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Abstract

Wear particle-induced periprosthetic osteolysis (PPO) have become a major reason of joint arthroplasty failure and
secondary surgery following joint arthroplasty and thus pose a severe threat to global public health. Therefore, deter-
mining how to effectively suppress particle-induced PPO has become an urgent problem. The pathological mecha-
nism involved in the PPO signaling cascade is still unclear. Recently, the interaction between osteogenic inhibition
and wear particles at the implant biological interface, which has received increasing attention, has been revealed as
an important factor in pathological process. Additionally, Hedgehog (Hh)-Gli1 is a crucial signaling cascade which was
regulated by multiple factors in numerous physiological and pathological process. It was revealed to exert a crucial
part during embryonic bone development and metabolism. However, whether Hh-Gli1 is involved in wear particle-
induced osteogenic inhibition in PPO remains unknown. Our present study explored the mechanism by which the
Hh-Gli1 signaling cascade regulates titanium (Ti) nanoparticle-induced osteolysis. We found that Hh-Gli1 signaling
was dramatically downregulated upon Ti particle treatment. Mechanistically, glycogen synthesis kinase 33 (GSK-33)
activation was significantly increased in Ti particle-induced osteogenic inhibition via changes in GSK-3(3 phosphoryla-
tion level and was found to participate in the posttranslational modification and degradation of the key transcription
factor Gli1, thus decreasing the accumulation of Gli1 and its translocation from the cytoplasm to the nucleus. Collec-
tively, these findings suggest that the Hh-Gli1 signaling cascade utilizes a GSK33-mediated mechanism and may serve
as a rational new therapeutic target against nanoparticle-induced PPO.
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Introduction

Periprosthetic osteolysis (PPO) and ensuing asep-
tic loosening often contribute to prosthetic instability
and surgical failure after total joint arthroplasty (TJA),
which are common and potentially devastating long-
term complications [1]. At present, revision surgery is
unanimously thought to be the essential treatment for
a failed prosthesis. Meanwhile, in the USA, it is pro-
jected that by 2030, the demand for revision of total
knee arthroplasty (TKA) and total hip arthroplasty
(THA) surgery will grow by over 600% and 130% from
the corresponding levels in 2005, respectively [2]. Due
to the high costs of revision surgery, its poor postop-
erative clinical effects, and the short prosthesis survival
duration, revision surgery does not ultimately solve
these complications [3]. Therefore, the need to explore
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the in-depth pathological mechanism of PPO to further
develop new ideas for the prevention and treatment of
PPO is urgent.

Although the mechanism by which PPO occurs is still
indistinct, it is widely established that implant-derived
nanoparticles, such as titanium (Ti), chromium (Cr),
polyethylene and ceramic shed, produced by friction
movement of artificial joints are the main culprit and can
strongly induce a series of biological reactions, including
the aggregation of immune cells and secretion of exces-
sive inflammatory cytokines, and disrupt the balance
between osteoblastic bone regeneration and osteoclas-
tic bone resorption [4, 5]. Specifically, in the presence of
wear particles, a variety of proinflammatory chemokines
and cytokines was massively secreted by local active
immune cells such as macrophage and T lymphocytes.



Wang et al. Journal of Nanobiotechnology ~ (2022) 20:148

These cytokines can not only in turn recruit osteoclast
precursors, but also promote osteoclast differentia-
tion and activation through stimulating stromal cells to
secret plenty of receptor activators of nuclear factor-xB
ligand (RANKL) [6]. Therefore, massive abnormal acti-
vated osteoclasts aggregate at the prosthesis interface,
which eventually leads to abnormal bone resorption and
implant loosening. Despite the critical roles of inflamma-
tion and osteoclast activation in particle-induced oste-
olysis, the inhibition of inflammation and/or osteoclastic
activity alone cannot effectively rescue particle-induced
osteolysis at the implant interface [7-9], indicating
that other essential factors may be involved in particle-
induced interface bone loss. In fact, the balance of bone
turnover in the implant interface is dictated by not only
bone resorption but also bone formation [10, 11]. Recent
studies targeting the improved osseointegration of
implants by recruitment of bone marrow-mesenchymal
stem cells (BM-MSCs) and rescue of osteogenic capac-
ity have made remarkable progress, which indicates that
osteoblasts exert an important effect in osseointegra-
tion and maintaining bone mass around the implant [12,
13]. Meanwhile, some studies have explored the effect of
osteoblasts under particle intervention and preliminar-
ily demonstrated the negative effect of wear particles on
osteogenic capacity [14, 15]. Therefore, the inhibition
of osteogenesis caused by wear particles synergistically
dominates bone loss at the implant interface. However,
research on the in-depth mechanism of osteogenesis
inhibition remains limited. Thus, exploring the underly-
ing mechanism by which osteogenic capacity is inhib-
ited under conditions of particle intervention is eagerly
anticipated.

The Hh pathway is an evolutionarily conserved sign-
aling pathway which participates in many fundamental
processes in vertebrates, such as cell proliferation and dif-
ferentiation, as well as skeletal development and homeo-
stasis [16, 17]. Consistent with the essential role of the
Hh pathway in development, the disorder of Hh pathway
has been implicated in many human disorders, including
cancer and skeletal disease [18, 19]. In mammals, the Hh
pathway is composed of three Hh ligands [Sonic hedge-
hog (Shh), Desert hedgehog (Dhh) and Indian hedgehog
(Ihh)], two transmembrane protein receptors [Patched
receptor (Path) and Smoothened receptor (Smo)], and
the five-zinc finger transcription factors [20]. Gli, which
functions as a major downstream transcription factor
of the Hh signaling pathway, affects gene transcription
upon translocation from the cytoplasm to the nucleus.
Notably, this process is strictly regulated by a compli-
cated mechanism involving the phosphorylation and
proteasome degradation of Gli factors [21-23]. Present
studies revealed the key role of Hh signaling pathway in
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osteoblast differentiation and bone formation [24, 25].
Specifically, Hh signaling pathway activation was proved
to participate in differentiation of MSCs to osteoblasts
and chondrocytes [26, 27]. In addition, studies showed
that activation of the Hh-Glil signaling pathway can pro-
mote bone mass by upregulating osteotropic cytokines
such as Runx2 [28]. Of interest, a recent study on an apa-
tite-binding nanoparticulate agonist of hedgehog signal-
ing establishes a novel biomaterial design to specifically
improve osteogenesis in bone defects by promoting Hh
signaling [29]. Given the encouraging role of Hh-Glil
signaling in osteogenesis, it has aroused our great inter-
est whether the Hh signaling pathway is involved in
osteogenesis inhibition in particle-induced osteolysis.
However, to the best of our knowledge, whether Hh-Glil
signaling contributes to the pathological features of wear
particle-induced osteoblast remains unclear.

