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Abstract. Intermittent low‑dose injections of parathyroid 
hormone (PTH) have been reported to exert bone anabolic 
effects and to promote fracture healing. As an important 
proangiogenic cytokine, vascular endothelial growth 
factor (VEGF) is secreted by bone marrow mesenchymal stem 
cells (BMSCs) and osteoblasts, and serves a crucial regulatory 
role in the process of vascular development and regenera-
tion. To investigate whether lack of endogenous PTH causes 
reduced angiogenic capacity and thereby delays the process 
of fracture healing by downregulating the VEGF signaling 
pathway, a PTH knockout (PTHKO) mouse fracture model 
was generated. Fracture healing was observed using X‑ray 
and micro‑computerized tomography. Bone anabolic and 
angiogenic markers were analyzed by immunohistochemistry 
and western blot analysis. The expression levels of VEGF 
and associated signaling pathways in murine BMSC‑derived 
osteoblasts were measured by quantitative polymerase chain 
reaction and western blot analysis. The expression levels of 
protein kinase A  (PKA), phosphorylated‑serine/threonine 
protein kinase (pAKT), hypoxia‑inducible factor‑1α (HIF1α) 
and VEGF were significantly decreased in BMSC‑derived 
osteoblasts from PTHKO mice. In addition, positive platelet 
endothelial cell adhesion molecule staining was reduced in 
PTHKO mice, as determined by immunohistochemistry. The 
expression levels of HIF1α, VEGF, runt‑related transcription 

factor 2, osteocalcin and alkaline phosphatase were also 
decreased in PTHKO mice, and fracture healing was delayed. 
In conclusion, lack of endogenous PTH may reduce VEGF 
expression in BMSC‑derived osteoblasts by downregulating 
the activity of the PKA/pAKT/HIF1α/VEGF pathway, thus 
affecting endochondral bone formation by causing a reduc-
tion in angiogenesis and osteogenesis, ultimately leading to 
delayed fracture healing.

Introduction

Fracture repair progresses through the following stages: 
Hematoma formation, fibrocartilaginous callus formation, 
bony callus formation and bone remodeling (1,2). Fractures 
are often accompanied by ruptured blood vessels, thus causing 
local hypoxia. In a hypoxic microenvironment, bone marrow 
mesenchymal stem cells (BMSCs) differentiate into chondro-
cytes and form an area of cartilage in the central region of the 
fracture. Mature cartilage cells can secrete a large amount of 
cartilage matrix factors, and new blood vessels then grow into 
the cartilaginous callus along the matrix. Revascularization 
improves the local oxygen supply, stimulating osteoblastic 
differentiation of BMSCs and bone‑lining cells in coordina-
tion with bone morphogenetic proteins (BMPs), runt‑related 
transcription factor 2  (RUNX2) and other cytokines, thus 
promoting endochondral bone formation and matrix calcifica-
tion, which subsequently form the bony callus and ultimately 
lead to fracture healing (3‑5).

Tissue hypoxia can induce angiogenesis following frac-
ture, and hypoxia‑inducible factor (HIF) is the key protein 
expressed in most tissues in response to localized low oxygen 
tension (6). Under normoxic conditions, HIF1α binds to the von 
Hippel‑Lindau tumor suppressor (pVHL) and is subsequently 
hydrolyzed. Conversely, this process is suppressed under 
hypoxic conditions, and HIF1α forms dimers with HIF1β, 
which then enter the nucleus and activate transcription of HIF 
target genes (7‑9). Vascular endothelial growth factor (VEGF) 
is the most important HIF target gene (10,11). A significant 
reduction in the formation of blood vessels and bone is 
observed in vascular endothelial‑cell‑specific HIF1α‑deficient 
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mice. Significantly increased metaphyseal vascular volume 
and bone formation have been observed in pVHL knockout 
mice, whereas administration of a VEGF receptor antago-
nist can offset angiogenesis caused by excessive activation 
of HIF1α (10). Reduced bone density, as well as decreased 
amounts of trabecular bone and thinner cortical bone have 
been detected in VEGF knockout mice. In vitro studies have 
demonstrated that osteoblasts in VEGF knockout mice exhibit 
diminished capacity for differentiation and maturation (12).

Parathyroid hormone (PTH) is an 84‑amino acid peptide 
hormone secreted by the parathyroid gland. Numerous 
studies have demonstrated that intermittent low‑dose injec-
tions of recombinant human (rh)PTH can increase bone 
anabolism and promote fracture healing (13,14). Conversely, 
trabecular bone volume and osteoblast number are signifi-
cantly reduced (15,16), and fracture healing is delayed in PTH 
knockout (PTHKO) mice (17). At present, the mechanisms by 
which PTH promotes fracture healing remain to be elucidated; 
stimulation of angiogenesis may be one of the mecha-
nisms (18‑20). A previous study indicated that the effects of 
PTH on osteogenesis are predominantly mediated by adenylate 
cyclase (AC)/cyclic adenosine monophosphate (cAMP)/protein 
kinase  A (PKA)/cAMP response element-binding protein 
pathway (21). In addition, it has been confirmed that the acti-
vated cAMP/PKA/phosphorylated‑serine/threonine protein 
kinase (pAKT)/HIF1α/VEGF signaling pathway can promote 
angiogenesis (22). Previous studies have revealed that PTH can 
quickly promote the expression of VEGF in osteoblasts (13,23). 
Therefore, the present study hypothesized that PTH may affect 
fracture healing through its effects on angiogenesis mediated 
by the PKA/pAKT/HIF1α/VEGF pathway. In the present 
study, a PTHKO mouse fracture model was constructed, 
and fracture healing and the expression of associated angio-
genic factors were measured, in order to investigate whether 
endogenous PTH affects angiogenesis via the PKA/pAKT/
HIF1α/VEGF pathway, thus stimulating fracture healing.

