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Hepatocyte growth factor improves bone regeneration via the
bone morphogenetic protein-2-mediated NF-kB signaling pathway
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Abstract. Bone regeneration is an important process associated
with the treatment of osteonecrosis, which is caused by various
factors. Hepatocyte growth factor (HGF) is an active biological
factor that has multifunctional roles in cell biology, life sciences
and clinical medicine. It has previously been suggested that bone
morphogenetic protein (BMP)-2 exerts beneficial roles in bone
formation, repair and angiogenesis in the femoral head. The
present study aimed to investigate the benefits and molecular
mechanisms of HGF in bone regeneration. The viability of
osteoblasts and osteoclasts were studied in vitro. In addition, the
expression levels of tumor necrosis factor (TNF)-a, monocyte
chemotactic protein (MCP)-1, interleukin (IL)-1 and IL-6 were
detected in a mouse fracture model following treatment with
HGF. The expression and activity of nuclear factor (NF)-kB
were also analyzed in osteocytes post-treatment with HGF.
Histological analysis was used to determine the therapeutic
effects of HGF on mice with fractures. The migration and
differentiation of osteoblasts and osteoclasts were investigated
in HGF-incubated cells. Furthermore, angiogenesis and
BMP-2 expression were analyzed in the mouse fracture model
post-treatment with HGF. The results indicated that HGF
regulates the cell viability of osteoblasts and osteoclasts, and
also balanced the ratio between osteoblasts and osteoclasts. In
addition, HGF decreased the serum expression levels of TNF-a,,
MCP-1, IL-1 and IL-6 in experimental mice. The results of a
mechanistic analysis demonstrated that HGF upregulated
p65, IxB kinase-f and IkxBa expression in osteoblasts from
experimental mice. In addition, the expression levels of vascular
endothelial growth factor, BMP-2 receptor, receptor activator
of NF-kB ligand and macrophage colony-stimulating factor
were upregulated by HGF, which may effectively promote
blood vessel regeneration, and contribute to the formation and
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revascularization of tissue-engineered bone. Furthermore,
HGF promoted BMP-2 expression and enhanced angiogenesis
at the fracture location. These results suggested that HGF
treatment may significantly promote bone regeneration in a
mouse fracture model. In conclusion, these results indicated
that HGF is involved in bone regeneration, angiogenesis and the
balance between osteoblasts and osteoclasts, thus suggesting
that HGF may be considered a potential agent for the treatment
of fractures via the promotion of bone regeneration through
regulation of the BMP-2-mediated NF-«B signaling pathway.

Introduction

Bone regeneration is a biochemical process, which is required in
response to the progression of cartilage wear and tear, damage
and deformation caused by various types of joint disease (1).
Previous studies have investigated the abilities of various
proteins and cells to decrease inflammation associated with
bone marrow, bone regeneration, vessel walls, adipose tissue,
muscle, periosteum, tendons, peripheral circulation, umbilical
cord blood, skin and dental tissues (2-4). In recent years,
research has focused on the molecular mechanisms underlying
bone regeneration and fracture repair (5,6). In addition, extra-
cellular signaling molecules, including platelet-derived growth
factor, fibroblast growth factor (FGF) and vascular endothelial
growth factor (VEGF) have been reported to promote fracture
healing and bone regeneration (7). Furthermore, bone-healing
processes, including vascularization, inflammatory inhibi-
tion and mesenchymal cell entry to the fracture site, have
been reported to be mediated by extracellular signaling
molecules (8). These findings indicate that targeted bone
production and regeneration may contribute to the reduc-
tion of convalescence following treatment of fractures (1,9).
The present study investigated the role of the extracellular
signaling molecule hepatocyte growth factor (HGF) in inflam-
mation, osteoblast and osteoclast balance, bone production and
bone regeneration in a mouse fracture model. In addition, bone
morphogenetic protein (BMP)-2 production and alterations in
the nuclear factor (NF)-«B signaling pathway were detected in
the mouse model.