Given these studies, we hypothesized that Ti nano-
particle-induced osteolysis following implantation of
the prosthesis was tightly related to osteogenesis inhibi-
tion, and mechanistically, such inhibition is caused by
a direct impairment of Hh-Glil signaling. To test this
hypothesis, we explored the pathological features of Ti
nanoparticle-induced osteoblasts in vitro and in vivo.
Importantly, the underlying mechanism involved nega-
tive regulation of GSK-3f in the Hh-Glil signaling was
first elucidated in Ti nanoparticle-induced inhibition of
osteogenesis. Consistently, a Ti nanoparticle-induced
calvarial osteolysis model further verified this cascade
mechanism in vivo. Taken together, our results indicated
that GSK3p-mediated impairment of the Hh-Glil signal-
ing indeed contributed to Ti nanoparticle-induced osteo-
genesis inhibition and provided a basis for the inhibition
of GSK-3p as a potential treatment strategy in wear parti-
cle-induced osteolysis (Scheme 1).

Methods and materials

Materials

Ti nanoparticles were purchased from Nanjing Emperor
Nano Materials Company. The nanoparticles were first
stored at 300 °C for 12 h. Then, it was soaked in 75%
ethanol for 2 days to remove the residuary endotoxins.
Ti nanoparticles characteristics were assessed through a
scanning electron microscope (SEM). Frequency distribu-
tion of diameters was analyzed by Image]. TWS119 (Sell-
eck Chemicals, Houston, USA) and GANT58 (APExBIO
Technology LLC, Houston, USA) were dissolved in
dimethyl sulfoxide (DMSO, Sigma) at a concentration of
100 mM and 40 mM, respectively, and stored at — 20 °C.

Cell culture and osteoblast differentiation
A cell culture of preosteoblastic mouse MC3T3-E1 cells
(FUHENG Biotechnology Co., Ltd, Shanghai, China)
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Scheme 1 Schematic illustration showing the inhibition mechanism of osteogenesis in wear particle-induced osteolysis. Abnormal activation

of glycogen synthesis kinase 33 (GSK-33) triggered by Ti nanoparticles participates in the posttranslational modification and degradation of Gli1,
which is the key transcription factor of osteogenesis in the Hedgehog pathway. In addition, inactivation of GSK-33 rescued Ti nanoparticle-induced
osteogenesis inhibition as a result of increasing the accumulation of Gli1 and its translocation from the cytoplasm to the nucleus

& XS

............................

Runx2, OCN, ALP...T}

1
’

were conducted in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) containing 10% fetal bovine serum (FBS,
Shanghai XP Biomed Ltd.) as well as 1% penicillin and
streptomycin (Gibco). The cells were grown at 37 °C in
an incubator containing 5% CO,. For osteogenic differ-
entiation, the cells were cultured in different well plates
with DMEM supplemented with 0.5 mM vitamin C,
0.1 pM dexamethasone and 10 mM [-glycerophosphate.
The culture medium was replenished every 3 days.
TWS119 and GANTS58 were pretreated to investigate
the signaling mechanism. Ti nanoparticles were added at
a proper concentration, which is similar to the concen-
tration of wear particles retrieved from the tissue sur-
rounding prosthetics [30, 31].

Cell proliferation and viability assay

The cytotoxicity of Ti nanoparticles, TWS119 and
GANT58 to MC3T3-E1 cells was assessed by cell
counting Kit-8 (CCK-8; Beyotime) according to the
manufacturer’s protocol. MC3T3-E1 cells were added
to 96-well plates (8000 cells per well), and followed by
Ti particles intervention at distinct densities and for
different days of culture. TWS119 and GANT58 were
added and cultivated for 3 days. Subsequently, the cul-
ture medium was replaced and incubated with DMEM
containing a 10% volume of CCK-8 solution again for
1 h at 37 °C. Lastly, the absorbance was measured at a
wavelength of 450 nm.
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Real-time PCR analysis

In accordance with the manufacturer’s instructions, total
RNA from different samples was extracted using TRI-
zol reagent (Beyotime). The concentration of RNA was
measured through a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific). Reverse transcription was
performed to synthesize complementary DNA (cDNA)
using 1 pg of isolated RNA according to the manufac-
turer’s protocol. To quantify expression of target genes,
synthesized cDNA was used as templates for real-time
PCR and each ¢cDNA sample was mixed with qPCR Mas-
ter Mix and primers listed in Additional file 1: Table S1.
Real-time PCR was performed in a CFX96" thermal
cycler (Bio-Rad Laboratories) with eight tubes (NEST
Biotechnology) that allowed amplification reactions.
Every sample detection was performed in triplicate, and
the fold change was calculated based on the comparative
27444 method according to a previously described pro-
tocol [32].

