healing (2 weeks) was observed by H&E staining in
both groups and infiltration had reduced and fibrocartilaginous callus
formation was seen (Fig. 4A). Endochondral osteogenesis were observed
and red-stained mucopolysaccharide showed better fibrocartilaginous
callus formation (Fig. 4B). Bone fraction/Total callus (%) results shown
that irisin promote mice bone formation during fracture healing and
cartilage fraction was increased in the irisin-treated group (Fig. 4F),
consistent with the Conn. Dens results. The expression of osteogenic
factor, such as BMP2 (Fig. 4C, F), and angiogenic factors, such as CD31
(Fig. 4D, F), and VEGF (Fig. 4E and F) were higher in the irisin-treated
group compared to the control group at weeks two and three. Because
irisin-teatment accelerated fracture healing, all of the indicators were
decreased significantly at 4 weeks (Fig. 4F).

3.5. Irisin increase osteogenesis of bMSCs

bMSCs were used to assess osteogenic induction; osteogenic differ-
entiation was evidenced by ALP staining and alizarin red staining. ALP



Fig. 2. Irisin treatment enhances the formation and mineralization of the fracture callus. (A)3D reconstruction of the femur fracture callus using μCT images at 2, 3
and 4 weeks. VOI was set 6 mm (600 slides), centered on the osteotomy line (B) Quantitation results of the bone volume (BV/TV) and connection density (Conn.Dens),
trabecular number (Tb.N), trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp) of the fracture callus. N ¼ 5 mice per group. Significance (P value) is
calculated by two-way ANOVA analysis. *P < 0.05.

Fig. 3. Irisin treatment enhances the formation of blood vessels in the fracture callus. (A)3D reconstruction of the femur fracture callus using μCT images of an-
giograms, following Microfil perfusion at 2, 3 and 4 weeks. VOI was set 6 mm (600 slides), centered on the osteotomy line (B) Quantitation results of the vessel surface,
vessel number, vessel volume fraction, and bone surface/bone volume fraction (BS/BV). N ¼ 5 mice per group. Significance (P value) is calculated by two-way ANOVA
analysis. *P < 0.05.
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staining, an early marker of osteogenesis [30], was enhanced in the
irisin-treated group on day 7 (Fig. 5A), and the measured OD value at
564 nm indicated that the irisin-treated group had more mineralized
compartments than the control group during the late stage of osteo-
genesis (day 21, p < 0.05) (Fig. 5B). qRT-PCR analysis showed that the
41
expression of osteogenic genes, such as OPG, ALP, OCN, and BMP2in-
creased at all three time points (days 7, 14, and 21) in the irisin-treated
group, whereas the expression of OSX, Runx2 only increased on days 7
and 14 (Fig. 5C).



Fig. 4. Histological and immunohistochemical analyses of bone formation and angiogenesis in the fracture callus. (A) H&E results showed fracture callus formation
was significantly increased after 2, 3 and 4 weeks in irisin group (B) Safranin O results showed cartilage fraction was increased in the irisin-treated group at week three
(C) BMP2 (D) CD31, and (E) VEGF were higher in the irisin-treated group compared to the control group at weeks two and three. Black arrows: BMP2, CD31 or VEGF
positive area in the fracture callus (F) Quantitation results of bone and cartilage fraction and BMP2, CD31 and VEGF positive area. N ¼ 3. Significance (P value) is
calculated by two-way ANOVA, *P < 0.05.

Fig. 5. Irisin promotes MSC osteogenesis. (A) ALP staining was enhanced in the irisin-treated group on day 7 after osteogenic induction for 7 days (B) The miner-
alization of bMSCs determined using alizarin red staining and quantitation after osteogenic induction for 21 days. OD value at 564 nm indicated that the irisin-treated
group had more mineralized compartments than the control group (C) The osteogenic gene expression (OSX, Runx2, OPG, ALP, OCN and BMP2) of bMSCs were
evaluated by using qRT-PCR. OPG, ALP, OCN and BMP2increased at all three time points (days 7, 14, and 21) in the irisin-treated group, whereas the expression of
OSX, Runx2 only increased on days 7 and 14. Significance (P value) is calculated by t-test, *P < 0.05.
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3.6. Irisin increase angiogenesis of HUVECs

