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Titanium particle-induced osteogenic inhibition and
bone destruction are mediated by the GSK-3β/β-catenin
signal pathway

Ye Gu1,2,5, Zhirong Wang3,5, Jiawei Shi1,5, Liangliang Wang1,5, Zhenyang Hou1, Xiaobin Guo1, Yunxia Tao1, Xiexing Wu1, Wei Zhou1,
Yu Liu1, Wen Zhang4, Yaozeng Xu1, Huilin Yang*,1, Feng Xue*,2 and Dechun Geng*,1

Wear debris-induced osteogenic inhibition and bone destruction are critical in the initiation of peri-prosthetic osteolysis. However,
the molecular mechanism underlying this phenomenon is poorly understood. In this study, we analyzed the involvement of the
GSK-3β/β-catenin signal pathway, which is important for bone formation in this pathological condition. We established a titanium
(Ti) particle-stressed murine MC3T3-E1 cell culture system and calvariae osteolysis model to test the hypothesis that Ti particle-
induced osteogenic inhibition and bone destruction are mediated by the GSK-3β/β-catenin signal pathway. Our findings showed
that Ti particles reduced osteogenic differentiation induced by osteogenesis-related gene expression, alkaline phosphatase
activity and matrix mineralization, as well as pSer9-GSK-3β expression and β-catenin signal activity. Downregulation of GSK-3β
activity attenuated Ti particle-induced osteogenic inhibition, whereas the β-catenin inhibitor reversed this protective effect.
Moreover, the GSK-3β/β-catenin signal pathway mediated the upregulation of RANKL and downregulation of OPG in Ti particle-
stressed MC3T3-E1 cells. In addition, our in vivo results showed that Ti particles induced bone loss via regulating GSK-3β and
β-catenin signals. Based on these results, we concluded that the GSK-3β/β-catenin signal pathway mediates the adverse effects of
Ti particles on osteoblast differentiation and bone destruction, and can be used as a potential therapeutic target for the treatment
of peri-prosthetic osteolysis.
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Peri-prosthetic osteolysis and subsequent aseptic loosening
are the most common and potentially devastating long-term
complications of total joint arthroplasty.1 This pathologic
phenomenon results from the biological responses of macro-
phages, osteoclasts and osteoblasts to wear debris generated
from the articulating surface of a prosthesis.2–10 Although
macrophages and osteoclasts are integral molecules under-
lying bone destruction in peri-prosthetic osteolysis, recent
studies demonstrated that wear debris also contributes to
osteolysis by impairing the osteogenic potential of
osteoprogenitors.4–8 Given that osteolysis depends on a
balance between osteoblast bone formation and osteoclast
bone resorption, an inhibitory effect on osteoblast production
can accelerate bone loss. However, the molecular mechan-
isms underlying the particle-induced osteogenic inhibition are
poorly understood.
Glycogen synthase kinase-3 (GSK-3), a serine/threonine

kinase, is a critical regulator of glycogen metabolism. GSK-3
has two isoforms, GSK-3α and GSK-3β, which share 97%
amino-acid sequence similarity within their kinase catalytic
domains.11 These proteins regulate multiple biological pro-
cesses, including bone formation and remodeling during
growth and development. Of the two isoforms, GSK-3β is
more important for bone remodeling, as demonstrated by

increased bone formation in GSK-3β+/– mice.12 GSK-3β is a
member of the β-catenin destruction system (APC and axin),
which initiates the degradation of β-catenin in the absence of
Wnt signals. Furthermore, inactivation of GSK-3β decreases
the phosphorylation of β-catenin and prevents the degradation
of β-catenin by proteasome. Stabilized β-catenin accumulates
and translocates to the nucleus, where it binds the TCF/LEF
family of transcription factors that subsequently activate
specific genes.13,14 It is known that β-catenin is critical for
Wnt/β-catenin pathway activation, which is essential for proper
bone development, and inhibition of this signal pathway
downregulates bone formation.14 Clinical results using phar-
macological antagonists of GSK-3β showed that the Wnt/β-
catenin signal increased bone stock via the β-catenin signal
pathway.15 Our previous studies have demonstrated that
during wear debris-induced osteolysis, GSK-3β is constitu-
tively expressed in the form of phosphor-Ser-9-GSK-3β at a
low level, but not GSK-3β.16 However, to our knowledge,
studies have not reported the role of GSK-3β/β-catenin signals
in osteoblast differentiation and bone destruction during
aseptic loosening initiated by wear debris.
Therefore, in this study, we hypothesized that wear particles