Western blot analysis

After different samples were harvested, cells were firstly
washed twice using PBS and lysed at 4 °C for 30 min
with radioimmunoprecipitation assay (RIPA; Beyo-
time) buffer. Then, following centrifuging the lysates
at 12,000 rpm for 30 min at 4 °C, the supernatant frac-
tions were collected. As directed by the manufacturer,
the concentration of protein was determined by using a
BCA kit (NCM Biotech, Soochow). A nuclear and cyto-
plasmic protein extraction kit (Beyotime) was applied to
extract nuclear protein and cytoplasmic proteins accord-
ing to the instructions provided by the manufacturer.
After that, approximately 15 pg of nuclear/cytoplasmic
or total cell proteins were resolved with sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE,
Beyotime) and transferred to a polyvinylidene fluoride
membrane (Bio-Rad Laboratories). After sealing with
blocking buffer, the membrane was incubated in primary
antibody solution, including antibodies against Runx2
(1:1000), OCN (1:1000), osterix (1:1000), pSer9-GSK-3f
(1:000), GSK-3B (1:000), Glil (1:500), B-Actin (1:1000),
B-tubulin (1:500), and Lamin-A (1:1000), at 4 °C for 12 h.
Then the membrane was washed 5 times with western
blot washing solution (Beyotime) before the secondary
antibody solution was added at a dilution ratio of 1:5000
for 60 min. Finally, protein bands images were visualized
using enhanced chemiluminescence (ECL, NCM Bio-
tech, Soochow). The quantitation of protein grey level
was achieved by Image Lab software Version 3.0 (Bio-
Rad, USA).
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Alkaline phosphatase (ALP) staining

In brief, MC3T3-E1 cells were performed alkaline phos-
phatase (ALP) staining at the day 7. Briefly, cells were
first fixed in 4% paraformaldehyde for 10 min. Then, cells
were washed 3 times with cold PBS at 4 °C. The BCIP/
NBT (Beyotime) working solution was subsequently
added and then incubated for 10 min. Images were cap-
tured by an inverted microscope (Zeiss). Absorbance was
assessed at a wavelength of 520 nm (BioTek Instruments,
Inc., USA) with an alkaline phosphatase quantification kit
(Jiancheng Bioengineering Institute, Nanjing, China), in
accordance with the manufacturer’s recommendations.

Alizarin red S staining

The MC3T3-E1 cells were incubated in osteogenic
medium for 21 days. Before staining, 4% paraformalde-
hyde was used to fix cells for 20 min. Incubation of cells
was performed in an Alizarin red S (ARS) solution (Cya-
gen Biosciences) at pH 4.2 for 40 min. The images were
taken after 3 times washing with ddH,O. After that, the
calcium nodules were treated with 5% perchloric acid
solution at 37 °C for 30 min, and the optical density was
assessed at 420 nm.

Cell immunofluorescence staining

MC3T3-E1 cells were seeded on coverslips in 24-well
plates in DMEM for 12 h and then cultured in osteogenic
differentiation medium with different interventions. Cells
were seeded in 24-well plates at a density of 2 x 10* per
well. After osteogenic differentiation, all cells on cover-
slips were fixed with 4% paraformaldehyde for 20 min,
followed by infiltration with 0.2% Triton X-100 (Beyo-
time) for 20 min. Blocking solution was then used to seal
the cells for 60 min. Further, the primary antibodies were
added and incubated at 4 °C for 12 h, including anti-OCN
(1:200), anti-Glil (1:500) and anti-Runx2 (1:200) antibod-
ies. Then, washing the cells 3 times by PBS and incubated
in the secondary fluorescent antibody (Alexa Fluor® 488)
and TRITC Phalloidin (Yeasen) for 1 h. Coverslips were
placed with fluorescence anti-fading solution containing
DAPI (Beyotime) on microscope slides. The images were
obtained by a fluorescence microscope (Zeiss). Nuclei
were stained with DAPI (blue), Glil, Runx2 and OCN-
positive cells are depicted in green. The actin cytoskel-
eton was stained with phalloidin in red. Cell nuclei were
identified using DAPI" regions and then colocalized
pixel-wise with green regions to assess the nucleus trans-
location level of Glil. A ratio of integrated density to the
area (IntDen/Area) was expressed as average fluores-
cence intensity using Image].
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Animals and surgical procedure of the particle-implanted
murine calvarial model

All experimental procedures in vivo were authorized by
the Animal Ethics Committee of the First Affiliated Hos-
pital of Soochow University (201905A116) and were per-
formed according to the guidelines of the Care and Use
of Laboratory Animals.

The well-established particle-implanted murine cal-
varial model was set up with 8-week-old male C57BL/6
mice. The details of the surgical operation are shown in
Additional file 1: Fig. S1. 40 mice in total weighing an
average of 20+2 g were used and randomly separated
into four groups (10 mice per group). All mice were anes-
thetized by intraperitoneal injection of 3% pentobarbital
sodium (60 mg/kg) prior to the operation. After shaving,
local disinfection was carried out with iodophor. After
cutting the skin, the periosteum on the surface of the
calvarias was scraped out. Then, 40 ul sterile phosphate
buffered saline (PBS) containing 40 mg Ti nanoparticles
was injected onto the calvaria surface. The sham group
was injected with 40 ul PBS only. Finally, sew and close
the incision. Mice received a daily intraperitoneal injec-
tion of TWS119 at a dose (10 mg/kg/day) in the TWS119
treatment group, TWS119 cotreated with GANT58 at a
dose (20 mg/kg/day) in the TWS119+ GANT58 group
and only equal volume of PBS and DMOS mixture in
sham and vehicle group. In brief, 40 mice were ran-
domly assigned to four groups (n=10 in each group):
sham operation group, vehicle group, TWS119 and
TWS119+ GANTS58 treatment group. All mice were
euthanized on day 14 following the operation and all cal-
varia were then harvested.

Micro-CT analysis

The calvaria were assessed by high-resolution micro-
CT (SkyScanl176, Belgium) at 9 pm, 50 kV, and 200 pA.
Before assessments, most of the Ti nanoparticles attached
to the calvaria surface were gently scraped off using a soft
gauze in order to avoid metal artifacts in following analy-
sis. A region of interest exposed to Ti particles which
located near the sagittal suture was analyzed and three-
dimensional (3D) images rebuilding was conducted. The
reconstruction program in SkyScan was applied to evalu-
ate the morphometric parameters (bone volume per total
volume (BV/TYV, %), bone surface per bone volume (BS/
BV, 1/mm), trabecular number (Tb. N, 1/mm), and total
porosity (%)).

Histological staining and analysis

All the calvaria were fixed in 10% formalin for a minimum
of 2 days. After assessment by high-resolution micro-CT,
the calvaria were decalcified with 10% ethylenediamine-
tetraacetic acid (EDTA, Sigma) for 28 days, embedded
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and sectioned into 6 pm sections. Lung, liver and kidney
tissues from the four groups were harvested immediately
after the mice were sacrificed and then fixed in 10% for-
malin. Next, they were embedded and sliced into 6 pm
sections. H&E staining was performed to investigate the
morphological changes of tissues following the manufac-
turer’s protocols.

