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Abstract
Introduction: Osteoprotegerin (OPG), the endogenous inhibitor of RANKL,
prevents or reverses bone loss in a variety of preclinical models of bone
disease. Preclinical studies indicate that osteoporosis significantly impairs
implant fixation. This study aims to investigate the role of OPG in implant
osseointegration in ovariectomized rats.
Material and methods: Twelve weeks after bilateral ovariectomy, each rat
accepted two titanium screws in the proximal tibiae. All animals were then
randomly divided into two groups: the control (10 rats) and OPG group (10
rats). Subcutaneous injection of OPG (10 mg/kg) or vehicle was performed
three times a week. Eight weeks later, tibiae with screws were harvested for
micro-computed tomography (μCT), histological and biomechanical analysis.
Results: Compared to control, OPG increased the percent bone volume by
124%, the percent osseointegration by 167%, the mean trabecular number by 111%, the mean trabecular thickness by 92% (p < 0.01), the mean
connective density by 95% (p < 0.05); and decreased the mean trabecular
separation by 64% in μCT analysis (p < 0.05). Osteoprotegerin also increased
bone area density by 160% and bone-to-implant contact by 234% in histomorphometric evaluation (p < 0.01), and increased the maximal push-out
force by 228% in biomechanical test (p < 0.01).
Conclusions: Systemic administration of OPG improved implant osseointegration and fixation in ovariectomized rats, resulting from the increased
peri-implant bone mass and improved trabecular microarchitecture.
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Introduction
Osteoporosis is a common skeletal disease with serious clinical consequences due to an increased bone turnover rate, characterized by
low bone mass, deteriorated bone microstructure, and increased risk
of fracture [1]. With the increased aging of the population, the number
of patients affected by osteoporosis is also increasing [2, 3]. Studies on
animals indicated that osteoporosis significantly impaired implant osseointegration and fixation [4, 5]. Results from clinical studies showed that
osseointegration of dental implants might be obtained in osteoporotic
bone, but a longer time should be considered [6–8]. Information from orthopedic procedures indicated that osteoporosis seemed to exert a more
severe influence on joint arthroplasty than a dental implant, due to the
differing effect of osteoporosis on long bones and jaw bones [9–11].
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Since osteoporosis is characterized by increased
bone resorption and deficient bone formation, anti-catabolic and anabolic agents have been investigated to improve implant fixation in osteoporotic
bone. Bisphosphonates (BPs) are a class of agents
that effectively inhibit osteoclast-mediated bone
resorption, but also inhibit bone formation due to
the network of osteoclasts and osteoblasts [12,
13]. Parathyroid hormone (PTH), a representative of anabolic drugs, enhances implant fixation
by increasing bone turnover, with greater effects
on bone formation than bone resorption, but the
withdrawal of PTH was reported to cause deterioration of implant fixation in rats [14].
Osteoclasts play a crucial role in the occurrence of osteoporosis due to imbalance of bone
resorption and formation. The receptor activator
of nuclear factor-κB ligand (RANKL), a cytokine
member of the tumor necrosis factor family, is up
to now the most important factor that induces
osteoclastogenesis [15]. Inhibition of RANKL by
denosumab is suggested to reduce the rate of
bone remodeling more than alendronate [16, 17].
Osteoporotic patients frequently accepted implant treatment due to a denture defect or joint
problems. Thus, it is important to know the effect
of inhibition of RANKL on implant fixation in osteoporotic bone. However, information about the
role of denosumab on bone healing in animals is
limited, since denosumab does not recognize murine RANKL and has no apparent effects in mice
or rats [18].
Osteoprotegerin (OPG), a decoy receptor, is
the endogenous inhibitor of RANKL, and OPG
treatment prevents or reverses bone loss in a variety of preclinical models of bone disease [19].
The purpose of this study is to evaluate the effect
of inhibition of RANKL by OPG on implant osseointegration in the proximal tibiae of ovariectomized (OVX) rats. After 8-week treatment with

After 1-week acclimatization, bilateral ovariec
tomy was performed on all animals. Twelve weeks
later, each OVX rat received two implants in the
proximal tibiae bilaterally as previously described
[20]. General anesthesia was obtained by abdominal injections of ketamine (100 mg/kg; 3B
Scientific Corporation, USA) and xylazine (10 mg/
kg; Atomax Chemicals Co., Ltd., China). All procedures were done under aseptic conditions. Briefly,
a 1.6-mm hole located 3 mm distal to the proximal growth plate was drilled, then implants were
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OPG or vehicle, tibiae with titanium screws were
harvested for μCT, histological and biomechanical analysis.

Material and methods
Animals
Twenty 3-month-old female Sprague-Dawley
rats were included in this study. Each group of
4 animals was kept in one cage under climate-controlled conditions (25°C; 55% humidity; 12 h of
light alternating with 12 h of darkness), supplied
with the standard laboratory diet and tap water.
The experimental protocol was approved by the
Ethics in Animal Research Committee of Sichuan
University.