HGF is produced by mesenchymal cells during organ injury
and serves a crucial role in the process of bone regeneration (10).
HGF is an active biological factor that exerts multifunctional
effects on osteogenesis, and also serves a critical role in kidney
development, acute injury and regeneration; HGF is activated
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by proteolytic cleavage at the site of injury resulting in forma-
tion of the biologically active HGF protein (11). A previous
study reported that levels of HGF in the serum were correlated
with quality of life in patients undergoing hemodialysis (12).
In addition, biologically active HGF can suppress fibrosis; the
molecular basis for HGF-mediated regression of renal fibrosis
was elaborated in a previous report (13,14). Therefore, it was
hypothesized that HGF may be regarded as a local acute phase
protein that is beneficial for bone regeneration in various bone
diseases. The results of the present study suggested that HGF
promoted bone regeneration via regulation of BMP-2 expres-
sion in osteocytes in vitro and in vivo.

BMPs are members of the transforming growth factor-3
superfamily, which regulate numerous cellular activities in
bone regeneration (15). A previous study on BMP-2-releasing
gelatin/p-tricalcium phosphate sponges revealed that BMP-2
may be considered a potential protein for the induction of bone
regeneration in segmental bone defects (16). In addition, it has
been reported that BMP-2 serves an important role in various
forms of arthritis and disease activity. Greevic et al (17)
indicated that peripheral blood expression profiles of BMPs
may be used as markers for arthritis, disease activity, thera-
peutic responsiveness and prognosis. Lories and Luyten also
suggested that BMPs are beneficial for the repair of joint
destruction and tissue responses that determine the outcome of
chronic arthritis (18). Furthermore, BMP-2 is a member of the
BMP family, which has been reported to possess high poten-
tial for bone formation, inflammatory inhibition in joints and
synovial repair (19,20). In the present study, the in vivo effects
and molecular mechanisms of BMP-2 were investigated in a
mouse fracture model. Inflammation was also analyzed.

The present study aimed to investigate the association
between bone tissue regeneration and inflammation in a mouse
model of fracture. The results indicated that HGF treatment
markedly promoted bone tissue regeneration and inhibited the
expression of inflammatory factors. Notably, the present study
demonstrated that HGF improves bone tissue regeneration
via the BMP-2-mediated nuclear factor (NF)-kB signaling
pathway, thus suggesting that HGF may be considered a prom-
ising agent for the treatment of patients with fractures.

Materials and methods

Ethics statement. The present study was conducted in strict
accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals at Chengde Medical
College Affiliated Hospital (Chengde, China). The study
was approved by the ethics committee of Chengde Medical
College Affiliated Hospital. All surgeries and euthanasia were
performed under intravenous sodium pentobarbital anesthesia
(37 mg/kg).

Animal study. A total of 20 male C57BL/6J mice (6-8 weeks,
28-35 g) were purchased from Shanghai SLAC Laboratory
Animal Co., Ltd. (Shanghai, China). All animals were housed
in a temperature-controlled facility at 23+1°C with a relative
humidity of 50+5%, a 12 h light/dark cycle and unlimited
access to food and water. Mice were subjected to an artificial
fracture in the right paw as described previously (21). The
mice were divided into two groups and were maintained
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under a normal schedule with free access to standard diet
and water. On day 2 after model establishment, mice received
treatment with HGF (10 mg/kg; Sigma Aldrich; Merck KGaA,
Darmstadt, Germany) or the same volume of PBS (control) by
intravenous injection. The body weights of the experimental
mice were measured prior to each injection. Each mouse
received 15 daily treatments. All mice were sacrificed on day
30 for histological analysis. Osteoblasts and osteoclasts were
obtained from experimental mice and then isolated from one
another as described previously (22,23) on day 30.

