
Strontium ranelate inhibits wear particle-induced
aseptic loosening in mice

Tianxiang Geng1, Shouxuan Sun2, Haochen Yu1, Haohui Guo2, Mengxue Zheng1, Shuai Zhang2,
Xi Chen1 and Qunhua Jin2

1Ningxia Medical University, General Hospital of Ningxia Medical University, Yinchuan, Ningxia, China
2Department of Orthopedic Surgery, General Hospital of Ningxia Medical University, Ningxia Medical University, Yinchuan, Ningxia, China

Abstract

The imbalance between bone formation and osteolysis plays a key role in the pathogenesis of aseptic loosening. Strontium
ranelate (SR) can promote bone formation and inhibit osteolysis. The aim of this study was to explore the role and mechanism of
SR in aseptic loosening induced by wear particles. Twenty wild-type (WT) female C57BL/6j mice and 20 sclerostin-/- female
C57BL/6j mice were used in this study. Mice were randomly divided into four groups: WTcontrol group, WT SR group, knockout
(KO) control group, and KO SR group. We found that SR enhanced the secretion of osteocalcin (0.72±0.007 in WT control
group, 0.98±0.010 in WT SR group, P=0.000), Runx2 (0.34±0.005 in WT control group, 0.47±0.010 in WT SR group,
P=0.000), b-catenin (1.04±0.05 in WT control group, 1.22±0.02 in WT SR group, P=0.000), and osteoprotegerin (OPG)
(0.59±0.03 in WT control group, 0.90±0.02 in WT SR group, P=0.000). SR significantly decreased the level of receptor
activator for nuclear factor-kB ligand (RANKL) (1.78±0.08 in WT control group, 1.37±0.06 in WT SR group, P=0.000) and
improved the protein ratio of OPG/RANKL, but these effects were not observed in sclerostin-/- mice. Our findings demonstrated
that SR enhanced bone formation and inhibited bone resorption in a wear particle-mediated osteolysis model in wild-type mice,
and this effect relied mainly on the down-regulation of sclerostin levels to ameliorate the inhibition of the canonical Wnt pathway.
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Introduction

Total joint replacement is one of the most effective treat-
ments for end-stage arthritis and is widely used in clinical
treatment (1). Aseptic loosening is among the long-term
complications of total joint replacement and an important
factor affecting the success rate. The pathogenesis of
aseptic loosening is not clear, but previous studies have
indicated that an imbalance in osteogenesis and osteo-
lysis around the prosthesis is the root cause of aseptic
loosening (2,3). The canonical Wnt signaling pathway,
which exists in a variety of tissues and cells, is an impor-
tant signaling pathway affecting osteoblast function. The
pathway is composed of frizzled protein, lipoprotein receptor-
related protein (LRP), and transcriptional regulator b-catenin
protein (4). Activation of the signal pathway can promote
the differentiation and stimulate the proliferation of osteo-
blasts, leading to enhanced bone metabolism (5,6).

Experiments have shown that knockout of the Lrp5
gene in mice led to reduced osteogenesis (7,8). The canon-
ical Wnt pathway does not directly affect osteoclasts, but
rather regulates the secretion of osteoprotegerin (OPG).
OPG is secreted by various cells such as osteoblasts and

mesenchymal stem cells, and is a soluble competitive
decoy receptor for receptor activator for nuclear factor-kB
(RANK), can inhibit the NF-kB signaling pathway by
decreasing RANKL-RANK binding. Thus, OPG inhibits
osteoclast differentiation and activation, and induces
apoptosis.