Implants
Titanium screws with 1.8-mm outer diameter,
3.5-mm length, and 0.5-mm pitch were used in
this study (National Engineering Research Center
for Biomaterials, Sichuan University). All screws
were grit-blasted with 25 μm aluminium oxide
(Al2O3) particles. Figure 1 shows the surface morphology of the screw by scanning electron microscopy (SEM).

Surgical procedures

Figure 1. Scanning electron microscope (SEM) micrographs of the surface topography of screws at different magnifications: A – 200×, B – 2000×
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screwed in with gentle force [21]. All animals received intramuscular antibiotic and analgesic injection for 3 postoperative days.

Pharmaceutical treatment
Pharmaceutical intervention started on the
first post-operative day. All rats randomly accepted subcutaneous injection of recombinant rat
PEG-OPG (10 mg/kg, Amgen Inc; Thousand Oaks,
CA, USA) or vehicle three times a week, with ten
rats in each group. The dose of OPG was defined
according to a previous animal study [22]. After
8-week treatment, all animals were killed by injection of overdosed pentobarbital in the heart under
general anesthesia, and specimens with screws
were harvested for μCT, histomorphometry, and
biomechanical analysis.

µCT analysis
The right tibiae with screws (n = 10/group) were
scanned on a μCT system (70 kV, 114 μA; μ-CT 80
scanner Scanco Medical, Bassersdorf, Switzerland). The volume of interest (VOI) included the
trabecular compartment extending 1150 μm from
the longitudinal axis of the screw, namely 250–
500 μm from the surface of screws (Figure 2 A).
The VOI was chosen equally long for all samples,
including the entire length of the threaded part
of screws, but the cortical bone was excluded

A

semi-automatically if within VOI. The μCT pictures
were taken with a resolution of 2048 × 2048 pixels
and an isotropic voxel size of 10 μm. The percent
bone volume (BV/TV), mean trabecular thickness
(Tb.Th), mean trabecular number (Tb.N), mean trabecular separation (Tb.Sp), and mean connective
density (Conn.D) were quantitatively analyzed
within the VOI. The percent osseointegration
(%OI) was calculated as the ratio between bone
and total voxels in direct contact with the implant
in cancellous bone.

Histological evaluation
After the μCT scan, the right tibiae with screws
were prepared for undecalcified histological sections. Transverse sections through the long axis
of screws and perpendicular to the long axis of
tibiae were prepared using a rotary diamond saw
(SP1600/2600, Leica, Germany) and stained in 1%
toluidine blue. Bone-to-implant contact ratio (BIC)
and bone area density (BA) were assessed using
Leica DMI 6000B micro-systems (Germany). The
region of interest (ROI) was defined on sections
similar to VOI in μCT analysis, but restricted to the
two front most threads (Figure 2 B).

Biomechanical test
The left tibiae with screws were tested on
a commercial material testing system (Instron

B

Figure 2. Scheme shows the volume of interest (VOI) in μCT analysis and region of interest (ROI) in histological
evaluation. A – The VOI was defined as the trabecular compartment extending 1150 μm from the longitudinal axis
of the screw, namely 250–500 μm from the surface of screws, B – the ROI was similar to VOI but restricted to the
area of the two front most threads
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4302; Instron, Norwood, MA, USA) using push-out
force immediately after harvest. The specimens
were prepared and the screws were pushed until
out of the bone tissue as previously described [20,
21, 23]. The maximum force was calculated from
the load-implant displacement data recorded.

Statistical analysis
Data are expressed as mean ± standard deviation (SD). Statistical analyses were performed
using the statistics package SPSS 17.0 (SPSS, Chicago, IL, USA). Comparison between groups was
carried out using Student’s t-test. A p-value below
0.05 was set as the significance level.

Results
µCT analysis
In 3D and transverse 2D μCT images, the OPG
group showed more cancellous bone around
screws than the control (Figure 3). The quantitative results about peri-implant trabeculae and implant osseointegration are also presented in Figure 3. Compared to the control, OPG increased BV/
TV by 124%, %OI by 167%, Tb.N by 111%, Tb.Th by
92% (p < 0.01), and Conn.D by 95% (p < 0.05); in
contrast, Tb.Sp was decreased by 64% (p < 0.05).

Histological evaluation
Histological images from control and OPG
groups are exhibited in Figure 4. In quantitative
analysis, OPG increased the BA by 160% and the
BIC by 234% compared to the control (p < 0.01;
Figures 5 A, B).

Biomechanical test
The results of the biomechanical test are shown
in Figure 5 C. When compared to the control, OPG
increased the maximal push-out force by 228%
(p < 0.01).