Cell culture. Osteocytes were obtained from mice with frac-
tures prior to treatment as described previously (22,23) and then
cultured in minimum essential media (MEM, Sigma-Aldrich;
Merck KGaA) and supplemented with 10% fetal bovine serum
(Sigma-Aldrich; Merck KGaA). Osteocytes were then treated
with HGF (2 mg/ml) and cultured in a humidified incubator
containing 5% CO, for 24 h at 37°C.

MTT assay. Osteoblasts and osteoclasts were separately
cultured in Dulbecco's Modified Eagle's medium (DMEM,;
Gibco; Thermo Fisher Scientific, Inc.) and supplemented
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.) for 24 h at 37°C. Osteoblasts and osteoclasts
were then incubated with HGF (2 mg/ml) in a 96-well plate for
24 h at 37°C. A total of 20 ul MTT (5§ mg/ml) in PBS solution
was added to each well and cells were then incubated for a
further 4 h at 37°C. Medium was then removed and 100 pl
dimethyl sulfoxide was added to dissolve the formazan crys-
tals. The viability of the cells was then determined using an
ELISA reader (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) at a wavelength of 450 nm.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNA was extracted from osteocytes
using the RNA Easy Mini Extract kit (Sigma-Aldrich; Merck
KGaA) according to the manufacturer's protocol. RNA was
reversed transcribed using a PrimeScript RT Master Mix kit
(Takara Bio, Inc., Otsu, Japan). Subsequently, cDNA (10 ug)
was diluted 1/10 with distilled water and 10 ul was used for
amplification. Specific primer sets for C-C motif chemokine
ligand 2 (Ccl)2, Ccl5 and intercellular adhesion molecule 1
(Icaml) were conserved in the laboratory (Table I). RT-qPCR
was performed using a qPCR system (Invitrogen; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) with SYBR
Green Master Mix (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocols. A total of
45 amplification cycles were performed, including 94°C for
30 sec, denaturation at 96°C for 5 sec, primer annealing at
64°C for 5 sec, touchdown to 56°C for 15 sec and extension at
72°C for 10 sec. Relative mRNA expression levels were then
determined using the 2224 method (24). The final results were
presented as the fold of B-actin.

Osteocyte migration assay. Osteocytes were obtained from
mice with fractures, and osteoblasts and osteoclasts were
isolated from mice that had undergone fracture prior to treat-
ment as described in a previous study (25). Osteoblasts and
osteoclasts were suspended at a density of 1x10® in 100 pul
serum-free MEM for 12 h. The cells were then seeded into the
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Table I. Primers used for reverse transcription-quantitative polymerase chain reaction.

Target gene Forward primer Reverse primer

Ccl2 5'-AAGAAGCTGTAGTATTTGTCACCAAGCTCA-3' 5'-CATCAGGTACGATCCAGGCT-3'
Ccl5 5'-GCAGCTGCATCCCTCACCGT-3' 5'-GCAGCAGGGAGTGGTGTCCG-3'
Icaml 5'-GCTGTGCTTTGAGAACTGTG-3' 5'-GTGAGGTCCTTGCCTACTTG-3'
[B-actin 5'-GTGGGCGCCCAGGCACCA-3' 5'-CTCCTTAATGTCACGCACGATTT-3'

Ccl, C-C motif chemokine; Icam1, intercellular adhesion molecule 5.

upper chambers of a BD BioCoat Matrigel Invasion Chamber
(BD Biosciences, Franklin Lakes, NJ, USA) and then incu-
bated with HGF (2 mg/ml) for 12 h at 37°C. The migration
assay was conducted according to the manufacturer's protocol.

Determination of NF-xB activity. Osteoblasts (1x10° cells)
and osteoclasts (1x10° cells) were separately cultured in 6-well
plates and incubated with either HGF (2 mg/ml) or PBS for 48 h.
The efficacy of HGF on NF-«B activity was analyzed by deter-
mination of NF-kB-luciferase activity in cells. Briefly, cells
were transfected with a pNF-kB-luciferase vector (Promega
Corporation, Madison, WI, USA) for 48 h at 37°C using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.), according to manufacturer's instructions. Luciferase
activity in the cells was determined 72 h post-transfection at
37°C by using the Dual-Luciferase Reporter Assay System
(Promega Corporation) following the manufacturer's protocol.
Relative luciferase activity was determined by analyzing the
firefly luciferase activity and normalizing it with the Renilla
luciferase activity.