may reduce osteoblast function and promote bone destruction
via the GSK-3β/β-catenin signal pathway. We established a
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murine clavarial model of titanium (Ti) particle-induced bone
destruction, along with a murine MC3T3-E1 osteoblast cell
culture system to verify this hypothesis.

Results

Effects of Ti particles on osteogenic activity. As shown in
Figure 1a, Ti particles (doses ⩾0.1 mg/ml) significantly
suppressed alkaline phosphatase (ALP) activity when com-
pared with controls. The CCK-8 results showed that treat-
ment with 0.1 mg/ml Ti particles had no toxic effects on cell
viability (Figure 1b). Therefore, 0.1 mg/ml Ti particles were
used in the following in vitro study. RT-PCR results showed
that Ti particles (0.1 mg/ml) significantly reduced the gene
expression of runx2, sp7 and bgalp compared with that in
control group (Figures 1c–e). The effect of Ti particles on
mineralization was assessed with Alizarin Red S (ARS)
staining, and quantified using a colorimetric assay (Figure 1f)
after 21 days of treatment. The results of this study showed
that Ti particles could profoundly inhibit cell mineralization.

Ti particles and GSK-3β/β-catenin signal pathway. As
shown in Figure 2a, after stimulation with Ti particles for 24 h,
the expression of pSer9-GSK-3β was markedly reduced
when compared with control groups. In contrast, Ti particles
did not affect the expression of GSK-3β, thus indicating that
Ti particles could stimulate the activation of GSK-3β in
MC3T3-E1 cells. Considering the critical role of GSK-3β on
β-catenin, we next determined the expression of β-catenin in
Ti particle-stimulated MC3T3-E1 cells. Western blot analysis
demonstrated that Ti particles decreased β-catenin levels in

the cytoplasm and nucleus (Figures 2b and c). In addition,
RT-PCR results indicated that Ti particles suppressed the
mRNA levels of ctnnb1 and axis-2, a β-catenin target gene
(Figures 2d and e). Furthermore, Topflash reporter assay
showed that Ti particles suppressed β-catenin-dependent
transcription induced by Wnt3a (Figure 2f).

GSK-3β/β-catenin signal pathway and Ti particle-induced
osteoblast differentiation. To investigate whether the
Ti-induced modulation of GSK-3β/β-catenin signaling pathway
was associated with its inhibition of osteoblast differentiation,
MC3T3-E1 cells were pretreated with LiCl (GSK-3β inhibitor,
10 mM), and then stimulated with Ti particles for different
durations. As shown in Figure 3, LiCl increased pSer9-GSK-3β
expression, promoted β-catenin nuclear translocation and
further upregulated β-catenin signal activity even in the
presence of Ti particles. After co-culture with LiCl for 3 days,
ALP activity was 32.4±2.4 nmol pNPP/min/μg protein, which
was significantly higher than in cells treated with Ti particles
alone (24.7±1.8 nmol pNPP/min/μg protein). LiCl treatment
markedly raised the mRNA levels of osteoblastogenesis-related
genes, including runx2, sp7 and bgalp, compared with the
group treated with Ti particles alone. Moreover, LiCl stimulated
cell mineralization by approximately 122.7% when compared
with the Ti particle-treated group (Figure 4). These data
demonstrated that the GSK-3β inhibitor promoted Ti particle-
induced osteoblast differentiation.

