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Wear particles may induce osteoclast formation and osteoblast inhibition that lead to
periprosthetic osteolysis (PPOL) and subsequent aseptic loosening, which is the primary
reason for total joint arthroplasty failure. Local bone renin-angiotensin system (RAS) has been
found to participate in the pathogenic process of various bone-related diseases via promoting
bone resorption and inhibiting bone formation. However, it remains unclear whether and how
local bone RAS participates in wear-particle-induced PPOL. In this study, we investigated the
potential role of RAS in titanium (Ti) particle-induced osteolysis in vivo and osteoclast and
osteoblast differentiation in vitro.We found that the expressions of AT1R, AT2R andACE in the
interfacemembrane frompatientswith PPOLand in calvarial tissues fromamurinemodel of Ti-
particle-induced osteolysis were up-regulated, but the increase of ACE in the calvarial tissues
was abrogated by perindopril. Moreover, perindopril mitigated the Ti-particle-induced
osteolysis in the murine model by suppressing bone resorption and increasing bone
formation. We also observed in RAW264.7 macrophages that Ang II promoted but
perindopril suppressed Ti-particle-induced osteoclastogenesis, osteoclast-mediated bone
resorption and expression of osteoclast-related genes. Meanwhile, Ang II enhanced but
perindopril repressed Ti-particle-induced suppression of osteogenic differentiation and
expression of osteoblast-specific genes in mouse bone marrow mesenchymal stem cells
(BMSCs). In addition, local bone RAS promoted Ti-particle-induced osteolysis by increasing
bone resorption and decreasing bone formation through modulating the RANKL/RANK and
Wnt/β-catenin pathways. Taken together, we suggest that inhibition of RASmay be a potential
approach to the treatment of wear-particle-induced PPOL.

Keywords: periprosthetic osteolysis, renin-angiotensin system, titanium particles, perindopri, RANKL and wnt/
β-catenin signaling pathways

INTRODUCTION

Total joint arthroplasty (TJA) is widely used for the treatment of end-stage joint diseases, which
could significantly relieve pain in patients and improve joint function (Learmonth et al., 2007).
However, aseptic loosening, initiated by periprosthetic osteolysis (PPOL) induced by wear particles,
is the primary reason for prosthesis failure (Wang Q. et al., 2020). Increasing evidence indicates that
wear particles released from the surface of prostheses, such as titanium (Ti) particles, promote bone
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resorption by inducing excessive activation of osteoclast, leading
to PPOL and subsequent aseptic loosening (Hu et al., 2017; Liao
et al., 2021). Furthermore, recent studies have shown that Ti
particles induce PPOL by inhibiting bone formation (Wang et al.,
2016; Wang L. et al., 2020). Nevertheless, the precise mechanism
underlying the pathogenesis of wear-particle-induced PPOL has
not been elucidated, and effective prophylactic therapies for this
morbidity are not available.

The renin-angiotensin system (RAS), a circulating endocrine
system, has an important role in regulating blood pressure and
electrolyte homeostasis. It also plays a crucial part in regulating
the remodeling in various organs and tissues, including the bone
tissues and synovial tissues (Zhao et al., 2019; Zhang et al., 2020).
In both systemic and local RAS, angiotensin II (Ang II) is a major
biologically active hormone, which is converted from angiotensin
I (Ang I) by angiotensin converting enzyme (ACE). It functions
through angiotensin type 1 and type 2 receptors (AT1R and
AT2R). Studies have shown that the main components of RAS,
including ACE, AT1R, and AT2R, are expressed in human and
animal bone and synovial tissues, and participate in many
osteolytic diseases such as rheumatoid arthritis, avascular
necrosis of the femoral head, and osteoporosis through
modulating bone resorption and bone formation (Zhang et al.,
2014; Akagi et al., 2020; Mo et al., 2020). Wang et al. (2018)
demonstrated that the RAS components were expressed and up-
regulated in synovial tissues of rheumatoid arthritis patients and
collagen-induced arthritis rats, and that aberrant activation of
RAS in synovial tissues participated in the pathogenesis of
rheumatoid arthritis by increasing bone resorption and
decreasing bone formation. Zhou et al. (2017) found that bone
RAS increased bone resorption and decreased bone formation by
promoting osteoclast differentiation and repressing osteoblast
formation, which eventually resulted in osteopenia in
ovariectomized mice. Zhang et al. (2014) revealed that
activation of local bone RAS could be a significant reason for
steroid-induced osteonecrosis in rabbits. In line with this, our
previous work identified that local bone RAS inhibited bone
formation and stimulated bone resorption in glucocorticoid-
induced osteoporosis (Yongtao et al., 2014). Of note, Zhang
et al. (2011) found that a low-dose of captopril decreased the
production of osteolytic inflammatory cytokines by down-
regulating the expressions of RAS components, thereby
inhibiting Ti-particles-induced inflammatory osteolysis which
was a potential mechanism of the pathogenesis of PPOL.
However, little is known about how local bone RAS
participates in regulating the process of wear-particle-induced
bone destruction and osteogenic inhibition, as well as
subsequent PPOL.