Blocking the canonical Wnt pathway can inhibit the
proliferation of osteoblasts and promote osteoblast apop-
tosis, leading to reduced bone formation. Secretion of OPG
in osteoblasts is decreased, decreasing the OPG/RANKL
ratio and eventually leading to increased osteoclast produc-
tion (9–11). The canonical Wnt pathway can be regulated
by a variety of protein families, including sclerostin (SOST),
Dickkopf-related protein, and secreted frizzled-related
proteins (12). SOST, a protein secreted by bone cells,
binds to the canonical Wnt pathway receptor LRP on the
osteoblast membrane to inhibit signal pathway activity and
has a negative regulatory effect on bone formation (13).
SOST gene deletion can cause sclerostenosis. Previous
studies showed that there is no significant change in body
weight between SOST knockout mice and wild-type mice,
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but the lumbar L3 bone mineral density and bone volume
(BV) were significantly higher than those in wild-type mice,
a decrease in bone resorption was observed in the distal
femur of aged mice osteoclasts, and the number of osteo-
clasts in females was slightly lower than that in wild-type
mice. In SOST gene knockout mice, LRP expression was
not affected (7). An in vivo experiment has shown that
SOST antibody can increase bone formation, bone mass,
and bone strength in open osteotomy rat models (14).

Local inflammation plays an important role in the patho-
genesis of aseptic loosening. Experiments have shown
that wear particles stimulate macrophages to release a
variety of inflammatory factors, such as interleukin (IL)-1b
and tumor necrosis factor (TNF)-a (15,16). These inflam-
matory factors can promote the proliferation and differ-
entiation of osteoclasts through a variety of signaling
pathways and ultimately promote bone resorption around
the prosthesis (17,18). The interface membranes are patho-
logical tissues around the failed prosthesis that contain
high levels of IL-1b and TNF-a (19).

Strontium ranelate (SR), which has been demonstrated
as an effective anti-osteoporosis remedy, has the potential
to reduce the incidence of spinal and hip fracture in post-
menopausal women (20). SR has been shown to promote
the proliferation of pre-osteoblastic cells, suppress osteo-
clast differentiation and activity, and increase osteoclast
apoptosis (21).

In this study, a mouse model that simulates artificial
joint replacement and reflects the interaction between
wear particles and periprosthetic tissue (22) was used to
investigate the possibility of SR treatment by examining
the underlying molecular and biomechanical mechanisms,
and if it is a possible candidate to reduce the incidence of
this confounding complication.

Material and Methods

Wear particle preparation
Unmixed titanium particles (Ti-6Al-4V, Zimmer Company,

USA) with an average particle diameter of 5 mm were
used. Prior to injection, the granules were rinsed in 70%
ethanol at room temperature for 48 h and autoclaved at
180°C for 6 h to remove endotoxins. The wear particles
were tested for endotoxin using a commercial test kit
(E-Toxate; Sigma, USA) (23).

Animals
In this study, twenty 8-week-old wild-type female C57BL/6j

mice and twenty 8-week-old SOST-/- female C57BL/6j
mice were used (weight: 26±2 g). SOST-/- mice were
purchased from Shanghai Genechem Co., Ltd. (China).
All mice were housed in mechanically ventilated cages
(4–5 mice per cage) and kept at constant temperature
(25°C) and pressure and 12 h/12 h light/dark cycle with
free access to water and food. The experimental protocol
was in accordance with the NIH guidelines for experimental

animals and was approved by the Ethics Committee of
Ningxia Medical University General Hospital.

Experimental groups and treatments
The wild-type mice were randomly divided into the WT

control group, WT strontium ranelate (SR) group, and the
SOST-/- mice (KO) were randomly divided into KO con-
trol group and KO SR group. The randomization was
repeated until 40 mice were divided into 4 groups, 10 mice
per group. All mice received a rat model of lower limb
prosthesis. The experimental method is described else-
where (22). Intraperitoneal injection (0.6% pentobarbital
sodium) was used to induce general anesthesia, and then
all mice were treated with the rat joint prosthesis model in
the right lower limb. In a sterile environment, the tibial
plateau was exposed using the medial platform method
and a titanium pin was gently implanted in the proximal
tibia so that the surface of the pin and tibial plateau
remained in the same plane. Titanium-alloy pins (TA1) of
0.8 mm diameter and 5 mm long with a flat large top of
1.4 mm diameter were used. Sections were washed with
physiological saline containing 100 U/mL penicillin and
100 mg/mL streptomycin, each of which was sutured with
absorbable sutures. The tibial pelvis of the mouse was
injected with 10 mL of titanium suspension (4 � 104 titanium
particles in biological saline) before a titanium screw was
inserted. Twenty microliters of granules were injected into
the capsule every 2 weeks and continued until the end of
the experiment. After 1 week of adaptive feeding, the WT
SR group and the KO SR group were given SR (S12911-2,
PROTELOS

s

, France) at 625 mg � kg–1 � d–1 for 7 days.
The WT control group and the KO control group were
given the same dose of physiological saline. Animals
were sacrificed 12 weeks after treatment by carbon
dioxide asphyxiation.