Blocking β-catenin signal attenuated the protective
effects of GSK-3β inhibitors on osteoblast differentiation.
To further confirm that the GSK-3β inhibitor promoted Ti

Figure 1 Ti particles inhibiting osteogenic differentiation. (a) MC3T3-E1 cells (9 × 104 per well) were incubated in osteogenic medium containing various concentrations of Ti
particles (0.01, 0.05, 0.1, 0.5 and 1 mg/ml) for 3 days. ALP activity was determined. (b) Cells (104/ml) were cultured with Ti particles (0.1 mg/ml) for 24, 48 or 72 h, and cell viability
was determined by CCK-8 assay. mRNA levels of (c) runx2, (d) sp7 and (e) bgalp were determined using RT-PCR. (f) Matrix mineralization of differentiated MC3T3-E1 cells
assessed by ARS staining. *Po0.05 versus control
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particle-induced osteoblast differentiation via the β-catenin
signal pathway, MC3T3-E1 cells were exposed to ICG-001
(a selective inhibitor of β-catenin, 10 μm) for 30 min, and then
stimulated with LiCl and Ti particles for 24 h. Western blots
demonstrated that LiCl significantly increased β-catenin
accumulation in the nucleus. However, the positive effects
of LiCl on β-catenin accumulation, as well as ctnnb1 and axis-
2 gene copies were significantly impaired by the addition of
exogenous ICG-001 (Figures 5a-d). Moreover, after co-
culture with ICG-001 for 3 days, ALP activity decreased to
26.7±4.9 nmol pNPP/min/μg protein, which was significantly
lower than that in the LiCl+Ti groups (32.3±6.3 nmol pNPP/
min/μg protein; Figure 5e). In addition, RT-PCR results
showed that ICG-001 suppressed the gene expression of
runx2, sp7 and bgalp, indicating that the GSK-3β inhibitor-
induced cell differentiation was mediated by the β-catenin
signal pathway (Figures 5f–h).

GSK-3β/β-catenin signaling pathway and RANKL/OPG
ratio in Ti particle-stressed osteoblast cells. As shown in
Figure 6, after stimulation with Ti particles for 24 h, the gene
expression of RANKL increased 4.7-fold; however, the gene
expression of OPG decreased by 27% compared with the

control group. Thus, the RANKL/OPG ratio increased
7.3-fold. When GSK-3β activity was downregulated, the
mRNA levels of RANKL were markedly reduced; in contrast,
there was an increase in OPG mRNA levels compared with
that in Ti particle-treated group. In addition, RANKL/OPG
ratio was reduced after the addition of the GSK-3β inhibitor.
Secreted RANKL and OPG in the culture supernatants of
MC3T3-E1 were measured using ELISA. Results showed
that the levels of RANKL and OPG were 17.36± 2.28 pg/ml
and 0.67±0.17 ng/ml, respectively, in the Ti particle-treated
groups; however, with LiCl treatment, the secretion of RANKL
(11.24±2.16 pg/ml) was reduced, whereas the secretion of
OPG (2.45± 0.32 ng/ml) was increased. Consequently, the
mean RANKL/OPG ratio decreased from (25.75±3.21)/103

(Ti group) to (4.76± 0.89)/103 (Ti+LiCl group). In addition,
pretreatment with ICG-001 reversed the effects of the
GSK-3β inhibitor.

GSK-3β/β-catenin signal pathway and Ti particle-induced
bone destruction. To investigate whether Ti particles
induced bone loss via modulating the GSK-3β/β-catenin
signal pathway in vivo, the murine calvarial model was used
to mimic the molecular pathogenesis of peri-prosthetic