Materials and methods

Reagents. Anti‑mouse platelet endothelial cell adhesion mole-
cule (PECAM; 3528; 1:100) and GAPDH (5174/51332) were 
purchased from Cell Signaling Technology, Inc.  (Danvers, 
MA, USA) and osteocalcin (OCN; ab93876; 1:400) mono-
clonal antibodies were purchased from Abcam (Cambridge, 
MA, USA). RUNX2 (ab76956; 1:600), HIF1α (ab8366; 1:600), 
pVEGF receptor 2 (pVEGFR2; ab131241; 1:200), prolifer-
ating cell nuclear antigen (PCNA; ab92552; 1:400), VEGF 
(ab46154; 1:200), PKA (ab75991) and pAKT monoclonal anti-
bodies (ab81283) were purchased from Abcam (Cambridge, 
MA, USA). Type II collagen (COL II; sc-7763; 1:200) primary 
antibody and all secondary antibodies were purchased 
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). 
Streptavidin‑biotin complex (SABC) immunohistochemistry 
kit and DAB chromogenic kit were purchased from Vector 
Laboratories, Inc. (Burlingame, CA, USA). Polymerase 
chain reaction (PCR) kit (PCR kit Takara A5003) was 
provided by Takara Bio, Inc. (Otsu, Japan). High glucose or 
low glucose Dulbecco's modified Eagle's medium (DMEM), 
and fetal bovine serum were purchased from HyClone; 
GE Healthcare (Logan, UT, USA). Penicillin‑streptomycin 

double‑resistant solution was purchased from Gibco; Thermo 
Fisher Scientific, Inc. (Waltham, MA, USA). Dexamethasone, 
β‑glycerophosphate and rhPTH (1‑34) were purchased from 
Sigma‑Aldrich; Merck KGaA (Darmstadt, Germany). PBS 
and total protein extraction kit [containing radioimmuno-
precipitation assay (RIPA) buffer and phenylmethylsulfonyl 
fluoride) were provided by Beyotime Institute of Biotechnology 
(Nantong, China). mRNA extraction kit was purchased from 
Qiagen GmbH (Hilden, Germany). Alkaline phosphatase 
(ALP) staining kit was provided by Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). Osteogenic induc-
tion medium was prepared by adding dexamethasone, ascorbic 
acid and β‑glycerophosphate to basal medium and serum at 
final concentrations of 10 nmol/l, 50 µg/ml and 10 mmol/l, 
respectively.

Construction and identification of PTHKO mice. Briefly, the 
PTHKO mouse model was constructed by inserting a neomycin 
resistance gene (NEO) into exon III of the mouse PTH gene to 
replace the entire mature PTH coding sequence (24). Parental 
knockout mice were provided by McGill University (Montreal, 
QC, Canada), and were housed in a specific pathogen-free 
(SPF) standard animal facility under the following conditions: 
Humidity, 45‑75%; temperature, 22‑26˚C; 12 h light/12 h dark 
cycle, in the specific‑pathogen‑free animal facility at the 
Experimental Animal Center of Nanjing Medical University 
(Nanjing, China); with ad libitum access to food and water. 
Mouse genotypes and PTH gene knockout were confirmed by 
PCR amplification of DNA fragments. Primer sequences were 
as follows: PTH, forward 5'‑GATGTGTGCAAACA 
CCGTGGCTAA‑3', reverse 5'‑TCCAAAGTTTCATTA 
CAGTAGAAG‑3'; and NEO, forward 5'‑TCTTGATTCCCA 
CTTTGTGGTTCTA‑3', reverse primer sequence was the 
same as the PTH forward primer. Annealing temperature was 
55˚C. For experiments, 18 two‑month‑old PTHKO mice and 
15 wild‑type (WT) littermates were randomly selected regard-
less of gender. Their weigh was 20-30 g, WT were heavier than 
the PTHKO mice. The present study was approved by the 
Ethics Committee of Nanjing Medical University.