Cells differentiation. Osteoblasts and osteoclasts were obtained
from mice with fractures prior to treatment and then separately
cultured with MEM medium supplemented with 10% FBS.
Cells were incubated with HGF (2 mg/ml) or the same volume
of PBS (2 mg/ml) and then cultured for 72 h at 37°C. Analysis of
tartrateresistant acid phosphatase activity was used to determine
osteoblast and osteoclast differentiation.

Westernblotting.Osteocytes were obtained from mice with frac-
tures and were homogenized in lysis buffer containing protease
inhibitor to perform protein extraction (Sigma-Aldrich; Merck
KGaA), after which the cells were centrifuged at 6,000 x g at
4°C for 10 min. The supernatant was used for protein analysis.
Protein concentration was determined using a BCA protein
assay kit (Thermo Fisher Scientific, Inc.). Protein samples
(10 pug) were separated using 12.5% SDS-PAGE, as described
in a previous study (23), and then transferred to polyvinyli-
dene fluoride (PVDF) membranes (EMD Millipore, Billerica,
MA, USA). For western blotting, following blocking with 5%
skimmed milk for 1 h at 37°C, primary antibodies: VEGF
(cat. no. ab32152; 1:1,000; Abcam, Cambridge, UK), BMP-2
receptor [(R); cat. no. ab38560; 1:1,000; Abcam)], macrophage
colony-stimulating factor (M-CSF; cat. no. ab9693; 1:1,000;
Abcam), receptor activator of NF-kB ligand (RANKL; cat.
no. ab216484; 1:1,000; Abcam) and f-actin (cat. no. ab8226;
1:1,000; Abcam) were then incubated with PVDF membranes

for 12 h at 4°C. Subsequently, membranes were incubated with
horseradish peroxidase (HRP)-conjugated goat anti-rabbit
IgG mAb (cat. no. PV-6001; 1:5,000; OriGene Technologies,
Inc., Beijing, China) for 24 h at 4°C. Following this, protein
bands were visualized using Western Bright Enhanced
Chemiluminescent HRP Substrate (Advansta, Inc., Menlo
Park, CA, USA).

Small interfering (si)RNA transfections. Osteocytes
(1x10° cells) were cultured to 80% confluence and were trans-
fected with siRNA sequences (100 pM; Invitrogen; Thermo
Fisher Scientific, Inc.) that targeted BMP-2: si-BMP-2 sense,
5'-GUGCUAUCUCGAUGCUGUATT-3' and antisense,
5'-AAUACAGCAUCGAGAUAGCAC-3'"; or scramble siRNA
sense, 5'-GUGCUAUCUCGAUGCUGUA-3' and antisense,
5'-UACAGCAUUCGAGAUAGCAC-3". Transfection was
performed using Lipofectamine® RNAi MAX (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
protocol. Cells were cultured for 48 h at 37°C following trans-
fection for further analysis.

Flow cytometry. On day 30, serum was obtained from experi-
mental mice via centrifugation at 6,000 x g for 15 min at 4°C.
Serum levels of lymphocytes, plasmacytes, neutrophils and
monocytes in mice with fracture were analyzed by flow cytom-
etry. All procedures were performed as described in a previous
study (26). In addition, the ratios of apoptotic cells were deter-
mined using a Coulter EPICS XL Flow Cytometer (Beckman
Coulter, Inc., Brea, CA, USA), and results were analyzed using
Expo32-ADC v. 1.2B software (Beckman Coulter, Inc.).