Figure 2 Ti particles regulate the activity of GSK-3β/β-catenin signal pathway in MC3T3-E1 cells. MC3T3-E1 cells were cultured in osteogenic medium and 0.1 mg/ml Ti
particles for 24 h. (a) pSer9-GSK-3β and GSK-3β were determined by western blot. (b and c) Cytoplasmic and nuclear extracts obtained from the cells were subjected to western
blot analysis using β-catenin antibody. (d and e) Gene copies of β-catenin and axin-2 were judged using RT-PCR. (f) MC3T3-E1 cells transiently transfected with TopFlash
plasmids were stimulated with Ti particles with or without Wnt3a. After 12 h, luciferase activity was measured in cell lysates. *Po0.05 versus control
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osteolysis. Daily injection of the GSK-3β inhibitor evidently
increased bone mineral density (BMD) within a region of
interest (ROI) of calvaria exposed to Ti particles
(0.63±0.05 mg/mm2 versus 0.35±0.08 mg/mm2, Po0.05,
n= 5). Micro-CT also revealed a marked increase in bone
volume (BV) and BV against tissue volume (BV/TV) ratio in
mice stimulated with the GSK-3β inhibitor. In ICG-001-treated
mice, BMD, BV and BV/TV were markedly decreased
compared with mice stimulated with GSK-3β inhibitor
(Figure 7). Consistent with the results of micro-CT, H&E
staining showed that treatment with the GSK-3β inhibitor
decreased the area of eroded bone surface (EBS) and
increased bone thickness (BT) within an ROI in the calvaria of
mice in the Ti particle-stimulated group. Tartrate-resistant
acid phosphatase (TRAP) staining revealed the presence of
lots of TRAP-positive cells within ROI in Ti particle-treated
group. When LiCl was administered, TRAP-positive cell
numbers decreased by 58.7%, and osteoclast surface per
bone surface (OCS/BS) decreased by 64.0%, compared with
those in Ti particle-treated mice. However, local treatment
with the β-catenin selective inhibitor reversed the protective
effects of LiCl on bone destruction (Figure 8), suggesting that
Ti particles induced bone loss via the regulation of GSK-3β/β-
catenin signal pathway.

Discussion

Wear debris from prosthesis wear are critical for the initiation of
aseptic loosening. To understand the biology between wear
debris and aseptic loosening, we and others previously inve-
stigated how wear debris affects osteoclast stimulation.17,18

However, particle exposure not only has a direct effect on bone
homeostasis by stimulating osteoclastogenesis, but also has
adverse effects on osteoblastogenesis.19 Recent studies
demonstrated that marked impairment of bone formation from
reduced osteoblast activity was a common feature of
peri-prosthesis in wear particle-induced osteolytic bone
disease.19,20 However, the mechanism underlying the
particle-induced inhibition on osteoblastogenesis is unclear. In
this study, we demonstrated that Ti particles significantly
impacted MC3T3-E1 cell differentiation and induced bone
destruction in the calvarial osteolysismodel. These effectswere
affected by the activation of GSK-3β and further suppression of
β-catenin signal pathway. These findings supported the concept
that GSK-3β/β-catenin pathway has an importnat role in the
development of aseptic loosening.
Osteoblasts, derived from the mesenchymal stem cells, are

the main cells in bone tissue and bone formation, and are
critical for prosthesis stability.2,5 Continuous exposure to wear

Figure 3 LiCl inhibits GSK-3β activation and upregulates β-catenin expression in Ti particle-stimulated MC3T3-E1 cells. MC3T3-E1 cells were pretreated with 10 mM LiCl for
2 h, and then cultured in osteogenic medium containing 0.1 mg/ml Ti particles for 24 h. (a) pSer9-GSK-3β and GSK-3β were determined by western blot. (b and c) Cytoplasmic
and nuclear extracts were isolated and analyzed by western blot analysis using β-catenin antibody. (d and e) Gene expression of ctnnb1 and axin-2 was identified using RT-PCR.
(f) Luciferase activity was measured in cell lysates. *Po0.05 versus control group; #Po0.05 versus Ti group; &Po0.05 versus LiCl group
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debris, including polyethylene, Ti and polymethyl methacry-
late, compromises the function of mature osteoblasts, as well
as suppresses bone formation and differentiation of osteoblast
precursors,5,6,20,21 which is in line with the results in this study.

It is well-known that bone formation is impaired in aseptic
loosening, which in part causes a net bone loss. The GSK-3β/
β-catenin signal pathway has been shown to regulate
osteoblast differentiation and bone formation in vivo,22 and

Figure 4 LiCl increases the differentiation potential of Ti particle-stimulated osteoblast cells. MC3T3-E1 cells were pretreated with 10 mM LiCl for 2 h, and then cultured in
osteogenic medium containing 0.1 mg/ml Ti particles for the indicates times. (a) ALP activity, and (b) runx2 and (c) sp7 mRNA levels were determined after 3 days of incubation.
(d) Gene expression levels of bgalp were determined on day 10. (e) Matrix mineralization of differentiated MC3T3-E1 cells assessed by ARS staining on day 21. *Po0.05 versus
control group; #Po0.05 versus Ti group; &Po0.05 versus LiCl group