Discussion
Bone remodeling requires a precise balance between resorption and formation. The OPG/RANK/
RANKL signaling is the key pathway to regulation
of the balance between bone resorption and formation. RANKL binds to its receptor RANK in order
to induce osteoclast differentiation, activation,
and function, whereas OPG acts as a decoy receptor to RANKL and therefore inhibits osteoclast
activation and bone resorption [24, 25]. A normal
ratio of OPG/RANKL, expected in homeostasis, will
cause neither bone formation nor loss. Increased
bone resorption, occurring in osteoporosis, is expected to be the result of an increase of RANKL
relative to OPG.

492

With the increasing aging of the population,
more and more people are affected by osteoporosis worldwide [2, 3, 26]. In order to explore the role
of inhibition of RANKL on implant osseointegration, the effect of OPG, a decoy receptor as well as
endogenous inhibitor of RANKL, was investigated
using OVX rats in this study. Results from μCT, histological, and biomechanical tests in our study indicated that inhibition of RANKL by OPG increased
peri-implant bone density, improved peri-implant
trabecular microarchitecture, and enhanced implant fixation in OVX rats. It was suggested that
OPG promoted implant osseointegration in osteoporotic bone. This positive effect of OPG on implant osseointegration in OVX rats should result
from inhibited osteoclastic bone resorption due
to inhibition of RANKL, although it was not confirmed in this study.
Previous animal studies have indicated the
bone protective role of OPG, but this bone protective role might not be induced by promoting bone
formation to a normal level or improving bone
microarchitecture, but inhibiting bone resorption
and increasing percent mineral composition [22,
27, 28]. Results from a fracture healing study in
intact rat showed that OPG treatment did not influence the early callus expansion and fracture
strength, but impaired the normal remodeling and
consolidation processes during the subsequent
period of remodeling without influencing structural fracture strength [29]. A different mechanism
of bone fracture healing and bone healing around
the implant might be the reason for different effects of OPG on fracture healing and implant fixation. It was important to increase callus formation
at the early stage, as well as to maintain normal
bone remodeling at the late stage of fracture healing. Thus, OPG did not work very well because it
was not effective to increase callus formation but
delayed callus remodeling. However, inhibition of
excessive bone resorption around the implant, especially in osteoporotic bone, was very important
for the initial stabilization of and long-term success of the implant [5].
Bernhardsson et al. recently found that
4-week treatment with osteoprotegerin with
an Fc tag (OPG-Fc; 8 mg/kg, twice weekly) increased the pull-out force compared to saline
controls by 153% (p < 0.001). The OPG-Fc also
increased the BV/TV in the previous drill hole
and the bone density of the L5 vertebral body
compared to the control [30]. This result was
similar to the findings of this study but with
a smaller effect (OPG increased the maximal
push-out force by 228% in this study). Three
plausible factors might contribute to the stronger effect of OPG on implant fixation in this
study. First, a longer observation time was ap-
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Figure 3. The 3D μCT images along the coronal plane of the tibiae (left, the upper row) and 2D transverse slices
(left, the lower row) through the central part of the long axis of screws. The OPG group showed more cancellous
bone around screws than control after 8-week treatment. In quantitative analysis (right), OPG significantly increased
percent bone density and improved trabecular microstructure
BV/TV – percent bone volume, %OI – percent osseointegration, Conn.D – mean connective density, Tb.Th – mean trabecular
thickness, Tb.N – mean trabecular number, Tb.Sp – mean trabecular separation. Data are expressed as mean ± SD, error bars in
the figure are presented as SD, n = 10 specimens per group, *p < 0.05 and **p < 0.01 vs. control (Student’s t-test)
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Control

Figure 4. Histological images along the transverse plane of tibiae and through the central part of screws; toluidine
blue stain, original magnification 100×, the scale bars represent 250 μm. The OPG group showed greater promotion
of bone healing around screws than control after 8-week treatment
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Figure 5. Quantitative results of histological evaluation (A, B) and biomechanical test (C) after 8-week treatment
with OPG or vehicle. Compared to control, OPG significantly increased bone area density (BA), bone-to-implant
contact (BIC), and the maximal push-out force of screws. Data are expressed as mean ± SD, error bars in the figure
are presented as SD, n = 10 specimens per group, **p < 0.01 vs. control (Student’s t-test)

plied (8 weeks vs. 4 weeks); second, a higher
dose of OPG treatment was used (10 mg/kg
three times a week vs. 8 mg/kg twice a week);
third, a different animal model was used. The
OVX rat used in this study was a classical animal
model of post-menopausal osteoporosis due to
estrogen deficiency and subsequently increased
bone resorption. According to the mechanism of
the bone protective role of OPG, it might work
more effectively in OVX rats than intact rats [31].
In conclusion, the administration of OPG improved titanium screw fixation in OVX rats after
8-week treatment. The enhancement of implant
fixation was related to the increase of peri-implant
bone density, improved trabecular microarchitecture, and enhanced implant osseointegration.
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