A Masson trichrome staining kit (Leagene Biotech.
Co., Ltd, Beijing) was used following the manufacturer’s
protocols to evaluate the osteogenesis of new immature
collagen by detecting the blue area after coloration of
the tissues. The new immature collagen in the blue zone
implied new bone formation. Morphological analysis of
new immature collagen was performed through quantify-
ing the blue staining average area percentage (average%)
of five fields in each histopathologic section. The pictures
were captured through Axio-Cam HRC microscope (Carl
Zeiss, Germany).

Statistical analysis

All data were represented as a mean + standard deviation
and analyzed with GraphPad Prism 7.0 software (Graph-
Pad Software, Inc., USA). The Levene test was used to
examine the equality of variance. One-way ANOVA was
utilized to determine statistical significance for multi-
ple comparisons, and Student’s t-test was performed to
verify the significance of differences between two groups.
Differences were considered statistically significant at
p<0.05.

Results

Ti particles remarkably inhibited osteogenic capacity

First, to mimic the effect of Ti particles produced by
implant materials on osteogenic capacity, Ti nanopar-
ticles were chosen in this study. Firstly, the characteris-
tics of the Ti nanoparticles morphology was observed
by scanning electron microscopy (SEM, Additional
file 1: Fig. S2A, B). Most Ti particles had irregular mor-
phology, almost 80% of the particles ranged from 60 to
120 nm with a mean diameter of 90.32 +37.32 nm (Addi-
tional file 1: Fig. S2C) which were consistent with previ-
ous studies [33, 34]. The results of CCK-8 and inhibition
rate analysis showed that the Ti particles were not cyto-
toxic and inhibition effect when applied at a concen-
tration below 40 pg/cm? Ti particles over 1, 3 or 5 days
(Additional file 1: Fig. S3A-F). Hence, to investigate the
effect of Ti particles on osteogenic differentiation in vitro,
MC3T3-E1 cells were treated with 2.5 ug/cm? and 5 pg/
cm? Ti nanoparticles to generate the low- and high-dose
groups, respectively.
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The MC3T3-E1 cells were cultured in osteogenic
medium with (2.5 pg/cm? and 5 pg/cm?) or without
(0 pg/cm? Ti particle treatment. qRT-PCR analysis
(Fig. 1A—C) demonstrated that the transcript levels of the
osteogenic markers Runx2, OCN and Osterix were sig-
nificantly upregulated in the 0 ug/cm? group (osteogenic
induction alone) compared to the control group. How-
ever, transcription of these markers was downregulated
by Ti particle treatment in both 2.5 pug/cm?® and 5 ug/
cm? groups compared to the 0 pg/cm? group, especially
the 5 pg/cm? group. Furthermore, the results of western
blot and quantitative analysis were also consistent with
the qRT-PCR results (Fig. 1D and Additional file 1: Fig.
S4A-C). In addition, immunofluorescence staining was
further performed to verify these changes. As shown
in Fig. 1E, the expression of the secreted protein OCN
and the nuclear transcription factor Runx2 was remark-
ably increased in the 0 pg/cm? group, and Ti (5 pg/cm?)
treatment significantly decreased the fluorescence inten-
sity of Runx2 and OCN. Quantitative data of the average
fluorescence intensity were measured in Fig. 1H and I
and further indicated these effects. Our findings suggest
that the Ti particles inhibited osteogenic differentiation
marker transcription and protein expression in a dose-
dependent manner.

Next, we assessed ALP activity and bone mineralization
capacity of MC3T3-E1 cells upon Ti particles interven-
tion at different doses. Cells were cultured in osteogenic
medium with or without Ti particle treatment for 7 days
and 21 days and separately subjected to the ALP assay
and ARS. The ALP staining results showed that treatment
with low- and high-dose Ti particles strongly inhibited
the ALP activity of MC3T3-E1 cells (Fig. 1F). Quantita-
tive analysis indicated that the ALP activity was remark-
ably decreased by approximately 31.42% and 68.57% in
the 2.5 pg/cm? and 5 pg/cm? groups, respectively, com-
pared to the 0 pg/cm? group (Fig. 1J). Moreover, the ARS
staining analysis confirmed the inhibitory effect of the
Ti particles on bone mineralization capacity (Fig. 1G).
Consistent with the ARS images results, semiquantitative
analysis of the ARS results showed that the absorbance
was greatly decreased by approximately 23.2% and 53.9%
in the 2.5 pg/cm? and 5 pg/cm? groups, respectively,
compared to the 0 pg/cm? group (Fig. 1K). These results
suggest that the Ti particles inhibited the osteogenic dif-
ferentiation and mineralization capacity of the MC3T3-
E1 cells in a dose-dependent manner.