ELISA. On day 30, to detect serum protein expression levels of
inflammatory factors, mouse tumor necrosis factor (TNF)-a
(cat. no. MTAOOB; Bio-Rad Laboratories, Inc.), monocyte
chemotactic protein (MCP)-1 (cat. no. CPCAO00; Bio-Rad
Laboratories, Inc.), interleukin (IL)-1 (cat. no. MLBOOC;
Bio-Rad Laboratories, Inc.) and IL-6 (cat. no. M6000B;
Bio-Rad Laboratories, Inc.) ELISA kits were used. The
experiments were conducted according to the manufacturer's
protocols. Finally, absorbance of the samples was measured at
450 nm using an ELISA plate reader.

Histological analysis. To determine the therapeutic effects of
HGF on a mouse model of fracture, the mice were sacrificed
under pentobarbital anesthesia on day 30 and the bone tissues
located in the fracture were separated and fixed in 10% formalin
for 30 min at 37°C. The tissues were subsequently decalcified
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Figure 1. Effects of HGF on migration and differentiation of osteocytes in a mouse model of fracture. (A) Cell viability of osteoblasts was enhanced, whereas
the viability of osteoclasts was inhibited in HGF-treated mice. (B) Migration of osteoblasts was enhanced, whereas the viability of osteoclasts was not affected
in HGF-treated mice (magnification, x40). (C) Differentiation of osteoblasts was enhanced, whereas differentiation of osteoclasts was inhibited in HGF-treated
mice. (D) Ob/Oc balance in the fracture location. The results are expressed as the mean + standard deviation of three independent experiments. “P<0.01 vs.

the control group. HGF, hepatocyte growth factor; Ob/Oc, osteoblast/osteoclast.

and embedded in paraffin for 2 h at 37°C. Paraffin-embedded
bone tissues sections (4 ug) from experimental mice were
stained with hematoxylin and eosin for 2 h at 37°C. Images
were obtained using an inverted light microscope (Olympus
Corporation, Tokyo, Japan).

Vascular density measurements and evaluation of bone
resorption activity. Vascular density measurements and bone
resorption activity were analyzed in mice following treat-
ment with HGF, according to methods described in previous
studies (27,28).

Statistical analysis. All data are presented as the
mean + standard deviation of triplicate experiments. All data
were analyzed using SPSS Statistics 19.0 (IBM Corp., Armonk,
NY, USA). Unpaired data were analyzed using Student's t-test
P<0.05 was considered to indicate a statistically significant
difference.

Results

Invitro effects of HGF treatment on migration and differentia-
tion of osteocytes from a mouse model of fracture. The present
study analyzed the effects of HGF on migration and differen-
tiation of osteoblasts and osteoclasts from osteocytes obtained
from mice with fracture. As shown in Fig. 1A, HGF promoted
cell viability of osteoblasts and inhibited the cell viability of
osteoclasts. A migration assay indicated that HGF treatment
slightly enhanced migration of osteoblasts; however, no effects
were detected on osteoclast migration (Fig. 1B). In addition,
the results demonstrated that HGF promoted differentiation of
osteoblasts and inhibited differentiation of osteoclasts at the
fracture location (Fig. 1C). Furthermore, the balance of osteo-
blasts and osteoclasts (Ob/Oc) was improved in the fracture
location (Fig. 1D). Taken together, these results suggested that
HGF treatment may regulate migration and differentiation of
osteoblasts and osteoclasts in a mouse model of fracture.

Effects of HGF treatment on inflammatory factors and
biochemical analysis in a mouse model of fracture. A previous
study indicated that aggravation of inflammatory responses
can inhibit bone regeneration (29). Therefore, the present study
detected inflammatory factors and biochemical indicators in
a mouse model of fracture following treatment with HGF. As
shown in Fig. 2A-D, the expression levels of TNF-a, MCP-1,
IL-1 and IL-6 were downregulated in serum samples from
HGF-treated experimental mice. Biochemical analysis indicated
that the percentage of lymphocytes, plasmacytes, neutrophils
and monocytes were also decreased in mice treated with HGF
compared with PBS (Fig. 2E-H). These results suggested that
HGF may be beneficial for the treatment of fractures in a mouse
model via the downregulation of inflammatory responses.