HUVECs were used to assess angiogenesis, and the effect of irisin on
42
HUVEC migration was evaluated using a wound healing assay. Signifi-
cantly more HUVECsmigrated in the presence of irisin than in its absence
(Fig. 6A). A tube-formation assay revealed that more vascular-like



Fig. 6. Irisin promotes endothelial cell migration, tube formation, and angiogenetic gene expression. (A) HUVEC migration was evaluated using a cell migration assay,
the dotted white lines showed the boundary of HUVECs, and the areas between them were calculated (B) Tube formation of HUVECs was assessed on solidified
Matrigel and stained using calcein-AM, the merged image showed a clearer tube formation process (C) Angiogenetic gene expression (ANG1, ANG2, VEGFb and CD31,
FGF2, and PDGF) in HUVECs, evaluated using qRT-PCR. Significance (P value) is calculated by t-test, *P < 0.05.
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structures were formed in the irisin-treated group in a dose-dependent
manner (Fig. 6B). qRT-PCR analysis showed that the expression of
ANGT1, ANGPT2, VEGFB, FGF2, CD31 and PDGFRB in the 200 ng/mL
irisin-treated cells was higher than that in the control group at 24 h
(Fig. 6C).

4. Discussion

The results of our study indicate that the callus size and volume, the
degree of neovascularization after fracture increased after irisin treat-
ment in mice. Moreover, the results of our in vitro study indicate that
irisin enhances both osteogenesis and angiogenesis in cells. Our results
suggest that irisin may accelerate fracture healing by promoting bone
formation and angiogenesis.

Fracture healing is a complex and highly orchestrated biological
process [31]. The muscles may act as endocrine organs during the frac-
ture healing process, and myokines are considered important agents in
this crosstalk. Based on clinical research, several agents play similar roles
in fracture healing. BMP2 was approved by the FDA as an osteoinductive
factor in fracture treatment [32]. However, following the wide applica-
tion of BMP2, an increasing number of studies have demonstrated its
clinical side effects, including ectopic bone reconstruction,
osteoclast-induced bone resorption, bone cyst formation, and inflam-
matory complications [33,34].

Angiogenesis is a critical process in fracture healing [35,36]. Further,
in diseases such as diabetes, an impaired blood vessel function can
interfere with this process. Angiogenic factors, including VEGF, BMPs,
FGF-1, and TGF-β, represent another class of proteins that drive fracture
repair by mediating the invasion of the soft callus through endothelial
cells [2]. The inhibition of VEGF activity impaired femoral fracture
healing in mice [37]. Our results indicated that irisin can increase bone
mineralization. Furthermore, our results showed that bone volume was
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significantly increased in the irisin-treated group at both time points,
while the vessel surface and vessel volume fraction were significantly
increased in the irisin-treated group after 3 weeks treatment, but had no
difference after 2- and 4-weeks treatment. Diane P Hu et al. [38]found
the vasculature coordinates chondrocyte to osteoblast trans-
differentiation. We hypothesized that irisin can increase bone minerali-
zation through osteoblasts on the one hand, on the other hand, irisin can
promote vascular ingrowth which might promote chondrocyte to osteo-
blast transformation during bone fracture healing.

In our study, the formation and mineralization of the fracture callus
occurred faster in the irisin-treated group than in the control group, and
our in vitro studies indicated that irisin enhanced osteogenesis in bMSCs
by improving proliferation and mineralization. Further, the mRNA
expression of OCN and Runx2 was enhanced by irisin. Runx2 is a critical
transcription factor involved in the development and differentiation of
osteoblasts [39], and can upregulate levels of bone sialoprotein and
osteocalcin, which are two major components of bone extracellular ma-
trix synthesized exclusively by osteoblastic cells [40]. Runx2 also has an
important role in the repair of bone tissue (Z. C [41]. Xu et al. found high
expression levels of relevant osteogenic genes, including Runx2 andOCN,
in irisin-treated (1 mmol/L) osteoporosis SD rat bone tissues [42].
Colaianni et al. found that irisin treatment (100 μg/kg) attenuated the
OPG decrease in unloading mice [14] and that irisin from conditioned
media collected from the myoblasts of exercised mice induced osteoblast
differentiation in vitro (G [13]. Qiao et al. found that both r-irisin and
irisin-containing conditioned medium promoted the proliferation, dif-
ferentiation, and mineralization of MC3T3-E1 cells and primary osteo-
blasts through the activities of Runx2, OSX, ALP, Col-1, OCN, and OPN
[43].