Ti prosthesis steadiness examined by pullout test
After sacrifice, the tibia containing the titanium nail

was removed from the body. To expose the head of the Ti
implant, all muscles and tissues around the bone were
carefully removed. Each bone was fixed to a special
fixture using dental cement to align the long axis of the
implant with the long axis of the HP-100 controlled elec-
tronic universal testing machine (Leqing Zhejiang Instrument
Scientific Co., Ltd., China). While controlling the position of
the mouse limbs and custom fixtures, the HP-100 pulled the
stitches from the tibia at a speed of 2.0 mm/min. The load
data was registered by an automated software (Edburg,
Yueqing Instrument Co., Ltd, China).

Micro-CT (mCT) scanning
After removing all soft tissue, the tibia from 4 mice in

each group was fixed in 4% paraformaldehyde. The fixed
bones were scanned by mCT (SkyScan 1176; SkyScan,
Kontich, Belgium) at a resolution of 9 mm, exposure time
of 900 ms, power of 45 kW, and current of 550 mA.
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According to CTanalysis, the BV fraction (BV/total volume
(TV), trabecular thickness (TbTh), trabecular number
(TbN), BV, trabecular separation distribution (TbSp), and
specific bone surface (BS/BV) around the tibia of the Ti
nail were calculated and reconstructed following acquisi-
tion using automatic data analysis software (NRecon,
Skyscan, Brucker microCT, Belgium).

Enzyme-linked immunosorbent assay (ELISA)
ELISA was performed using mouse sera to detect

interleukin (IL)-1b and TNF-a protein levels. Quantitative
analysis was performed using mouse-specific ELISA kits
(TNF-a and IL-lb, NeoBioscience, China).

Western blotting
The tissue surrounding the implant was frozen in liquid

nitrogen and then ground with a chilled mortar and pestle.
RIPA buffer containing 1 mM PMSF (KeyGEN Biotech,
China) was used to lyse the tissue and release whole
protein. Protein concentration was measured by using a
BCA assay kit (KeyGEN Biotech). Next, 30 mg of protein
mixed with 5X loading buffer was separated by 12% Tris-
glycine SDS-PAGE and then transferred to polyvinylidene
fluoride membranes (Millipore, USA). The membranes
were incubated in TBST (Tris-buffered saline, 0.5%
Tween-20) containing 5% nonfat dry milk for 1 h at room
temperature and incubated with different primary anti-
bodies (OCN, 1:1000, Abcam, UK; Runx2, 1:1000, Abcam;
OPG, 1:1000, Abcam; RANKL 1:1000, Abcam; b-catenin,
1:1000, Abcam; SOST, 1:1000, Abcam; b-actin, 1:1000,
Cell Signaling Technology, Danvers, USA; GAPDH, Cell
Signaling Technology, USA) overnight at 4°C. The mem-
branes were washed with TBST 3 times and incubated
with the secondary antibodies (1:5000, ZSGB-BIO, China)
for 1 h at room temperature. ECL western-blotting detec-
tion reagent (KeyGEN Biotech) was used to test the
bands. Quantity One Software (Bio-Rad, Hercules, USA)
was used for semi-quantitative analysis.

Statistical analysis
Data are reported as the means±SD. Results were

analyzed by one-way analysis of variance for differences
among the four groups. The least significant differences
post hoc test was performed to detect the means between
different groups. P values p0.05 were considered signifi-
cant. SPSS 19.0 (SPSS, Inc., USA) was used for analysis.