Figure 5 ICG-001 attenuates the protective effects of LiCl on the osteogenic activity of MC3T3-E1 cells stimulated with Ti particles. MC3T3-E1 cells were pretreated with
10 μm ICG-001 for 30 min; then, 10 mM LiCl and 0.1 mg/ml Ti particles were added and cultured in osteogenic medium for the indicated times. (a and b) Cytoplasmic and nuclear
extracts were isolated and analyzed by western blot analysis using β-catenin antibody. (c) ctnnb1 and (d) axin-2 mRNA levels were identified using RT-PCR after 24 h of
incubation. (e) ALP activity, and (f) runx2 and (g) sp7 mRNA levels were determined after 3 days of incubation. (h) Gene expression levels of bgalp were determined on day 10.
*Po0.05 versus control group; #Po0.05 versus Ti group; &Po0.05 versus LiCl group; ^Po0.05 versus Ti+LiCl group
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multiple studies have shown evidence for this pathway in the
initiation of osteolytic disease.16,23 In support of this, we
demonstrated a clear decrease in pSer9-GSK-3β and β-
catenin expression in osteoblasts after stimulation with Ti
particles, indicating that they decreased osteoblastogenesis
by modulating the GSK-3β/β-catenin signal pathway in
osteoblasts. In addition, we demonstrated that inhibition of
the GSK-3β activity reversed the effects of Ti particles on
osteoblasts differentiation, and reconstituted bone mass in
calvariae stimulated with Ti particles.
GSK-3β is a critical regulator for normal bone mass. In this

article, we provided evidence for GSK-3β mediating the
reduction of bone formation in osteoblast progenitors treated
with Ti particles. The decrease in osteoblast-related genes,
including runx2, sp7 and bgalp, supported the reduction in
osteoblast activity in cells after activating GSK-3β. Previous
studies demonstrated that GSK-3β+/− mice have a higher
bone formation rate, higher bone mass and more osteoblasts
per bone surface.12 Furthermore, pharmacological inhibition
of GSK-3β reduced ovariectomy-induced bone loss and
enhanced BMD in wild-type animals.24,25 In this study, the
GSK-3β inhibitor increased baseline osteogenic activity,
and restored the osteoblast differentiation capacity in Ti

particle-stimulated cell cultures. Moreover, the GSK-3β
inhibitor also increased BMD and BV/TV in calvariae of Ti
particle-stimulated mice. These results suggested that loss of
GSK-3β activity protects osteoblasts against Ti particle-
induced deterioration. The involvement of the GSK-3β signal
pathway in osteoblast activity loss is suggestive of the
paradoxical phenomenon of Ti particle-induced bone destruc-
tion in aseptic loosening.
β-Catenin is a key factor of the canonical Wnt pathway

activation, which is essential for proper bone development,
and inhibition of this signal pathway downregulates bone
formation.13,14 In this study, the lesser nuclear translocation of
β-catenin and reduction of TCF/LEF luciferase activity
indicated the downregulation of the β-catenin signal pathway
in Ti particle-stimulated MC3T3-E1 cells. Previous studies
have demonstrated that β-catenin is essential for osteoblast
differentiation, and its absence changed the differentiation
potential of mesenchymal precursors from osteoblasts to
chondrocytes.26,27 Furthermore, GSK-3β regulates β-catenin
activity through phosphorylation and degradation of β-catenin,
and thus inhibits transcription of β-catenin responsive osteo-
genic genes.13 In this study, Ti particles suppressed phos-
phorylation at Ser9 in GSK-3β, and decreased the expression