Effects of HGF treatment on the expression levels of extra-
cellular signaling molecules in a mouse model of fracture.
After analyzing the alterations in inflammatory responses
in a mouse model of fracture, the present study investigated
the expression levels of extracellular signaling molecules. As
presented in Fig. 3, the expression levels of VEGF, BMP-2R,
RANKL and M-CSF were upregulated in the fracture location
of HGF-treated mice. HGF-induced expression of extracellular
signaling molecules may contribute to bone regeneration and
bone healing in a mouse model of fracture. Taken together,
these results suggested that HGF treatment increased the
expression levels of extracellular signaling molecules in osteo-
cytes in a mouse model of fracture.

Analysis of the mechanism underlying HGF-mediated NF-xB
signaling in a mouse model of fracture. A previous study
reported that NF-xB serves an essential role in bone regenera-
tion via the regulation of numerous genes involved in cellular
activity (30). Therefore, the present study analyzed the asso-
ciation between HGF and the NF-«xB signaling pathway in a
mouse model of fracture. As shown in Fig. 4A, treatment with
HGF promoted NF-«B activity in osteocytes. In addition, p65,
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Figure 2. Analysis of HGF on inflammatory factors and biochemical analysis in a mouse model of fracture. Expression levels of (A) TNF-a, (B) MCP-1,
(C) IL-1 and (D) IL-6 in serum samples obtained from a mouse model of fracture. Percentage of (E) lymphocytes, (F) plasmacytes, (G) neutrophils and
(H) monocytes was analyzed in a mouse model of fracture following treatment with HGF. The results are expressed as the mean + standard deviation of three
independent experiments. “P<0.01 vs. the control group. HGF, hepatocyte growth factor; IL, interleukin; MCP-1, monocyte chemotactic protein-1; TNF-a,

tumor necrosis factor-a.
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Figure 3. Alterations in the expression levels of extracellular signaling molecules in a mouse model of fracture following treatment with HGF. (A) Protein
expression levels of VEGF, BMP-2R, RANKL and M-CSF in osteocytes from the fracture location of HGF-treated mice. (B) Semi-quantification of protein
expression levels of VEGF, BMP-2R, RANKL and M-CSF in osteocytes from the fracture location of HGF-treated mice. The results are expressed as the
mean + standard deviation of three independent experiments. “P<0.01 vs. the control group. BMP-2R, bone morphogenetic protein-2 receptor; HGF, hepa-
tocyte growth factor; M-CSF, macrophage colony-stimulating factor; RANKL, receptor activator of nuclear factor-«B ligand; VEGF, vascular endothelial

growth factor.

IKK-f and IxkBa expression levels were upregulated in osteo-
cytes from experimental mice treated with HGF (Fig. 4B).

HGF treatment also increased the expression of the following
anti-inflammatory genes, Ccl2, Ccl5 and Icaml, which are
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Figure 4. Mechanism underlying HGF-mediated NF-kB signaling in a mouse model of fracture. (A) NF-kB activity in osteocytes obtained from HGF-treated frac-
tured mice. (B) Expression levels of p65, IKK-3 and IkBa in osteocytes obtained from experimental mice treated with HGF. (C) Expression levels of Ccl2, Ccl5
and Icam1 in osteocytes obtained from experimental mice treated with HGF. (D) Apoptosis of osteocytes obtained from experimental mice treated with HGF. The
results are expressed as the mean + standard deviation of three independent experiments. “P<0.01 vs. the control group. BMP-2, bone morphogenetic protein-2;
Ccl, C-C motif chemokine ligand; HGF, hepatocyte growth factor; Icaml, intercellular adhesion molecule 1; IKK, IkB kinase-f; NF-kB, nuclear factor-«B.

regulated by the NF-kB signaling pathway, as determined by
RT-gPCR (Fig. 4C). Furthermore apoptosis of osteocytes was
decreased in experimental mice treated with HGF (Fig. 4D).
Taken together, these results indicated that HGF may regulate
the physiological function of osteocytes via regulation of the
NF-«kB signaling pathway.