Receptor activator of nuclear factor-κB ligand (RANKL) is an
important factor for the formation and activation of osteoclasts.
Binding of RANKL to its receptor, RANK, activates nuclear factor
(NF)-κB by recruiting adaptor molecules, including tumor
necrosis factor receptor-associated factor 6 (TRAF6). This in
turn leads to the activation of downstream signaling
transcriptional factors, such as C-FOS and nuclear factor of
activated T-cells 1 (NFATC1), which up-regulates the
expression of osteoclast-related genes and promotes the

maturation and activation of osteoclast (Gohda et al., 2005;
Park et al., 2017). Osteoprotegrin (OPG), a competitive
antagonist of RANKL, can block the combination of RANKL
and RANK, thereby inhibiting the formation and activity of
osteoclast (Tsukasaki et al., 2020). The RANKL-RANK
signaling pathway is a crucial one among the many signaling
pathways that regulate osteoclast formation and activation. It has
been proved to promote osteoclastogenesis in wear-particle-
induced PPOL (Wu et al., 2015; Zhu et al., 2017; Wei et al.,
2020). Moreover, the effect of local bone RAS on osteoclast has
been reported to be closely related to the RANKL-RANK
signaling pathway (Shimizu et al., 2012; Wang et al., 2018).
For example, Shimizu et al. (2008) demonstrated that local
bone RAS activated the RANKL-RANK signaling pathway and
promoted osteoclast formation and activation when RANKL
interfered with osteoclast precursor cells. Tanaka et al. (2018)
indicated that bone RAS induced the expressions of RANKL and
osteoclast genes, and promoted osteoclast formation and bone
resorption.

The Wnt/β-catenin signaling pathway is crucial for osteogenic
differentiation and bone formation (Molagoda et al., 2019; Chu
et al., 2020; Zhou et al., 2020). Recent studies have demonstrated
that local RAS suppresses bone formation and osteogenic
differentiation through modulating the Wnt/β-catenin pathway
(Tanida et al., 2013; Klavdianou et al., 2017). In our previous
works, we observed that Ang II, the main component of RAS,
inhibited osteogenic differentiation of isolated fibroblast-like
synovial cells by increasing DKK-1, a potent inhibitor of the
canonical Wnt/β-catenin signaling (Zhang et al., 2020), and
activation of RAS in the synovium promoted periarticular
osteopenia by increasing bone resorption and decreasing bone
formation through regulating the RANKL/RANK/TRAF6 and
Wnt/β-catenin signaling pathways (Wang et al., 2018). Moreover,
studies on wear-particle-induced PPOL suggest that the
inhibition of bone formation induced by wear particles is
regulated by the Wnt/β-catenin signaling pathway (Wang
et al., 2016; Ping et al., 2017; Wang et al., 2021).