Establishment and analysis of the murine fracture model. The 
murine fracture model was established as follows: Mice were 
anesthetized with an intraperitoneal injection of ketamine/xyla-
zine. Subsequently, skin tissue around the knee was disinfected 
and a 25G needle was inserted through the patellar tendon into 
the femoral canal. A femoral fracture was created by 3‑point 
bending using an Einhorn device, and was confirmed by X‑ray 
examination (Faxitron Bioptics, LLC, Tucson, AZ, USA). Each 
mouse received daily subcutaneous injections of 0.5 mg/kg 
buprenorphine for 3 consecutive days (25). Fracture healing was 
assessed by X‑ray radiography and callus formation was exam-
ined using Skyscan 1176 high‑resolution micro‑computerized 
tomography (micro‑CT) (Bruker Corporation, Billerica, MA, 
USA) at 1 and 2 weeks after establishment of the fracture model.

Cell culture. For BMSCs culture, mice were sacrificed and 
immediately immersed in 75% alcohol for 10 min. Bilateral 
femurs were then removed under sterile conditions, and the 
marrow cavity was repeatedly flushed using serum‑free low 
glucose DMEM to obtain a single‑cell suspension. Cells were 
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collected by centrifugation at 1,200 x g/min for 5 min, then 
resuspended, inoculated into culture flasks, and incubated in 
a humidified incubator in an atmosphere containing 5% CO2 
at 37˚C. The 3rd generation of BMSCs was induced to differ-
entiate into osteoblasts. Briefly, BMSCs from WT (+/+) and 
PTHKO (‑/‑) mice (5x106/ml) were inoculated into 6‑well 
plates and into culture plates containing slides; induction 
medium containing exogenous PTH (final concentration, 
10‑7 mol/l) was added to the cells once they reached 80% 
confluence. Induction medium was replaced with ordinary 
culture medium after 6 h. The cells were treated with PTH for 
6 h every 48 h. Cells were collected 1 and 2 weeks after induc-
tion, and protein and RNA were extracted using specific kits 
according to the manufacturers' protocols. ALP staining of 
fixed cells was performed using an ALP staining kit according 
to the manufacturer's protocol.

Coculture of human umbilical vein endothelial cells (HUVECs) 
and BMSCs. BMSCs were cultured as aforementioned (for 
2 weeks) and allowed to reach 80% confluence, after which 
they were treated with induction medium, and HUVECS were 
cocultured with the lower layer of BMSCs for 1 week. Dishes 
were observed on day 7 after the start of coculture. Cell nuclei 
were stained with hematoxylin and images were captured.

Immunohistochemical examination. Fracture calluses 
(captured 1 and 2 weeks after femur fracture) were fixed in 

10% formalin for 12‑24 h at room temperature (20-25˚C), 
decalcified in 5%  EDTA‑2Na for 4‑5  weeks, dehydrated 
through a graded ethanol series, cleared in xylene, embedded 
in paraffin wax and cut into 5‑µm sections. Histological obser-
vations were performed after hematoxylin and eosin (H&E) 
staining, cartilage morphology was observed using alcian 
blue staining, and differences in osteoblasts were examined 
by ALP staining. Immunohistochemical staining, followed by 
SABC and DAB color development were conducted according 
to the manufacturer's protocols. Images of sections were 
captured using a light microscope; four fields of each section 
were randomly selected, and the positive expression rate and 
gray values of stained areas were measured under the same 
light intensity to semi‑quantify protein expression levels using 
Image-Pro-Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, 
USA).

Western blot analysis. Cells were lysed with RIPA lysis 
buffer, total protein was extracted and concentration was 
measured using the Bradford method. Proteins (10 µg) were 
separated by 12% SDS-PAGE. Following SDS‑PAGE, protein 
samples were transferred to polyvinylidene fluoride (PVDF) 
membranes (EMD Millipore, Billerica, MA, USA). PVDF 
membranes were then incubated with primary antibodies 
(OCN, 1 µg/ml; RUNX2, 2 µg/ml; VEGF, 1 µg/ml; pVEGFR2, 
1 µg/ml; HIF1α, 1 µg/mL; PKA, 0.5 µg/ml; AKT, 1 µg/ml; 
pAKT, 1 µg/ml) overnight at 4˚C, followed by incubation with 

Figure 1. (A) X‑ray images of fractures in (a) PTHKO and (b) PTHWT mice 1 week after fracture. Although fracture lines were clearly visible and a small 
region of calcification was observed in the surrounding area of fractures in both groups, the calcified region in PTHKO mice was much smaller than that 
in WT mice. (c) Fracture line remained clear and exogenous callus was relatively small in PTHKO mice 2 weeks after fracture. (d) Blurry fracture line was 
observed, and the exogenous callus area was clear and relatively large in PTHWT mice 2 weeks after fracture. (B) Coronal micro‑computerized tomography 
views of fractures in (a) PTHKO and (b) PTHWT mice at 1 week and in (c) PTHKO and (d) PTHWT mice at 2 weeks after fracture. PTH, parathyroid hormone; 
PTHKO, PTH knockout; PTHWT, PTH wild‑type.
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horseradish peroxidase‑conjugated secondary antibody for 2 h 
at 37˚C. Enhanced chemiluminescence (Beyotime Institute of 
Biotechnology) was used to visualize the bands, and blots were 
analyzed using Quantity One software (version 4.62; Bio‑Rad 
Laboratories Inc., Hercules, CA, USA).