The Hh-Gli1 signaling cascade was inactivated by Ti
particle treatment

In view of the crucial role of the Hh signaling pathway in
embryonic development and the osteogenic differentia-
tion of bone tissue, we first assessed the expression level
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of Glil, which act as a crucial downstream transcription
factor of the Hh signaling pathway. MC3T3-E1 cells were
cultured in osteogenic medium with (2.5 pg/cm? and
5 pg/cm? groups) or without (0 pug/cm? group) Ti parti-
cles. As shown in Fig. 2A, qRT-PCR analysis revealed
that the mRNA level of Glil was remarkably upregulated
in 0 pug/cm? group compared to the control group. Mean-
while, the Glil mRNA level was also slightly upregulated
in both the 2.5 pug/cm? and 5 pg/cm? groups compared
to the 0 ug/cm? group. However, there was no significant
difference (p>0.05). Then, we further investigated the
protein expression of Glil under the same cell culture
conditions by western blot analysis. In contrast to Glil
mRNA expression level, Glil protein expression was sig-
nificantly downregulated upon treatment with Ti parti-
cles at the two concentrations (Fig. 2B, p<0.01). After the
nuclear and cytoplasmic proteins were separated, western
blot analysis was performed again. The results showed
that Glil protein in both the cytoplasm and nucleus were
obviously increased in the 0 pg/cm? group compared to
the control group. However, in the 5 ug/cm? group, it was
downregulated in both cytoplasm and nucleus, especially
in the nucleus, compared to the 0 ug/cm? group (Fig. 2C).
Quantitative analysis of the relative grey levels further
verified these changes (Additional file 1: Fig. S4D-F).
More importantly, the ratio of the nuclear Glil protein
levels was remarkably downregulated in the 5 pg/cm?
group compared to the 0 pg/cm? group (Fig. 2E). In order
to more intuitively evaluate the Glil nuclear transloca-
tion, cell immunofluorescence staining of Glil was per-
formed as previous studies [35, 36]. The results indicated
that Glil expression was obviously upregulated in the
0 pg/cm? group in both cytoplasm and nucleus. However,
5 ug/cm? Ti particle intervention significantly attenuated
this change and especially decreased the expression level
of Glil in the nucleus compared to that in the 0 pg/cm?
group (Fig. 2D). Quantitative analysis showed that the
average fluorescence intensity of Glil was remarkably
reduced in the 5 pg/cm? group compared to the 0 pg/
cm? group (Fig. 2F). These results demonstrated that
even though the Ti particles did not affect the transcrip-
tion level of Glil, they significantly reduced the protein
level in both the cytoplasm and nucleus, especially in the
nucleus. These results indicated that Ti particle treat-
ment could trigger Glil protein degradation and nucleus
translocation impairment at the posttranslational level.

GSK-3p activation driven by Ti particles participated

in degradation of the Gli1 protein

In fact, the regulatory mechanism of the Hh signaling
pathway is complex and remains unclear. Current stud-
ies have shown that Hh signaling may be regulated by
several conserved negative regulatory kinases which can
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Fig. 1 Ti particles remarkably inhibited the osteogenic capacity of MC3T3-E1 cells. A-C Runx2, OCN and Osterix mRNA levels. D Protein levels of
Runx2, Osterix and OCN. E Representative images of immunofluorescence staining; red (phalloidin), green (OCN and Runx2), and blue (nuclei). F, G
Representative images of ALP and ARS staining. H, | Quantitative analysis of the average fluorescence intensity of OCN and Runx2. J, K Quantitative
analysis of ALP activity and ARS recovery ratio. All groups except the control group were cultured in osteogenic medium. n=3 per group. *p < 0.05,
**p<0.01
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phosphorylate and inactivate Gli factors cooperatively
[21, 22, 37]. GSK3-f is a serine/threonine protein kinase
that has gained much attention for its role in a variety of
signaling pathways such as Wnt/p-catenin as well as the
Hh signaling pathway. Our previous study found that
Ti particle-induced osteolysis is partly dependent on
GSK-3p [38]. To investigate whether GSK-3p participates
in the inactivation of the Hh signaling pathway, we first
assessed the activity of GSK-3p under intervention by Ti
particles. Through the western blot analysis, the GSK-3p
protein level was found to be unaltered upon Ti particle
treatment. However, the level of phosphorylated GSK-3
(Ser9) was significantly reduced in a dose-dependent
manner (Fig. 3A). Quantitative analysis further verified
these changes (Additional file 1: Fig. S4G and H). These
effects eventually led to a decrease in the pSer9-GSK-3p/
GSK-3 ratio in both the 2.5 pg/cm? and 5 pg/cm? groups
compared to the 0 pg/cm? group (Additional file 1: Fig.
S41), suggesting that GSK-3p was markedly activated by
Ti particle stimulation.

To further determine whether GSK-3f was directly
involved in degradation of the Glil protein driven by Ti
particles during osteogenic differentiation of MC3T3-E1
cells, we next investigated Glil protein expression level
upon GSK-3f inactivation via treatment with TWS119
(a selective GSK-3B inhibitor). First, analysis with the
CCK-8 assay and inhibition rate revealed that treatment
with TWS119 at concentrations under 2 pM had no tox-
icity or inhibition of cell proliferation (Additional file 1:
Fig. S5A and B). Hence, treatment with 1 uM and 2 pM
TWS119 was selected as the conditions for the low- and
high-dose groups, respectively. The inhibitory effect of
TWS119 on GSK-3p activity was first verified by western
blot analysis (Fig. 3B). MC3T3-E1 cells were pretreated
with or without TWS119 (a GSK-3p inhibitor, 1 pM and
2 uM) for 4 h and then cultured in osteogenic induction
medium supplemented with 5 pg/cm? Ti particles. West-
ern blot analysis demonstrated that the pSer9-GSK-3p/
GSK-3p ratio was significantly decreased in the Ti group,
but this change was markedly reversed by treatment
with TWS119 at both concentrations of 1 pM and 2 pM.
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Quantitative analysis further verified these changes
(Additional file 1: Fig. S6A-C). Next, the Glil protein
expression level upon GSK-3f inactivation was further
investigated by western blot analysis (Fig. 3C). After the
nuclear and cytoplasmic proteins had been separated,
the results showed that 2 pM TWS119 treatment sig-
nificantly increased Glil protein levels in both the cyto-
plasm and nucleus, especially in the nucleus, compared
with those in the Ti group. Quantitative analysis of rela-
tive grey level and the nuclear Glil protein ratio further
verified these changes (Additional file 1: Fig. S6D, E and
Fig. 3]). As shown in Fig. 31, immunofluorescence stain-
ing showed that Glil was strongly expressed and mainly
localized in the nucleus after osteogenic differentiation
in the control group. However, its expression level in the
nucleus was mostly decreased upon Ti treatment, which
indicated that the nuclear translocation of Glil was sig-
nificantly inhibited. Treatment of TWS119 cells with or
without Ti particles greatly increased the Glil expression
level in both the cytoplasm and nucleus, especially in the
nucleus, compared with that in the Ti groups. Quantita-
tive analysis of the average fluorescence intensity of Glil
further verified these changes (Fig. 3K). These results
demonstrated that TWS119 could promote the accumu-
lation and nuclear translocation of Glil by reducing deg-
radation of the Glil protein driven by active GSK-3.