Figure 6 Ti particles regulate RANKL and OPG expression via GSK-3β and β-catenin signal pathway. MC3T3-E1 cells were pretreated with 10 μm ICG-001 for 30 min; then,
10 mM LiCl and 0.1 mg/ml Ti particles were added and cultured in the osteogenic medium for 24 h. (a) rankl and (b) opg mRNA levels in MC3T3-E1 cells were evaluated using
RT-PCR. (c) Ratio of RANKL/OPG mRNA. (d) RANKL and (e) OPG protein levels in MC3T3-E1 culture medium were identified by ELISA. (f) Ratio of RANKL/OPG protein levels.
*Po0.05 versus control group; #Po0.05 versus Ti group; &Po0.05 versus LiCl group; ^Po0.05 versus Ti+LiCl group
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of β-catenin. In addition, the GSK-3β inhibitor promoted the
expression of pSer9-GSK-3β, induced nuclear translocation of
β-catenin and increased osteogenic activity of Ti particle-
stressed cells, whereas administration of the β-catenin
selective inhibitor reversed these effects. These results
showed that Ti particles suppressed osteoblast differentiation
and bone formation through the GSK-3β/β-catenin signal
pathway.
Wear debris-induced osteolysis is the result of both

increased osteoclast bone destruction and decreased osteo-
blast bone formation.2,5 Indeed, Ti particles markedly
increased the number of TRAP-positive cells in mice
calvariae, which is consistent with previous studies.3,9,10

However, the number of TRAP-positive cells decreased in
the group treated with the GSK-3β inhibitor compared with the
Ti particle-treated group, thus indicating that GSK-3β is
essential for osteoclast differentiation. A decrease in the
RNAKL/OPG ratio, a critical regulator for osteoclast
activation,28 in Ti particle-stressed osteoblasts may in part
explain the reduction in osteoclast numbers in GSK-3β
inhibitor-treated mice. Recently, Jiang et al.29 demonstrated
that GSK-3β was inactivated during RANKL-induced osteo-
clast formation; however, whether GSK-3β regulates wear
debris-induced osteoclastogenesis in a direct way remains
unclear and requires further investigation.
In summary, this study showed that Ti particlesmay regulate

osteoblast differentiation and bone formation through the

GSK-3β/β-catenin signal pathway. Pharmacological inhibition
of GSK-3β may impair Ti particle-induced inhibition of
osteogenic activity, and reduce bone destruction in calvariae
of mice stimulated with Ti particles. Collectively, our findings
indicated that the GSK-3β/β-catenin signal pathway contri-
butes to the osteogenic inhibition and bone destruction around
loosening implants, and can be used as a potential therapeutic
target for the treatment of peri-prosthetic osteolysis and
aseptic loosening.

Materials and Methods

Animal experiments were performed in strict accordance with the principles and
procedures of the National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals and the Animal Care Committee of the First Affiliated Hospital of
Soochow University. All experimental protocols in this study were approved by the
ethics committee of the First Affiliated Hospital of Soochow University.

Ti particle preparation. Ti particles were obtained from Alfa Aesar (catalog
#00681, Tianjin, China) and were prepared as previously described.3,10,16,30 Briefly,
these particles were baked at 180 °C for 12 h, and then immersed in ethanol (75%)
for 2 days. Endotoxin levels in the particles were determined using a commercial
detection kit (Biowhittaker, Walkersville, MD, USA), and particles with o0.02 EU/ml
endotoxin were used.

Cell culture and differentiation. The murine MC3T3-E1 osteoblast cell line
was obtained from ATCC (Manassas, MD, USA) and maintained in alpha-minimum
essential medium (α-MEM) supplemented with 10% fetal bovine serum (FBS),
100 U/ml penicillin, 100 μg/ml streptomycin and 2 mM L-glutamine. For

Figure 7 Ti particle-induced osteolysis through modulating GSK-3β/β-catenin signal pathway in a murine calvariae model. (a) Representative micro-CT reconstruction of
calvariae in each group. (b) BMD, (c) BV and (d) BV/TV within the ROI were determined. *Po0.05 versus control group; #Po0.05 versus Ti group; &Po0.05 versus LiCl group;
^Po0.05 versus Ti+LiCl group
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differentiation experiments, cells were cultured in the above α-MEM and 50 μg/ml
ascorbic acid (Sigma, St. Louis, MO, USA), 10 mM β-glycerophosphate (Sigma), Ti
particles, 10 mM lithium chloride (LiCl; Sigma) or 10 μm ICG-001 (Tocris
Bioscience, Bristol, UK). The control cultures did not contain Ti particles.