Reverse transcription‑quantitative (RT‑qPCR). Total RNA was 
extracted from adherent cells using a kit according to the manu-
facturer's protocol. Concentration and purity of mRNA were 
determined using an ultraviolet spectrometer. RT was performed 
using the Superscript™ first‑strand synthesis system (Invitrogen; 
Thermo Fisher Scientific, Inc.) in RT reaction buffer (Takara Bio, 
Inc.) according to Takara PCR kit protocol. The resulting cDNA 
was quantified using a dual hybridization probe system (forward 
pr imer, 5-GATGTCTGCAAACACCGTGGCTAA-3, 
reverse primer, 5-TCCAAAGTTTCATTACAGTAGAAG-3; 
Neo, 5-TCTTGATTCCCACTTTGTGGTTCTA-3; Roche 
Diagnostics) and a  semi-qPCR procedure according to the 
manufacturer's protocol (Takara Bio, Inc.). The PCR conditions 
were as follows: 1 cycle at 95˚C for 4 min, 30 cycles at 95˚C 
for 30 sec, 30 cycles at 55˚C for 30 sec, 30 cycles at 72˚C for 

30 sec, 1 cycle at 72˚C for 10 min and then 1 cycle at 4˚C. The 
thermocycling conditions were as follows: degeneration at 95˚C 
for 4 min; extension at 72˚C; renaturation at 55˚C.

Statistical analysis. All experimental data are presented as 
the means ± standard deviation, and were processed using 
SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). All exper-
iments were repeated independently three times. Differences 
among groups were analyzed by independent-samples t‑test 
or single‑factor analysis of variance. IHC data were analysed 
by ANOVA followed by Boferroni's post hoc test. P<0.05 was 
considered to indicate a statistically significant difference (26).

Results

Delayed fracture healing in PTHKO mice. X‑ray examination 
demonstrated that fracture lines were clearly visible and a 
small region of calcification was observed in the surrounding 
area close to fractures in WT and PTHKO mice 1 week 
after fracture. However, the calcified region in the PTHKO 
mice was smaller than that in the WT mice (Fig. 1Aa and b). 

Figure 2. (A) H&E staining (magnification, x100) of fractures. (a) In PTHKO mice, fractures developed a smaller cartilaginous callus compared with in (b) WT 
mice 1 week after fracture. (c) In PTHKO mice at 2 weeks after fracture, little endochondral bone formation and a large cartilage area were detected. (d) In 
WT mice at 2 weeks after fracture, normal endochondral bone formation and decreased cartilage area were detected. (B) Alcian blue staining (magnification, 
x100) of fractures. Light blue area shows cartilaginous callus, which was consistent with the results of H&E staining. (C) Immunohistochemical staining 
of COL II in fractures (magnification, x100) in (a) PTHKO and (b) WT mice 1 week after fracture. WT mice exhibited strong positive staining for COL Ⅱ; 
however, COL Ⅱ expression was detected only in the central region of the cartilage expansion area in PTHKO mice. Immunohistochemical staining of COL II 
in (c) PTHKO and (d) WT mice 2 weeks after fracture. COL II expression was slightly increased in PTHKO mice, but remained lower than that in WT 
mice. (D) Statistical analysis of (a) cartilaginous callus area, (b) bony callus area and (c) total callus area. *P<0.05. PTH, parathroid hormone; PTHKO, PTH 
knockout; WT, wild‑type. 
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Furthermore, fracture lines were less distinct in WT mice 
2  weeks after fracture, but remained clearly visible in 

PTHKO mice. PTHKO mice exhibited relatively smaller 
calluses compared with WT mice (Fig. 1Ac and d).