Activation of the Hh signaling pathway by GSK-3f
inactivation strongly enhanced osteogenic differentiation
and osteogenesis capacity upon Ti particle treatment

We next observed the capacity of MC3T3-E1 cells to
undergo osteogenic differentiation following activation of
the Hh signaling pathway by GSK-3f inactivation. qRT-
PCR analysis showed that the mRNA expression of Glil
was not significantly affected by Ti particles or TWS119
treatment (Fig. 3E). Ti treatment significantly decreased
the mRNA levels of the osteogenic-related genes OCN,
Osterix and Runx2. However, 2 pM of TWS119 treat-
ment (TWS119 group) markedly increased the mRNA
levels of these genes even cotreatment with 5 pg/cm? Ti
particles (Ti particles+TWS119 group), compared to
their levels in the Ti group (Fig. 3F—H). Moreover, west-
ern blot analysis showed that 2 uM TWS119 treatment
remarkably increased the expression of the osteogenic-
related proteins OCN, Osterix and Runx2 even cotreat-
ment with 5 pg/cm? Ti particles, compared to their levels
in the Ti group (Fig. 3D). Quantitative analysis of the
relative grey levels further verified these changes (Addi-
tional file 1: Fig. S6F—H).

As shown in Fig. 4A, the expression of Runx2 and
OCN was further investigated by cell immunofluores-
cence staining upon activation of the Hh signaling path-
way by GSK-3f inactivation. Ti (5 pg/cm?) treatment
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significantly decreased the average fluorescence intensity
of Runx2 and OCN. However, TWS119 markedly upreg-
ulated Runx2 and OCN expression (TWS119 group)
even cotreated with Ti particles (Ti+TWS119 group),
compared to that in the Ti group. The results of quanti-
tative analysis of the average fluorescence intensity were
shown in Fig. 4D-E; these data further proved these
evident effects. In addition, the results of ALP staining
and ARS staining showed that treatment with TWS119
(TWS119 group) and even cotreated with Ti particles
(Ti+TWS119 group) greatly increased ALP activity and
bone mineralization capacity (Fig. 4B and C). The quanti-
tative analysis of ALP activity and semiquantitative anal-
ysis of the ARS results further confirmed these changes
(Fig. 4F and G). These results suggested that activation
of the Hh signaling pathway by GSK-3p inactivation
strongly enhanced osteogenic differentiation and osteo-
genesis capacity after Ti particle treatment.

Hh-Gli1 signaling blockade attenuated the therapeutic

effects of GSK-3p inactivation on osteoblast differentiation
To further verify the therapeutic mechanism of GSK-3f
inactivation on Hh-Glil signaling pathway activation
in Ti particle-induced osteogenic inhibition, MC3T3-
E1l cells were co-cultured with GANT58 (a selective
inhibitor of Glil) to block Glil as previous studies [39,
40]. First, analysis of the CCK-8 assay and inhibition
rate revealed that concentrations below 20 pM had no
toxicity or inhibited cell proliferation (Additional file 1:
Fig. S7A and B). Hence, 10 uM was selected as the con-
centration used for the GANT58-treated group. Next,
the qRT-PCR analysis demonstrated that TWS119
significantly increased osteogenic-related gene tran-
scription upon Ti particle intervention. However, the
therapeutic effects of TWS119 were obviously reversed
through treatment of exogenous GANT58 (Fig. 5A-C).
Consistent with these findings, western blot analysis
further verified that GANT58 impaired the positive
effects of TWS119 on the protein expression of osteo-
genic genes compared to Ti+ TWS119 group (Fig. 5D).
Moreover, as shown in Fig. 5D, the protein expression
of Glil was remarkable decreased in Ti group but obvi-
ously increased by TWS119 treatment. However, these
changes were strongly blocked by exogenous GANTS58.
Quantitative analysis further verified these changes
(Fig. 5G-J). In addition, the expression of OCN and
Runx2 was further investigated by cell immunofluores-
cence staining (Fig. 6A). Ti particle (5 pg/cm?) treat-
ment significantly decreased the fluorescence intensity
of Runx2 and OCN. TWS119 markedly upregulated
Runx2 and OCN expression upon Ti particle treatment
compared to that in the Ti group. However, coculture
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with GANTS58 significantly abrogated the protective
effect of TWS119 compared to Ti+TWS119 group.
The results of quantitative analysis of the average flu-
orescence intensity shown in Fig. 6B and C and fur-
ther proved these effects. The results of ALP and ARS

staining showed that treatment with TWS119 greatly
enhanced ALP activity and the capacity of MC3T3-
E1 cells undergoing bone mineralization (Fig. 5E and
F). However, coculture with GANTS58 significantly
reversed the protective effect of TWS119 compared to
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Fig. 5 Hh-Gli1 signaling blockade attenuated the effects of GSK-33 inactivation on osteogenic differentiation. A-C Runx2, Osterix and OCN mRNA
levels. D Protein levels of GliT, Runx2, Osterix and OCN. E, F Representative images of ALP and ARS staining. G-J Quantitative analysis of the relative
grey levels of Gli1, Runx2, Osterix and OCN. K, L Quantitative analysis of ALP activity and ARS recovery ratio. The four groups were cultured in
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Ti+TWS119 group. The results of quantitative analy-
sis of ALP activity and semiquantitative analysis of the
ARS results further confirmed these changes (Fig. 5K
and L). Our findings revealed that the therapeutic
effects of GSK-3p inactivation on cell differentiation
were mediated by the Hh-Glil signaling pathway.

The Hh-Gli1 signaling cascade is involved

in a GSK3B-mediated mechanism in a murine calvarial
osteolysis model

In order to confirm the mechanism of bone loss involved
GSK-3p-mediated Hh-Glil signaling pathway in vivo, a
murine calvarial osteolysis model generated by Ti par-
ticle injection was performed to mimic the molecular
pathogenesis in vivo. Micro-CT analysis was performed

to assess the bone mass and degree of osteolysis within
a region of interest (ROI) of calvaria exposed to Ti par-
ticles. The 2D and 3D reconstructed images showed that
calvaria from the vehicle group was extensively eroded.
Daily injection of TWS119 (10 mg/kg, i.p.) strongly allevi-
ated particle-induced bone erosion. However, the protec-
tive effect of TWS119 was blocked by GANT58 (20 mg/
kg, i.p.) treatment (Fig. 7A). More specifically, micro-CT
analysis showed that TWS119 treatment significantly
decreased bone destruction and loss, which was charac-
teristic of the vehicle group. Meanwhile, changes in tra-
becular bone parameters, including the BV/TV, BS/BV,
Tb. N and total porosity were also significantly abrogated
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in the TWS119-treated group compared to the vehicle
group. However, these therapeutic effects were dramati-
cally decreased in the GANT58 cotreatment group com-
pared to TWS119-treated group (Fig. 7B—E). In addition,
H&E staining of the lung, liver and kidney showed no
toxicity in any of the groups of mice (Additional file 1:
Fig. S8A). These findings suggested that inactivation
of GSK-3p protected against Ti particle-induced bone
destruction in a murine calvarial model via the Hh-Glil
signaling cascade.