After fracture, hematoma formation allows the blood vessel formation
around the fracture site. Cells in the fracture callus depend on angio-
genesis for oxygen and nutrient delivery. During fracture healing,
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angiogenesis induced vessels appear during the stage of fibrocartilagi-
nous callus formation. Vessels form in the fracture callus and induce bone
formation. When angiogenesis is impaired, the fracture healing process is
impacted (Y [44]. The unique process of angiogenesis has an important
effect on mineralization and morphology in the bone repair process [45].
Moreover, osteoblast precursors, but not mature osteoblasts, travel to
fractured bone areas [46]. A series of cytokines are involved in this
process, including VEGF (Z. [47], FGF [40]. VEGF promotes angiogenesis
and increases bone formation via the ingress of osteoblast progenitor
cells and is expressed in the fracture callus during the early stage. CD31 is
related to angiogenesis and improves vessel formation under ischemic
conditions after in vivo transplantation; CD31þ cell transplantation can
promote the fracture healing process [48]. In our study, we found that
the surface and volume fraction of vessels increased in the callus in the
irisin-treated group at 3 weeks after fracture and that the expression of
CD31 and VEGF increased in the callus area. This indicates that angio-
genesis, paired with accelerated callus formation and mineralization
processes, promotes fracture healing. In addition, we found that irisin
promoted the angiogenesis of HUVECs in terms of both migration and
tube formation, consistent with previous in vitro studies [15,16]. HUVECs
are a useful tool to investigate the process of angiogenesis in the bone
fracture callus [49] and in other diseases and conditions, including dia-
betes and myocardial infarction. Deng et al. found that irisin alleviated
the inflammation induced by advanced glycation end products in
HUVECs [50]. Song et al. found that irisin can promote HUVEC prolif-
eration and angiogenesis through the Erk signaling pathway [15,16].
Liao et al. confirmed the phosphorylation of ERK in HUVECs and the
migration and wound-healing effects induced by irisin [51]. Rana et al.
found that irisin can increase the expression of E-selectin [52], which is
associated with tumor angiogenesis [53].

On the one hand, previous studies have indicated that irisin can
activate MAPK signaling pathways, including the Erk signaling pathway,
in osteoblasts, MSCs, and HUVECs. On the other hand, the expression and
activation of angiogenic factors can be regulated by MAPK signaling
pathways, including Runx2 phosphorylation [54] and expression of re-
ceptor tyrosine kinases, such as PDGF [55,56]. Therefore, drugs that
affect both angiogenesis and osteogenesis will help improve fracture
healing by accelerating the formation and mineralization of the callus
[57]. Furthermore, irisin may promote Fractur healing through increased
mechanical loading from skeletal muscle. Reza et al. [58] found irisin
could enhance grip strength of uninjured mice muscle by improving
regeneration and induces hypertrophy.

Our study has some limitations. First, we did not measure the serum
irisin levels in mice after irisin treatment, which would demonstrate the
effectiveness of systemic drug delivery. However, other studies have
shown that intraperitoneal administration has a strong regulatory effect
on bone tissues in mice [14,59]. Second, our investigation of cell
signaling pathways was limited; although the osteogenesis and angio-
genesis results of the in vitro experiments were consistent with the find-
ings of our in vivo fracture model, the internal regulatory mechanisms
underlying the effects of irisin still need to be clarified.

In conclusion, the findings of this study indicate that irisin can aid in
the formation of the bone callus and promote the fracture healing pro-
cess. However, the detailedmechanisms underlying themode of action of
irisin remain unclear, and more studies are needed. Since Kim H. et al.
[60]. Found irisin mediates effects on bone and fat via αV integrin re-
ceptors, and Teklemariam T et al. [61] showed that HUVEC express αv,
αvβ3, αvβ5, α6, β1, and β3 integrin receptors. Irisin may affect bone cells
and HUEC via αv integrin receptors. Future research should confirm the
signaling pathway that irisin affect HUVEC, which will help to under-
stand the mechanism of muscle affect bone fracture healing.
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