Figure 3. (A) Immunohistochemical staining of OCN (magnification, x200) in fractures of (a) PTHKO and (b) WT mice 1 week after fracture. OCN expres-
sion was significantly lower in PTHKO mice compared with in WT mice and was primarily distributed around the edge of the callus. Immunohistochemical 
staining of OCN in fractures of (c) PTHKO and (d) WT mice 2 weeks after fracture. OCN expression was significantly reduced in PTHKO mice compared 
with in WT mice; however, it was increased in both groups compared with after 1 week. (B) Immunohistochemical staining of RUNX2 (magnification, x400) 
in fractures of (a) PTHKO and (b) WT mice 1 week after fracture. RUNX2 expression was significantly lower in PTHKO mice compared with in WT mice, 
although it was relatively strong in the area surrounding the cartilaginous callus in both groups. Immunohistochemical staining of RUNX2 in fractures of 
(c) PTHKO and (d) WT mice 2 weeks after fracture. RUNX2 was strongly expressed in WT mice, whereas RUNX2 expression remained lower in PTHKO 
mice compared with in WT mice, and was mainly concentrated in the outer periphery of the cartilaginous callus. Black arrows indicate positive areas. 
(C) Callus proteins, including OCN and RUNX2, were detected using western blot analysis. (D) ALP immunocytochemistry. Reduced ALP staining intensity 
was detected in PTHKO mice compared with in WT mice. (E) Reverse transcription‑quantiative polymrease chain reaction analysis of mRNA expression 
of (a) OCN and (b) RUNX2 in BMSC‑derived osteoblasts; the mRNA expression levels were significantly lower in PTHKO mice compared with in WT 
mice 1 and 2 weeks after induction. *P<0.05. ALP, alkaline phosphatase; BMSC, bone marrow mesenchymal stem cells; OCN, osteocalcin; PTH, parathroid 
hormone; PTHKO, PTH knockout; RUNX2, runt‑related transcription factor 2; WT, wild‑type.
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Coronal micro‑CT views and three‑dimensional surface 
reconstruction analysis of fracture lines revealed no differ-
ences between bone volume  (BV), total volume  (TV), 
bone surface (BS), BS/TV and trabecular number (Tb.N) 
in PTHKO mice compared with WT mice at 1 week after 
fracture. However, PTHKO mice had significantly lower 
BV/TV ratio, reduced trabecular thickness (Tb.Th), larger 
trabecular spacing (Tb.Sp) and increased porosity compared 
with WT mice (Fig. 1Ba and b). A total of 2 weeks after 
fracture, PTHKO mice exhibited significantly lower BV, TV, 
BV/TV, BS/TV, Tb.N and Tb.Th, and substantially increased 
Tb.Sp and porosity compared with in WT mice, thus indi-
cating that PTHKO mice displayed reduced ossification, poor 
trabecular development and cancellous bone during fracture 
healing (Fig. 1Bc and d).

H&E staining of tissue sections demonstrated that PTHKO 
mice developed a significantly smaller cartilaginous callus 
compared with WT mice (Fig. 2Aa and b); even though callus 
formation was detected in both groups 1 week after fracture. 
WT mice exhibited normal endochondral bone formation 
2 weeks after fracture (Fig. 2Ad). Osteoid was formed in 
and surrounding the cartilage expansion area and cartilage 
area was reduced  (Fig.  2Ad). Conversely, endochondral 
bone formation was observed only in regions adjacent to the 
cartilage expansion area in PTHKO mice; chondrocytes were 

arranged in an abnormal manner, and cartilage areas were 
significantly larger than those in WT mice (Fig. 2Ac). The 
results of cartilage‑specific alcian blue staining were similar 
to those detected by H&E staining, but cartilaginous callus is 
more significant (Fig. 2B). COL II is secreted by chondrocytes 
and is an important component of the cartilage matrix (27). 
Immunohistochemical staining revealed that PTHKO mice 
exhibited impaired ability to secrete COL II in addition to a 
diminished capacity for endochondral bone formation. WT 
mice exhibited strong positive staining for COL II 1 week 
after fracture, whereas COL II expression was identified only 
in the central region of the cartilage expansion area in PTHKO 
mice (Fig. 2Ca and b). Although the expression levels of COL II 
were slightly increased in PTHKO mice, it remained lower 
than in WT mice 2 weeks after fracture (Fig. 2Cc and d).

Defective bone formation in PTHKO mice. Expression of 
OCN, an indicator of osteoblast activity, was examined to 
further confirm alterations in endochondral bone formation 
in PTHKO mice (Fig. 3A). Immunohistochemical staining 
detected higher levels of OCN expression in WT mice 1 week 
after fracture (Fig. 3Ab), whereas OCN expression was much 
lower and was observed primarily around the edge of the callus 
in PTHKO mice (Fig. 3Aa). In addition, PTHKO mice exhib-
ited significantly lower OCN expression compared with in WT 

Figure 4. (A) Immunohistochemical staining of PECAM (magnification, x200) in fractures. (a) In PTHKO and (b) WT mice 1 week after fracture, the 
area of angiogenesis was significantly smaller in PTHKO mice compared with in WT mice. (c) In PTHKO and (d) WT mice 2 weeks after fracture, a large 
number of blood vessels were observed in the cartilaginous callus in WT mice, whereas fewer blood vessels were detected in PTHKO mice and were mainly 
located abound the cartilaginous callus. Black arrows indicate positive areas. (B) BMSCs‑derived osteoblasts were cocultured with HUVECs for 2 weeks. 
HUVECs cocultured with PTHKO BMSCs‑derived osteoblasts displayed a significantly reduced capacity for aggregation and cross‑linking. Black arrows 
indicate cross‑linked HUVECs. *P<0.05. BMSC, bone marrow mesenchymal stem cells; HUVECs, human umbilical vein endothelial cells; PECAM, platelet 
endothelial cell adhesion molecule; PTH, parathroid hormone; PTHKO, PTH knockout; WT, wild‑type.
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mice at 2 weeks; however, expression levels were increased in 
WT and PTHKO mice 2 weeks after fracture (Fig. 3Ac and d).