Results

Treatment with SR improved the contact state
between the prosthesis and the bone of mice

The special clamp was sufficiently powerful to hold the
titanium nail during the pullout test. The average load of
pulling was 1.03±0.44 N for the WT control group and
18.49±0.71 N for the knockout (KO) control group. There
were significant differences in pulling force between the

WT control group and WT SR group (6.32±1.73 N,
P=0.000). Compared to the KO control group, the average
pulling load of the KO SR group (19.53±1.70 N, P=0.349)
was not significantly different (Figure 1).

CT scanning showed clear distinctions in the micro-
structure of bone among the four experimental groups.
In Figure 2, although some images of the surrounding
bone were hidden in the shadow of the Ti pin, the greatest
severity of osteolysis was observed around the pin in the
control group.

The presence of SR increased BV/TV in the WT and
KO groups (12.67±0.69% in WT control group, 14.59±
0.64% in WT SR group, 19.02±0.95% in KO control group,
and 20.32±1.27% in KO SR group). The results of one-
way ANOVA showed that there was a significant dif-
ference between the WT control group and the WT SR
group (P=0.034). There was a significant difference between
the WT SR group and the KO SR group (P=0.000), and
there was no statistical difference between the KO control
group and the KO SR group (P=0.124). BS/BV was signifi-
cantly decreased in the SR groups (64.25±2.58/mm
in WT control group, 58.85±3.66/mm in WT SR group,
47.09±3.14/mm in KO control group, and 47.28±1.56/
mm in KO SR group). The results of one-way ANOVA
showed that there was a significant difference between
the WT control group and the WT SR group (P=0.048).
There was a significant difference between the WT SR
group and the KO SR group (P=0.001), and there was
no statistical difference between the KO control group and
the KO SR group (P=0.935). In addition, TbTh was signifi-
cantly increased in the SR groups (0.04±0.001 mm in
WTcontrol group, 0.05±0.003 mm in WT SR group, 0.06±
0.003 mm in KO control group, and 0.06±0.003 mm in
KO SR group). There was a significant difference between
the WT control group and the WT SR group (P=0.041),

Figure 1. Pullout force results to estimate bone bonding capacity
to Ti pin implantations. Data are reported as means±SD. **Po0.01
(ANOVA). SR: strontium ranelate; WT: wild type; KO: knockout.
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and between the WT SR group and the KO SR group
(P=0.001). There was no statistical difference between the
KO control group and the KO SR group (P=0.228). TbN
significantly increased in the SR groups (3.10±0.02/mm
in WTcontrol group, 3.16±0.01/mm in WT SR group, 3.48±
0.02/mm in KO control group, and 3.50±0.02/mm in KO
SR group). A significant difference was found between the
WT control group and the WT SR group (P=0.004), and
between the WT SR group and the KO SR group (P=0.000).

There was no statistical difference between the KO control
group and the KO SR group (P=0.129). TbSp was signifi-
cantly decreased in the SR groups (0.71±0.006 mm
in WT control group, 0.73±0.006 mm in WT SR group,
0.74±0.008 mm in KO control group, and 0.76±
0.010 mm in KO SR group). A significant difference
was found between the WT control group and the WT SR
group (P=0.045), and between the WT SR group and the
KO SR group (P=0.000). There was no statistical dif-
ference between the KO control group and the KO SR
group (P=0.012). (Figure 3).

SR treatment promoted a decrease of inflammatory
factors in mouse sera

Serum ELISA showed that the levels of TNF-a in the
serum of the SR group were significantly decreased (704±
15.63 pg/mL in WT control group, 323±19.22 pg/mL in
WT SR group, 721±18.77 pg/mL in KO control group,
and 327±23.03 pg/mL in KO SR group) and there was a
significant difference between the WT control group and
the WT SR group (P=0.000), between the WT SR group
and the KO SR group (P=0.806), and between the KO
control group and the KO SR group (P=0.000). The level
of IL-1b was significantly lower than in the control groups
(825±21.58 pg/mL in WT control group, 439±19.67 pg/mL
in WT SR group, 828±23.63 pg/mL in KO control group,
and 431±34.79 pg/mL in KO SR group). The results
of one-way ANOVA showed that there was a significant
difference between the WT control group and the WT SR
group (P=0.000), and between the KO control group and
the KO SR group (P=0.000). There was no statistical
difference between the WT SR group and the KO SR
group (P=0.701) (Figure 4).