Cell viability: CCK-8 assay. MC3T3-E1 cells (104/ml) were seeded on
96-well plates and allowed to attach for 12 h in α-MEM containing 10% FBS. Cells
were then cultured with 0.1 mg/ml Ti particles for 24, 48 or 72 h. At each time point,
cells were incubated with fresh serum-free medium containing the CCK-8 (Dojindo
Lab, Tokyo, Japan) reagent for 2 h at 37 °C. The culture medium was replaced with
equal volumes of DMSO to dissolve formazan crystals, and then shook at room

temperature for 10 min. Absorbance at 450 nm was obtained by using a microplate
reader. Each reaction had three replicates and all experiments were repeated at
least three times.

RNA extraction and RT-PCR. Total RNA was extracted from MC3T3-E1
cells using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). RNA integrity was
determined by separating the RNA on an agarose, and quality was assessed by
having the A260/A280 ratio cutoff higher than 1.7. Total RNA (2 μg) was used to
synthesize first-strand cDNA with an RT-PCR kit (Invitrogen). Glyceraldehyde
3-phosphate dehydrogenase (gapdh) was used as an internal control. The mRNA
levels of each gene from each experimental sample were normalized by comparison

Figure 8 Histological analysis of bone destruction in the calvariae of mice. (a) Representative H&E and TRAP images in calvariae of mice. (b) EBS (mm2), (c) BT (mm), (d)
number of TRAP-positive cells and (e) OCS/BS within the ROI were identified. *Po0.05 versus control group; #Po0.05 versus Ti group; &Po0.05 versus LiCl group; ^Po0.05
versus Ti+LiCl group

Table 1 Primers used for RT-PCR

Genes Sequence (5’-3’)

Bgalp F: TCCCACACAGCAGCTTGGCCC R: TGAGGCTCCAAGGTAGCGCCG
Runx2 F: TTGACCTTTGTCCCAATGC R: AGGTTGGAGGCACACATAGG
Sp7 F: TGAGCTGGAACGTCACGTGC R: AAGAGGAGGCCAGCCAGACA
Ctnnb1 F: ACGGTGCCGCGCCGCTTATA R: TAGCCATTGTCCACGCAGCGG
Axin-2 F: GTCTCTACCTCATTTCCCGAGAAC R: CGAGATCAGCTCAGCTGCAA
Opg F: TGAAGCACCGGAGCTGTCCCC R: AGGCCAAATGTGCTGCAGTTCG
Rankl F: TCCTGAGACTCCATGAAAACG R: CCCACAATGTGTTGCAGTTC
Gapdh F: GAGAAGGCTGGGGCTCATTT R: CCAATATGATTCCACCCATG

Shown are the details of the primers used for RT-PCR, including forward (F) and reverse (R) sequences
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with a corresponding internal control using previously described methods.10,31 The
primers used in this study are shown in Table 1.

ALP activity. ALP activity was determined using a p-nitrophenyl phosphate
assay (pNPP; Sigma). Briefly, the cell layers were washed in ice-cold PBS to
remove residual particles and detached cells. Then, the cells were lysed in a
solution containing 10 mM Tris and 0.1% TritonX-100 (pH 7.5). After centrifugation,
the supernatants were collected and incubated in an alkaline buffer (pH 10.5)
containing 5 mM pNPP (substrate) and 2 mM MgCl2. Then, ALP activity was
determined using the methods previously described.32,33

Quantification of mineralization. ARS was used to quantify the
mineralization of MC3T3-E1 cultures in response to Ti particles and/or LiCl. Briefly,
MC3T3-E1 cells were grown to confluence in culture media as previously described,
and then grown for an additional 21 days in mineralization media in the presence or
absence of Ti particles, and/or LiCl, at the indicated concentrations. Following
treatment, mineralized osteoblasts were washed three times with PBS, and fixed in
4% paraformaldehyde for 1 h. The fixed layers were washed three times with excess
dH2O before the addition of 40 mM ARS solution (pH 4.2; Sigma) for 30 min at
room temperature with gentle agitation. The stained cells were observed through a
microscope. To quantify mineralization, the stained layers were washed five times
for 5 min each with excess dH2O, and three times with PBS for 5 min each at room
temperature. Mineral bound ARS was solubilized by the addition of 10%
cetylpyridinium chloride (pH 7.0; Sigma). Dye absorbance was measured at
570 nm. Six wells were analyzed per experiment. Experiments were repeated at
least three times.