RUNX2 is an important regulatory factor that promotes bone 
formation (28). Immunohistochemical examination detected 
relatively strong RUNX2 expression in the area surrounding 

the cartilage callus 1 week after fracture; however, expression 
was significantly reduced in PTHKO mice compared with in 
WT mice (Fig. 3Ba and b). WT mice exhibited strong positive 
staining for RUNX2 2 weeks after fracture, whereas RUNX2 
expression remained lower in PTHKO mice compared with 

Figure 5. (A) Immunohistochemical staining of VEGF‑A (magnification, x400) in fractures. (a) In PTHKO and (b) WT mice 1 week after fracture, VEGF‑A 
expression was significantly reduced in PTHKO mice compared with in WT mice. (c) In PTHKO and (d) WT mice 2 weeks after fracture, VEGF‑A expression 
was increased in PTHKO mice, but remained significantly lower than that in WT mice. (B) Immunohistochemical staining of pVEGFR2 (magnification, x400) 
in fractures. (a) In PTHKO and (b) WT mice 1 week after fracture, a significantly smaller number of pVEGFR2‑positive cells was detected in the cartilaginous 
callus in PTHKO mice compared with in WT mice. (c) In PTHKO and (d) WT mice 2 weeks after fracture, a large number of pVEGFR2‑positive cells was 
observed in the cartilaginous callus in WT mice, whereas a much lower level of angiogenesis was detected in PTHKO mice. (C) Immunohistochemical 
staining for HIF1α (magnification, x400) in fractures. (a) In PTHKO and (b) WT mice 1 week after fracture, the expression levels of cytoplasmic HIF1α 
were significantly lower in PTHKO mice. (c) In PTHKO and (d) WT mice 2 weeks after fracture, HIF1α expression was increased in both groups; however, 
the expression remained lower in PTHKO mice compared with in WT mice. Black arrows indicate positive areas. (D) Protein expression levels of VEGF, 
pVEGFR2 and HIF1α were detected by western blot analysis. HIF1α, hypoxia inducible factor‑1α; PTH, parathroid hormone; PTHKO, PTH knockout; 
pVEGFR, phosphorylated‑VEGF receptor 2; VEGF, vascular endothelial growth factor; WT, wild‑type.
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in WT mice, and was concentrated in areas adjacent to the 
cartilage callus (Fig. 3Bc and d). 

Callus‑specific proteins, including OCN and RUNX2, 
were semi‑quantified by western blot analysis. The results 
were consistent with those of immunohistochemical 
staining (Fig. 3C).

BMSCs were isolated from mouse femoral bone marrow, 
and osteoblastic differentiation was induced with dexa-
methasone, ascorbic acid and β‑glycerophosphate, in order 
to investigate whether lack of endogenous PTH affects 
differentiation of mesenchymal stem cells into osteoblasts. 
Immunocytochemical analysis revealed markedly lower levels 
of ALP in PTHKO mice compared with in WT mice, thus 
indicating a diminished capacity of BMSCs for osteoblastic 
differentiation in PTHKO mice (Fig. 3D). Total RNA was 
extracted 7 and 14 days after cell culture, and osteogenic indi-
cators were quantified by RT‑qPCR. The results indicated that 
the mRNA expression levels of osteoblast‑specific proteins, 
including RUNX2 and OCN, were significantly lower in 
PTHKO mice compared with in WT mice (Fig. 3Ea and b).

Reduced angiogenesis in PTHKO mice. Fracture healing 
involves the remodeling of blood vessels (3), and endochondral 
bone formation is closely associated with angiogenesis. The 
present study hypothesized that defective endochondral bone 
formation in PTHKO mice may be associated with decreased 

angiogenic capacity. Immunohistochemical detection of the 
vascular specific marker PECAM confirmed this hypoth-
esis. The area of angiogenesis around the edge of the callus 
in WT mice was significantly larger than that in PTHKO 
mice (Fig. 4Aa and b) 1 week after fracture. In addition, a large 
number of blood vessels were observed in the cartilage callus 
in WT mice 2 weeks after fracture, whereas PTHKO mice 
exhibited far fewer blood vessels, which were mainly located 
around the cartilage callus (Fig. 4Ac and d). 

BMSC‑derived osteoblasts and HUVECs were cocultured 
for 2 weeks, in order to confirm the adverse effects of the 
impaired osteoblastic differentiation capacity of BMSCs and 
their decreased angiogenic activity. The results indicated 
that HUVECs cocultured with BMSCs from PTHKO mice 
exhibited significantly reduced capacity for aggregation and 
cross‑linking (Fig. 4B). 

Various growth factors are required for angiogenesis in the 
process of fracture healing, and VEGF is particularly impor-
tant (29,30). Immunohistochemical analysis demonstrated that 
the expression of VEGF‑A was significantly increased in WT 
mice compared with in PTHKO mice (Fig. 5Aa and b) 1 week 
after fracture. VEGF‑A expression remained higher than that 
in WT mice 2 weeks after fracture (Fig. 5Ac and d) even though 
it was slightly increased in WT and PTHKO mice compared 
with at 1 week. The receptor tyrosine kinase VEGFR2 is 
phosphorylated and activated by binding to extracellular 