Analysis of HGF treatment on the expression levels of BMP-2
and revascularization-associated factors in a mouse model of
fracture. The present study investigated the expression levels
of BMP-2 and revascularization-associated factors in osteo-
cytes from a mouse model of fracture. As shown in Fig. 5A,
HGF upregulated BMP-2 expression in osteocytes from a
mouse model of fracture. In addition, the expression levels of
epidermal growth factor and FGF were increased in osteo-
cytes from a mouse model of fracture (Fig. 5B). Inhibition of
BMP-2 expression using siRNA (Si-BMP-2) decreased BMP-2
protein expression and inhibited NF-«xB activity in osteocytes
in vitro (Fig. 5C and D). Furthermore, the results indicated
that Si-BMP-2 suppressed the expression levels of p65, IKK-3
and IxBa in osteocytes in vitro (Fig. SE). Taken together, these
results suggested that HGF may enhance the NF-xB pathway
via regulation of BMP-2 expression.

In vivo effects of HGF treatment on pathological alterations
in a mouse model of fracture. The in vivo effects of HGF on
a mouse model of fracture were also analyzed in the present
study. As shown in Fig. 6A, HGF treatment increased body
weight compared with in the PBS group. HGF also increased
the bone resorption activity of mice (Fig. 6B). In addition,
the vascular density of the HGF group was significantly
increased compared with in the PBS group (Fig. 6C). The
extent of bone regeneration and healing was also improved in
HGF-treated fractured mice (Fig. 6D). These data suggested
that HGF treatment may markedly improve bone resorption,

neovascularization and bone regeneration, as determined by
histological staining.

Discussion

Bone regeneration serves an essential role in fracture recovery,
and is associated with bone resorption and bone-bonding
ability (31,32). Previous studies have demonstrated that
HGF is associated with cell regeneration and regulation of
material-related bone formation (33,34). Although previous
studies have indicated that HGF is constitutively produced by
donor-derived bone marrow cells and can promote regeneration
of pancreatic B-cells (35,36), the effects of HGF on bone regenera-
tion have not been reported in previous studies. The present study
investigated the effects, and potential molecular mechanisms, of
HGF on bone regeneration in osteoblasts and osteoclasts in vitro
and in fractured mice in vivo. The present study also studied
the effects of HGF on inflammation in serum and apoptosis of
osteocytes. The results indicated that HGF enhances the NF-xB
pathway through the regulation of BMP-2 expression, which may
markedly improve bone resorption, neovascularization and bone
regeneration in a mouse model of fracture.

Theoretically, inflammatory cytokines are crucial
regulatory factors in fracture progression that are medi-
ated by various intracellular kinase signaling pathways, and
regulate the local inflammatory response following acute
tibial plateau fracture (37,38). Although a previous study
reported inflammatory/necrosis biomarkers in fractured
femurs treated with proximal femoral nail antirotation (39),
the molecular mechanism has not been clearly elaborated in
previous reports. In addition, IL-6 production modulated by
HGEF has been investigated in bone marrow-derived macro-
phages; the results revealed the role of HGF in inflammatory
response-mediated diseases (40). Furthermore, overexpression
of HGF in polycythemia vera attenuates the growth of clonal
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expression levels of p65, IKK-f and IkBa in osteocytes in vitro. The results are expressed as the mean + standard deviation of three independent experiments.

“P<0.01 vs. the control group. EGF, epidermal growth factor; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; IKK, IxB kinase-f3; NF-«xB,
nuclear factor-kB; Si, small interfering RNA.