Western blotting. Protein quantification was performed using the BCA protein
assay reagent, and 20 μg of nuclear or total cell protein was used for western
blotting. Samples were separated on SDS-PAGE, and proteins were then
transferred to PVDF membranes. Immunoblotting was performed as described
previously using specific antibodies raised against β-catenin (Abcam, Shanghai,
China; 1 : 10 000), GSK-3β (Abcam, 1 : 10 000) and pSer9-GSK-3β (Abcam,
1 : 5000). Protein quantification was performed using the Odyssey IR software,
version 1.2 (LI-COR, Lincoln, NE, USA). Relative protein levels were calculated as
the ratio of treated versus control, after normalizing against the housekeeping
protein. Results are representative of three independent experiments.

Luciferase reporter assay. To assay for the activation of β-catenin/TCF
target genes, MC3T3-E1 cells were transfected transiently with 2 μg TopFlash
constructs by electroporation using Nucleofector technology. These constructs
contained a firefly luciferase reporter under the control of a wild-type TCF/LEF-
binding site. Cells were co-transfected with 0.2 μg of β-galactosidase reporter
vector as an internal standard for transfection. Twenty-four hours post-transfection,
cells were stimulated with the indicated concentrations of Ti particles, LiCl and/or
Wnt3a. Following 12 h of stimulation in α-MEM with 5% FBS, luciferase and
β-galactosidase reporter activities were assayed using Bright Glo and β-Glo assay
kits, respectively (Promega, Sunnyvale, CA, USA). Topflash results were normalized
to the activity of β-galactosidase.

ELISA. MC3T3-E1 cells with or without LiCl or ICG-001 pretreatment were
incubated with 0.1 mg/ml Ti particles at 37 °C for 24 h. The culture medium was
harvested for ELISA analysis. Mouse RANKL and OPG ELISA kits (R&D Systems,
Shanghai, China) were used to determine the levels of the two cytokines according
to the manufacture’s instruction.

Animal studies. For this study, we established a murine calvariae osteolysis
model was established. Briefly, 40 C57BL/6 female mice (8-weeks-old) were divided
into four groups: (a) control; (b) Ti; (c) LiCl; and (d) LiCl and ICG-001. The mice
were first anesthetized, and then Ti particles (20 mg) were placed on the surface of
calvariae of mice in groups (b), (c) and (d) groups. After surgery, mice in groups (c)
and (d) were gavage-fed 200 mg/kg LiCl every day. In addition, the LiCl-treated mice
were injected with 10 μl PBS or ICG-001 (10 μg) at the surgery site before particle
implantation, and then daily. After 2 weeks, mice were killed, and calvariae were
collected for further analysis.

Micro-CT analysis. The calvariae (n= 5 per group) were scanned and
reconstructed into a 3D structure with micro-CT (SkyScan1176, SkyScan, Aartselaar,
Belgium) at a normal resolution of 18 μm. The X-ray source was set at 80 kV and

100 μA, and exposure time was 100 ms. X-ray projections were obtained at 0.9
intervals with a scanning angular rotation of 360°. A cylindrical ROI (3 × 3 × 1 mm) was
identified to reduce the bias of quantitative analysis of the calvaria.34 Parameters
including BMD (mg/mm2), BV (mm3) and BV/TV (%) were calculated using the Skyscan
CT-analyzer software.

Histological analysis. After decalcification in 10% EDTA for 21 days, calvariae
(n= 5 per group) were embedded in paraffin, and five sections were prepared for
H&E and TRAP staining. EBS and BTwere quantified from five consecutive sections
per animal using Image Pro-Plus 6.0. (Media Cybernetics, Bethesda, MD, USA)16,35

Then, TRAP-positive cells were identified, and OCS/BS (%) was calculated according
to the methods established by Sawyer et al.36

Statistical analysis. Data were obtained from three or more independent
experiments. The significance of difference between groups was assessed by one-
way ANOVA with post-hoc Tukey for multiple comparisons. Statistical significance
was set as P-value o0.05.
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