Figure 6. (A) Immunohistochemical staining of PCNA (magnification, x400) in fractures. (a) In PTHKO and (b) WT mice 1 week after fracture, rapid cell 
proliferation was observed, whereas PTHKO mice exhibited a significant reduction in PCNA‑positive rate compared with in WT mice. (c) In PTHKO and 
(d) WT mice 2 weeks after fracture, cell proliferation in WT mice remained faster than that in PTHKO mice; however, it slowed down in both groups. Black 
arrows indicate positive areas. *P<0.05. (B) Western blot analysis detected reduced expression of PKA/pAKT/HIF1α/VEGF, and a lower level of pVEGFR2 
in PTHKO BMSC‑derived osteoblasts 2 weeks after induction. Addition of exogenous PTH in the culture medium partially reversed downregulation of the 
PKA/pAKT/HIF1α/VEGF pathway. AKT, serine/threonine protein kinase; BMSC, bone marrow mesenchymal stem cell; HIF1α, hypoxia inducible factor-1α; 
pAKT, phosphorylated‑AKT; PCNA, proliferating cell nuclear antigen; PKA, protein kinase A; PTH, parathroid hormone; PTHKO, PTH knockout; pVEGFR2, 
p‑VEGFR2; VEGF, vascular endothelial growth factor; VEGFR2, VEGF receptor 2; WT, wild‑type. 
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VEGF‑A and mediates almost all known VEGF‑A‑induced 
cellular responses  (31). Immunohistochemical analysis 
detected pVEGFR2 in a large number of callus cells in 
WT mice 1 week after fracture (Fig. 5Bb), whereas far fewer 
positive cells were detected in PTHKO mice  (Fig.  5Ba). 
In addition, PTHKO mice possessed significantly fewer 
pVEGFR2‑positive cells in the cartilage callus compared with 
in WT mice 2 weeks after fracture (Fig. 5Bc and d). HIF1α 
expression within the callus was examined to determine the 
association between HIF1α and VEGF (30). Whereas strong 
cytoplasmic and endonulcear HIF1α expression was observed 
in WT mice 1 week after fracture, HIF1α expression was 
much weaker in PTHKO mice (Fig. 5Ca and b). HIF1α expres-
sion increased more slowly in PTHKO mice compared with 
in WT mice; however, stronger expression was detected in 
both mice groups 2 weeks after fracture (Fig. 5Cc and d). In 
addition, the protein expression levels of VEGF, pVEGFR2 
and HIF1α were determined by western blot analysis. The 
results were similar to those of immunohistochemical 
staining (Fig. 5D).

Downregu la t ion  of  ce l l  pro l i fera t ion  a n d the 
PKA/pAKT/HIF1α/VEGF signaling pathway in PTHKO mice. 
It has previously been reported that exogenous PTH can reduce 
DNA damage caused by oxidative stress (32); however, the 
relationship between endogenous PTH and the local oxygen 
environment, as well as its association with cell proliferation, 
remain to be elucidated. Since endogenous PTH can affect 
angiogenesis and consequently affect the oxygen supply during 
fracture healing, it may also influence cell proliferation. PCNA 
was measured in PTHKO and WT mice, and rapid cell prolif-
eration was observed in both groups 1 week after fracture. 
However, the PCNA‑positive rate was significantly reduced in 
PTHKO mice compared with in WT mice (Fig. 6Aa and b). 
Cell proliferation was reduced in both groups 2  weeks 
after fracture, and the PCNA‑positive rate in PTHKO mice 
remained lower than that in WT mice (Fig. 6Ac and d), thus 
suggesting that lack of endogenous PTH may cause reduced 
callus formation by suppressing cell proliferation.

Previous studies have confirmed that exogenous PTH can 
promote VEGF secretion from osteoblasts (13,26). BMSCs 
were isolated from mouse femoral bone marrow, and osteo-
blastic differentiation was induced with dexamethasone, 
ascorbic acid and β‑glycerophosphate to investigate whether 
lack of endogenous PTH affects the VEGF pathway. Western 
blot analysis revealed that the expression of proteins involved 
in the PKA/pAKT/HIF1α signaling pathway were reduced 
2 weeks after induction. In addition, a reduction in VEGF and 
pVEGFR2 expression was observed. Conversely, administra-
tion of exogenous PTH to cells from PTHKO mice partially 
reversed downregulation of the PKA/pAKT/HIF1α/VEGF 
pathway (Fig. 6B). 

Discussion 

In the present study, PTHKO mice displayed delayed 
fracture healing alongside formation of a smaller callus, 
defective endochondral bone formation and reduced osteo-
blast activity. Angiogenic markers were measured, due to the 
close association between angiogenesis and endochondral 

bone formation (27). Decreased expression of VEGF and the 
oxygen sensor HIF1α was observed in PTHKO mice, whereas 
reduced angiogenesis was associated with endochondral 
bone formation. In  vitro experiments confirmed that lack 
of endogenous PTH inhibited osteoblastic differentiation of 
mesenchymal stem cells and downregulated signal transduc-
tion of the PKA/pAKT/HIF1α/VEGF pathway. In addition, 
the aggregation and crosslinking of endothelial cells was 
reduced when cocultured with BMSCs from PTHKO mice. 
Furthermore, in vitro experiments demonstrated that exog-
enous PTH partially reversed reduced signal transduction of 
the PKA/pAKT/HIF1α/VEGF pathway. 