>
os]

30 E— - —_
3 Control @ 8
Siiee Ty E@HGF 5 x
2 a5 : S 06 :
5 : 3 : :
g S 0.4+ : :
= =3 : :
3 104 2 ; !
B £ 0.2- . .
o - :
: 8
0- T 0.0- :
Control HGF
(G Control D
v A
4“ Rl
| E—
3«

Vascular density (%)
%]
L

. T
Control HGF

Figure 6. In vivo efficacy of HGF on pathological alterations in a mouse model of fracture. (A) Body weight of experimental mice following treatment with HGF.
(B) Bone resorption activity of experimental mice following treatment with HGF. (C) Vascular density of experimental mice following treatment with HGF
(magnification, x40). Arrows indicate vessels. (D) Bone regeneration and healing of experimental mice following treatment with HGF (magnification, x40).

MC, mass concentration. The results are expressed as the mean =+ standard deviation of three independent experiments. “P<0.01 vs. the control group. HGF,
hepatocyte growth factor.

erythroblasts independently of V617F activating mutation  factors may interrupt the inflammatory process, thus breaking
of janus kinase 2 (41). Therefore, blocking inflammatory the vicious cycle of inflammation and promoting bone
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regeneration (42,43). In the present study, HGF exerted benefi-
cial effects on the treatment of a mouse model of fracture by
downregulation of inflammatory responses. In addition, HGF
upregulated BMP-2 expression in a mouse model of fracture.

BMPs are members of the transforming growth factor-3
superfamily, which regulate cellular metabolism, signaling
pathways and numerous cell functions, including cell
proliferation, migration, apoptosis, differentiation and adhe-
sion (44.,45). In recent years, reports have suggested that
BMP-2 may be used to reconstruct segmental mandibular
defects and effectively repair ischemic damage by inducing
angiogenesis and osteogenesis, and by decreasing osteoclast
bone resorption activity (46,47). In the present study, the asso-
ciation between HGF and BMP-2 was analyzed in a mouse
model of fracture. Previous studies have reported that HGF
contributes to fracture repair by upregulating the expression
of BMPRs (48,49). It has also been suggested that BMP-2
promotes bone formation and osteoblastic differentiation by
endochondral ossification (50,51). In addition, downregula-
tion of BMPR expression is exhibited in mesenchymal cells
from the joints of patients with rheumatoid arthritis (52).
Furthermore, BMP-2 been clinically applied for spinal fusion
procedures and it has been reported effectively regulate joint
inflammation and damage (53,54). The results of the present
study confirmed that HGF is an efficient drug for promotion of
bone regeneration via BMP-2-induced NF-«B signaling.

A previous study indicated that the NF-«xB signaling pathway
has an essential role in bone regeneration and neovascularization
via regulating the expression of VEGF, BMP-2, RANKL and
M-CSF expression in fracture progression (55). Notably, HGF
has been reported to preferentially stimulate NF-xB signaling,
in order to protect renal proximal tubular epithelial cells against
inflammation (43). In addition, BMP-2 exerts regulatory effects
on apoptosis of chondrocytes, which serves a crucial role in
the survival of chondrocytes (56). Furthermore, the NF-kB
signaling pathway may stimulate BMP-2 gene expression in
growth plate chondrocytes in vivo and in a chondrocyte cell line
in vitro (57). In the present study, HGF was revealed to stimulate
BMP-2-mediated NF-«xB signaling, which may be responsible
for the downregulation of the expression of TNF-a, IL-6 and
IL-1 inflammatory factors. Outcomes have indicated that
HGF-mediated NF-«xB signaling may be attributed to BMP-2
upregulation, which may promote bone regeneration.

In conclusion, the results of the present study suggest that
further investigation is required to determine the overall role
of HGF in entire joint cytokine homeostasis, neovasculariza-
tion and bone regeneration. The present findings indicated
that HGF is beneficial for bone regeneration via increased
expression of BMP-2, which leads to neovascularization and
bone regeneration through regulation of the NF-xB signaling
pathway. These preclinical data provided information that may
be useful for the future treatment of patients with fractures.
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