Histological analysis of bone destruction and osteogenic
capacity in vivo

To further explore the degree of bone erosion and oste-
ogenic capacity in the different groups in vivo, histo-
logical H&E and Masson staining were performed. In
particular, the Masson trichrome staining kit was used

to evaluate the osteogenesis of new immature colla-
gen by detecting the blue zone after coloration of the
tissues. The new immature collagen in the blue zone
indicated new bone formation. H&E staining showed
extensive erosion and fibrosis proliferation on the cal-
varial surface in the vehicle group compared to the
sham group. TWS119 treatment markedly alleviated
this bone erosion and fibrosis. However, cotreatment
with TWS119 and GANT58 had no significant protec-
tive effect against bone erosion and fibrosis induced
by the Ti particles (Fig. 8A). Next, we further quanti-
fied the eroded bone surface to total bone surface (EBS/
BS) ratio and bone thickness (BT). The results showed
that the EBS/BS ratio remarkably increased in the vehi-
cle group. However, this change was markedly rescued
by treatment with TWS119. In contrast, there was no
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significant difference in the EBS/BS ratio between
the vehicle and TWS119 and GANT58 cotreatment
groups (Fig. 8C). In addition, quantitation of the BT
value showed that Ti particle implantation significantly
decreased the BT of the calvaria compared with that in
the sham group. TWS119 treatment clearly rescued the
decrease in BT compared to BT in the vehicle group.
In contrast, cotreatment with TWS119 and GANT58
had no significant effect on BT compared to that in the
vehicle group (Fig. 8D). Next, the results of Masson
staining showed that the growth of new immature col-
lagen fibers in murine calvaria was obviously decreased

in the vehicle group, but TWS119 treatment strongly
enhanced collagen fiber formation. However, no signifi-
cant increase in collagen fiber formation was observed
in the TWS119 and GANT58 cotreatment groups
(Fig. 8B). Quantitative analysis of the collagen volume
fraction further confirmed these changes (Fig. 8E). The
results of these histological analysis demonstrated that
GSK-3p inactivation by TWS119 protected murine cal-
varia from Ti particle-induced erosion and promoted
osteogenic capacity partly via Hh-Glil signaling in vivo.
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Fig. 8 Histological analysis of bone destruction and osteogenic capacity in vivo. A, B Representative images of H&E and Masson trichrome staining.
C-E Quantitative analysis of EBS/BS, bone thickness (mm) and collagen volume fraction (%). n=6 per group. *p <0.05, **p < 0.01, ns: no significance

Discussion

In recent years, surface engineering of titanium using
nanotopography to regulate cell behavior has attracted
many research attention. Many studies showed that the
nano-scale modification of titanium surfaces such as
nanotube structures have positive effect on osteogenesis
and bone formation onto the implants through enhanc-
ing the adsorption of protein, osteogenic cell migration,

angiogenesis [41-43]. More specifically, Yao Lin et.al
investigated different sizes of titanium nanotubes on
osteogenesis and impressively revealed that nanotube
diameter of 70 nm provided an encouraging microenvi-
ronment for osteogenic differentiation which involved a
mechanism of betal-integrin/Hedgehog-Glil signaling
activation [44, 45]. However, free nanoparticles generated



Wang et al. Journal of Nanobiotechnology ~ (2022) 20:148

owing to attrition of orthopedic implants surface demon-
strated a reverse effect in local bone homeostasis instead.
Recently, nanosized wear particles below 0.1 pm were
found both in joint simulators and periprosthetic tissues
[46, 47]. More and more studies revealed the key role of
wear nanoparticles in osteolysis diseases [48, 49]. Stud-
ies also demonstrated that titanium nanoparticles do
not only influence MSCs enzymes activity but also con-
tribute to cytotoxic and genotoxic effects [50-52]. In
addition, a study of intra-articular injection of nanopar-
ticles revealed that the aggregated titanium nanoparticles
deposited could result in oxidative damage in local join
tissue [53]. Zhang et al. demonstrated that titanium nan-
oparticles can participate in inflammatory response and
affect local bone homeostasis [34]. The present results
indicated that the wear particles retained have negative
potential effects on bone biological function.

Obviously, a series of biological reactions induced by
wear particles in periprosthetic osteolysis have aroused
extensive interest of scholars. Previous studies have
extensively explored the underlying mechanisms of
wear particles induced osteoclast activation. Target-
ing the abnormal bone resorption effects of osteoclasts,
several active molecules, such as bisphosphonates and
denosumab, which can act on osteoclast inhibition have
been showed to be promising therapies on peripros-
thetic osteolysis. Nevertheless, it has been noted that
long-term use of these medications comes with serious
side effects, including atypical fractures of the femur and
osteonecrosis of the jaw. Furthermore, considering that
the maintenance of bone homeostasis relies on the dual
regulation of osteoblasts and osteoclasts, the therapeu-
tic efficacy against PPO of cures targeting only osteo-
clasts remains limited. In recent years, as the increasing
attention paid to the role of osteoblast in periprosthetic
osteolysis, scholars found that new biomaterial strategies
targeting osteogenesis can significantly improve the bone
integration capacity and prevented implant loosing [54,
55]. Wu et al. found that the blockade of wear particle-
induced apoptosis and NF-kB activation in osteoblasts
could clearly reduce osteolysis and increase the stability
of the prosthesis [56]. In addition, our previous studies
showed that relieving the inhibitory effect of Ti parti-
cles on osteoblasts could significantly alleviate particle-
induced osteolysis [57, 58]. In view of alleviating the wear
particle-induced reduction in periprosthetic osteogenesis
is crucial for the prevention and treatment of PPOQ, it is
necessary to further explore the molecular mechanisms
underlying particle-induced osteogenic inhibition.