The regeneration of blood vessels is crucial for callus 
remodeling during fracture healing (3). In the early stage of 
fracture healing, low oxygen levels induce a large number 
of differentiated chondrocytes to form a cartilage callus. 
As mature chondrocytes begin to secrete cartilage matrix 
factors, blood vessels grow into the cartilage callus along the 
matrix, resulting in increased levels of oxygen, which induce 
osteoblastic differentiation and gradual mineralization of the 
matrix, thus resulting in the generation of a large amount of 
woven bone (3‑5). Therefore, angiogenesis is closely associ-
ated with endochondral bone formation. PTH has an anabolic 
effect on bone; however, its association with angiogenesis 
remains unclear. The present study demonstrated that lack of 
endogenous PTH may cause a reduction in angiogenesis and 
defects in endochondral bone formation, ultimately leading to 
delayed fracture healing.

Hypoxia is a major regulatory factor during angiogenesis. 
The HIF signaling pathway is the key pathway by which 
most body tissues react to local partial pressures of oxygen, 
and HIF is simultaneously influenced by various hormones, 
as well as nerve activity  (6,22). Li et al reported that the 
osteogenic effects of PTH are predominantly mediated by the 
AC‑cAMP‑PKA pathway (21). Park et al also indicated that, in 
tumor cells, activation of the β‑adrenergic receptor promotes 
angiogenesis by upregulating VEGF expression via the cAMP/
PKA/phosphatidylinositol 3‑kinase/Akt/mammalian target 
of rapamycin/p70S6 kinase/HIF1α/VEGF pathway  (22). 
The present study confirmed that the expression levels of 
all proteins involved in the PKA/pAKT/HIF1α pathway 
were reduced in PTHKO mouse BMSC‑derived osteoblasts, 
whereas exogenous PTH partially increased their expression. 
These findings suggested that PTH may affect the expression 
of VEGF via the PKA/pAKT/HIF1α pathway and thereby 
influence angiogenesis.

At present, VEGF is the most well‑studied angiogenic 
factor in the mammalian skeletal system. As the most impor-
tant HIF1α target gene following its translocation into the 
nucleus, VEGF is considered the crucial link between angio-
genesis and osteogenesis (9,10,12,27). Numerous studies have 
demonstrated that increased VEGF expression in osteoblasts 
may be induced by various stimuli (20,23), and that VEGF can 
increase the activities of endothelial cells and promote angio-
genesis (33,34). In addition, it has been reported that VEGF 
can act directly on osteogenic progenitor cells, thus enhancing 
their recruitment and differentiation, and promoting fracture 
healing (33,35). Deletion of the endogenous VEGF gene in 
mice leads to impaired BMSC‑derived osteoblast functions; 
this finding confirms that VEGF may directly affect differen-



ding et al:  Lack of endogenous parathyroid hormone delays fracture healing180

tiation, maturation and functionality of osteoblasts (12). The 
present study revealed that the expression levels of VEGF 
were reduced, and that osteoblast activity and angiogenesis 
were inhibited in PTHKO mice. However, further studies are 
required to elucidate whether VEGF directly affects the func-
tions of osteoblasts or acts through its effects on angiogenesis. 
The present in vitro experiments detected lower VEGF expres-
sion in PTHKO mouse BMSC‑derived osteoblasts compared 
with in those from WT mice. In addition, osteoblasts from 
PTHKO mice exhibited a diminished ability to promote 
aggregation and cross‑linking of endothelial cells in a cocul-
ture experiment. These findings also indicated that these cells 
exhibited reduced ability to promote angiogenesis. Therefore, 
it may be hypothesized that it is more likely that endogenous 
PTH affects fracture healing indirectly by regulating angio-
genesis via the PKA/pAKT/HIF1α/VEGF pathway.

Mature cartilage cells can continuously secrete cartilage 
matrix factors, which provide a scaffold for vascular invasion 
into the callus (3‑5). Previous studies have suggested that mature 
osteoclasts can produce heparanase during the fracture healing 
process, which degrades proteoglycans containing sulfated 
heparin in the extracellular matrix and results in the release of 
heparin‑associated growth factors, including VEGF and basic 
fibroblast growth factor (36,37). These factors can increase angio-
genesis, and regulate the activities of osteoblasts and osteoclasts. 
The present study demonstrated that the expression of matrix 
proteins, including COL II, OCN and ALP were decreased, and 
VEGF expression was also reduced, thus suggesting that the lack 
of endogenous PTH may induce a simultaneous decrease in bone 
matrix and angiogenesis. However, further research is required 
to clarify the interaction between these two processes.

In conclusion, the present study suggested that the 
lack of endogenous PTH may decrease expression of 
VEGF in BMSCs or osteoblasts via downregulation of the 
PKA/pAKT/HIF1α/VEGF pathway, which causes reduced 
angiogenesis and thereby affects endochondral bone forma-
tion, ultimately leading to delayed fracture healing.
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