Treatment of SR improved periprosthetic bone
formation and osteoclastic factor synthesis

The results of western blotting showed that the levels
of b-catenin, Runx2, osteocalcin (OCN), and OPG in the
WT SR group were significantly higher than those in the WT
control group, but there was no statistical difference between
the KO control group and KO SR group.

For b-catenin, the values were 1.04±0.05 in the WT
control group, 1.22±0.02 in the WT SR group, 1.78±0.02
in the KO control group, and 1.79±0.04 in the KO SR
group. The results of one-way ANOVA showed that there
was a significant difference between the WTcontrol group
and the WT SR group (P=0.000) and between the WT SR
group and the KO SR group (P=0.000), but no statistical
difference was found between the KO control group and
the KO SR group (P=0.912).

For Runx2, the values were 0.34±0.005 in the WT
control group, 0.47±0.010 in the WT SR group, 0.94±
0.013 in the KO control group, and 0.89±0.005 in the
KO SR group. One-way ANOVA showed that there was a
significant difference between the WT control group and
the WT SR group (P=0.000), between the WT SR group

Figure 2. Sagittal-sectional micro-computed tomography scans
of titanium implants. SR: strontium ranelate; WT: wild type;
KO: knockout.
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and the KO SR group (P=0.000), and between the KO
control group and the KO SR group (P=0.000).

For OCN, the values were 0.72±0.007 in the WT con-
trol group, 0.98±0.010 in the WT SR group, 1.10±0.007
in the KO control group, and 1.11±0.007 in the KO SR
group. One-way ANOVA showed that there was a signifi-
cant difference between the WTcontrol group and the WT
SR group (P=0.000) and between the WT SR group and
the KO SR group (P=0.000), but there was no statistical
difference between the KO control group and the KO SR
group (P=0.058).

For OPG, the values were 0.59±0.03 in the WT con-
trol group, 0.90±0.02 in the WT SR group, 1.32±0.04 in
the KO control group, and 1.32±0.04 in the KO SR group.
One-way ANOVA showed that there was a significant

difference between the WT control group and the WT SR
group (P=0.000) and between the WT SR group and
the KO SR group (P=0.000), but there was no statistical
difference between the KO control group and the KO SR
group (P=0.873).

SR decreased the levels of SOST and RANKL, but
there was no significant difference between the KO control
group and the KO SR group.

For SOST, the values were 1.26±0.03 in the WT
control group and 0.51±0.01 in the WT SR group. The
results of Student’s t-test showed that there was a
significant difference between the WT control group and
the WT SR group (P=0.000).

For RANKL, the values were 1.78±0.08 in the WT
control group, 1.37±0.06 in the WT SR group, 1.26±0.03

Figure 3. Micro-computed tomography analysis
of bone microstructure. A, percent bone volume;
B, bone surface/volume ratio; C, trabecular sepa-
ration; D, trabecular thickness; E, trabecular
number. Data are reported as means±SD.
*Po0.05, **Po0.01 (ANOVA). SR: strontium
ranelate; WT: wild type; KO: knockout.

Braz J Med Biol Res | doi: 10.1590/1414-431X20187414

SR inhibits titanium particle-induced osteolysis 5/9

http://dx.doi.org/10.1590/1414-431X20187414


in the KO control group, and 1.25±0.03 in the KO SR
group. The results of one-way ANOVA showed that there
was a significant difference between the WTcontrol group
and the WT SR group (P=0.000) and between the WT SR
group and the KO SR group (P=0.028), but there was no
statistical difference between the KO control group and
the KO SR group (P=0.879) (Figure 5).

Discussion

Previous studies have shown that the pathogenesis of
aseptic loosening is complex and the result of a combi-
nation of multiple factors. An imbalance in bone formation
and osteolysis around the prosthesis is critical to the
development of aseptic loosening (2,24).