Hh signaling pathway in bone tissue during embry-
onic development and in maintaining bone homeostasis
has received increasing attention in recent years. Previ-
ous studies showed that the Hh-Gli1 signaling pathway is
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crucial in mesenchymal progenitors, which are responsi-
ble for both normal bone formation and fracture repair
[59]. Meanwhile, selective Hh signaling inhibition was
shown to reduce the osteoblast differentiation and
ectopic bone formation of human skeletal MSCs, indicat-
ing that targeting the Hh-Glil pathway may act as a ther-
apeutic treatment in these diseases [60]. Lv et al. further
summarized the important mechanistic role of Hh sign-
aling in osteoblast development [25]. The pathological
changes that occur in osteoblasts under particle interven-
tion are complex and may involve a variety of signaling
pathways. Therefore, considering the crucial role of the
Hh signaling pathway in the proliferation and differen-
tiation of osteoblasts, we are greatly interested in deter-
mining whether the Hh signaling pathway is involved
in osteogenic inhibition upon intervention with wear
particles.

As Gli proteins acted as a key transcription factor in Hh
signaling and controls downstream target gene expres-
sion, the posttranslational modification and degrada-
tion of Gli proteins are crucial for the function of the Hh
pathway. Studies have reported that full-length Gli (155)
can be posttranslationally modified via negative kinases
such as PKA, GSK-3p and CKI family members (CKla
and CKle) and then cleaved to shorter forms (75). Gli-75
retains the zinc finger DNA-binding domain of Gli pro-
teins but lacks the transactivation domain and nuclear
export sequences. Thus, only unmodified full-length Gli
proteins can accumulate in the nucleus as transcriptional
activators. GSK-3p phosphorylation sites are required
for the proteolysis of Gli proteins. The hyperphospho-
rylation of Gli proteins triggers ubiquitination and pro-
teasome-mediated protein degradation [21, 37]. In our
study, we focused on the negative regulatory effect of
GSK-3p on the Hh-Glil signaling pathway. Studies have
shown that the biological effects of GSK3- are mainly
exerted through its participation in the phosphorylation
of substrates. Specifically, the phosphorylation state of
the GSK-3 site can regulates the activity of GSK-3p, and
GSK-3p activity could be negative regulated by phospho-
rylation at the N-terminal serine residue (Ser9) [61]. In
addition, studies reported that activated GSK-3p could
phosphorylate Glil, and phosphorylated Glil was fur-
ther degraded by the proteasomal degradation pathway
[23, 62]. Considering the interaction between the nega-
tive effect of GSK-3p and the Hh-Glil signaling pathway
in various cell types shown in previous studies, whether
GSK-3p is involved in osteogenic inhibition by mediating
the Hh-Gli1 signaling cascade in osteoblasts has received
considerable attention.

Here, we investigated the role of Ti particles at differ-
ent concentrations on the proliferation and osteoblast
differentiation of MC3T3-E1 osteogenic precursor cells
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and then determined the mechanism of osteogenic inhi-
bition caused by Ti nanoparticles in vitro and vivo. We
revealed that Hh signaling was potently inhibited in par-
ticle-induced osteogenesis and that GSK-3p was potently
activated in vitro. More importantly, GSK-3f inactiva-
tion by a selective inhibitor (TWS119), which promoted
pSer9-GSK3pB transformation, thus decreasing the
GSK-3pB/pSer9-GSK-3p ratio, greatly reversed Hh-Glil
impairment, enhanced osteogenic capacity in vitro, and
ameliorated Ti particle-induced bone destruction in a
murine calvarial model. However, this therapeutic effect
was blocked by treatment with a selective inhibitor of
Glil (GANT58) in vitro and in vivo. In summary, we have
ultimately concluded that Ti particles can inhibit osteo-
genesis through the posttranslational modification and
degradation of members of the Hh-Glil signaling path-
way and that the mechanism involves GSK-3p activation.
Therapeutic strategies based on regulation of the Hh-
Glil signaling cascade mediated by GSK3p are expected
to inspire new ideas for the treatment of PPO.

In general, several limitations are existed in our study.
Ti particles were used to mimic the wear particles pro-
duced by artificial joint prostheses; the friction interface
was mainly formed of metal and polyethylene, and the
produced particles were mainly polyethylene particles.
However, given our proficiency in generating Ti parti-
cle-induced osteolysis models in vivo and in vitro and
because Ti particles represent an important pathologi-
cal factor in osteolysis, we used Ti particles to treat the
vehicle group despite any potential limitations. In addi-
tion, the pathogenesis of Ti particle- and polyethylene
particle-induced osteolysis are similar, the bone destruc-
tion resulted by these particles were both regulated via
bone metabolism. Further studies using an osteolytic
animal model that closely mimics the clinical features of
PPO are warranted to confirm our findings. In addition,
the in vitro findings showing that the Hh-Glil signaling
cascade involves a GSK3p-mediated mechanism were not
further validated in a murine calvarial model, except to
validate the therapeutic effect of TWS119 and demon-
strate that this therapeutic effect could be eliminated by
selective inhibitors of Glil (GANT58). In our following
studies, we will further carry out verification and exam-
ine the Hh-Glil signaling cascade in vivo in addition to
clinical research focused on the Hh-Glil pathway and
whether it can affect other cells involved in bone metabo-
lism, such as bone immune cells and osteoclasts, through
osteoblast-secreting factors or other methods.
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Conclusion

Comprehensively, our findings indicated that Hh-Glil
signaling impairment exerts a crucial role in Ti particle-
induced osteogenesis inhibition. The abnormal increase
in GSK-3p activity mediated the inactivation and deg-
radation of the Glil transcription factor, resulting in a
decrease in the nuclear translocation level. Inactivation
of GSK-3p kinase can enhance osteogenesis capacity
through the Hh signaling pathway. These results could
reveal a potential therapeutic strategy against wear par-
ticle-induced PPO.
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