SR is an effective drug for treating osteoporosis, which
can promote the activity of osteoblasts while inhibiting the
formation and differentiation of osteoclasts, indicating its
potential applications in the treatment of aseptic loosening
(20,21). Our results showed that SR down-regulated the
level of SOST, promoted bone formation, and inhibited
osteolysis, resulting in the inhibition of aseptic loosening in
an aseptic loosening model of female mice. This is the first
study to show that SR inhibited titanium particles caused
by aseptic loosening, mainly by down-regulating SOST levels.

Previous experiments have shown that SR inhibits
the release of SOST from osteoblasts and promotes the
differentiation and proliferation of osteoblasts by relieving
the inhibitory effect of SOST on the canonical Wnt path-
way (25). OPG is a downstream product of the canonical
Wnt pathway and is crucial for the differentiation and
proliferation of osteoclasts. Some researchers demon-
strated that SR inhibits the proliferation and differentiation
of osteoclasts by up-regulating the ratio of OPG/RANKL
(26). In this study, we also found that SR down-regulated

the levels of SOSTand RANKL in the surrounding tissues
of the prostheses and upregulated the levels of b-catenin,
OPG, and OCN, indicating that SR inhibited aseptic loosen-
ing caused by abrasive particles by down-regulating the
level of SOST and releasing the inhibition of the classical
Wnt pathway activity, thereby promoting bone formation
and inhibiting bone resorption. Choudhary et al. (27) showed
that SR can also inhibit the activation of osteoclasts by
downregulating the levels of inflammatory factors such as
TNF-a and IL-1b in the serum, reducing bone dissolution
around the wear particles, which is consistent with our
experimental results.

mCT scanning showed that the quality of bone in the
SR group was better than that in the control group. The
BV/TV, BS/BV, TbTh, and TbN in the SR group and control
group were significantly different, and these results were
consistent with previous studies (26,28). However, the
sagittal and cross-sectional scans showed that the gap
between the prosthesis and surrounding tissue in the SR
group was significantly smaller than that in the control
group, indicating that SR improved the quality of bone
in tissues surrounding the prostheses. By studying the
osteolytic model in wild-type mice, we found that SR had
a therapeutic effect on aseptic loosening induced by
titanium particles. Our results were consistent with the
results obtained from previous experiments (26,29).

Examination of SOST knockout mice revealed that the
parameters of the bone around the prosthesis between
the KO SR group and KO control group were essentially
the same according to CT scans. Western blotting of
OCN revealed no significant differences between the two
groups.

We found that serum levels of TNF-a, IL-1b, and PGE2
in the KO SR group were lower than those in the KO
control group, but no significant difference was observed

Figure 4. Serum levels of tumor necrosis factor (TNF)-a (A) and interleukin (IL)-1b (B) obtained by ELISA. Data are reported as means
±SD. **Po0.01 (ANOVA). SR: strontium ranelate; WT: wild type; KO: knockout.

Braz J Med Biol Res | doi: 10.1590/1414-431X20187414

SR inhibits titanium particle-induced osteolysis 6/9

http://dx.doi.org/10.1590/1414-431X20187414


in the ratio of OPG to RANKL between groups. This indi-
cates that SR inhibits the inflammatory response caused
by titanium particles, but does not significantly affect the
balance between bone formation and osteolysis without
involvement of the SOST protein. After knocking out the
SOST gene, SR showed no effect on osteolysis around
the titanium particles. Thus, SOST may be a key factor in
the regulation of bone abnormalities around the prosthesis
induced by titanium particles.

In summary, SR inhibited osteolysis from the titanium
particles around the prosthesis in a female mouse aseptic
loosening model, and this inhibition mainly depended
on down-regulation of SOST levels. However, previous
studies reported that SR has serious side effects and
safety concerns in practical applications (30–32). Given its
excellent application value, it is necessary to explore pos-
sible solutions for overcoming these limitations. Previous
studies showed that topical application of SR is a promis-
ing method (33), while another experiment demonstrated
that coating the prosthesis with strontium inhibited the
aseptic loosening effect (34,35).
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