In spite of the extensive existing studies, it remains unclear
whether and how local bone RAS participates in wear-particle-
induced PPOL and the potential mechanism in this pathogenesis.
In the present study, we investigated whether local bone RAS
participated in Ti-particle-induced osteoclastogenesis of
RAW264.7 macrophages, suppression of osteogenesis of mouse
bone marrow mesenchymal stem cells (BMSCs), and mouse
calvarial osteolysis. We further investigated the potential roles
of the RANKL/RANKL andWnt/β-catenin signaling pathways in
Ti-particle-induced osteolysis.

MATERIALS AND METHODS

Patients and Samples
The present study was approved by the Ethical Committee of the
Affiliated Hospital of Qingdao University, China. All the patients
agreed to donate interface membrane or synovium, and provided
with written informed consent. Interface membrane samples
were obtained from four patients with PPOL who underwent
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revised total hip arthoplasty (one female and three males; age
65–78 years). Synovial tissue samples were obtained from four
patients with femoral neck fracture who underwent total hip
arthoplasty (one female and three males; age 60–72 years).
Interface membrane and synovial tissue samples were used
separately in three independent experiments for each of the
assays described below (n � 3 per sample). Part of each tissue
sample was fixed in 4% paraformaldehyde and embedded in
paraffin for hematoxylin and eosin (H&E) staining and
immunohistochemistry. The remaining tissues were frozen and
stored at −80°C for Western blot and reverse-transcription
quantitative polymerase chain reaction (RT-qPCR) analysis.

Preparation of Ti Particles
Commercial pure Ti particles with an average diameter of 4 μm
were purchased from Alfa Aesa (Catalog #00681, Tewksbury,
United States). To eliminate endotoxin, the particles were baked
for 6 h at 180°C and washed in 75% ethanol for 48 h before
suspension and storage in sterile phosphate-buffered saline (PBS)
at 4°C (Ren et al., 2019). After that, the particle suspension was
sterilized using a high-pressure sterilizer and only particles free of
endotoxin were used in the subsequent experiments.

Titanium-Particle-Induced Mouse Calvarial
Osteolysis Model
To determine the effect of bone local RAS on Ti-particle-induced
osteolysis in vivo, a mouse calvarial osteolysis model was
established as previously described (Zhai et al., 2014; Shao
et al., 2015). Briefly, 30 healthy 8 week-old male C57BL/6J
mice were randomly assigned to three groups (n � 10): sham
PBS control (sham group), Ti particles with PBS (Ti group), and
Ti particles with perindopril (Ti + Peri group). After anesthesia,
the calvarial periosteum was separated and 20 mg of pretreated Ti
particles was embedded under the periosteum at the middle
suture of the calvarium in the Ti group and the Ti + Peri
group. In the sham group, the incision was closed without
further intervention. During the next 2 weeks, mice in the Ti
+ Peri group were injected intraperitoneally with perindopril
(Servier, France, 20 mg/kg/day), while those in the sham and Ti
groups were injected with the same dose of PBS. Three mice from
each group were selected randomly and injected intraperitoneally
with calcein (20 mg/kg, Sigma) and alizarin red (40 mg/kg,
Sigma) 10 and 3 days before sacrifice, respectively, to identify
newly formed bone. Calvarial tissues were used separately in three
independent experiments for each of the assays described below
(n � 3 per group). Part of the calvarial tissues were fixed in 80%
ethanol for 3 days and embedded in methyl methacrylate. Some
tissues were fixed with 4% paraformaldehyde for micro-CT
analysis, and were then decalcified in 10% EDTA and
embedded in paraffin for histological analysis. The remaining
tissues were frozen and stored at −80°C for further analysis. The
animal experimental procedures complied with the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health. The research protocols were
approved by the Ethical Committee of Animal Experiments of
Qingdao University.

Micro-CT Scanning
The fixed calvarial tissues were analyzed using the micro-CT
Skyscan 1276 system (Bruker, Germany). The scanning protocol
was set at an isotropic voxel size of 6.53 μm, X-ray energy settings
of 85 kV and 200 uA, and an exposure time of 400 ms, with a
rotation in equiangular steps of 0.9° following an angle of 180°.
The wear particles were removed before scanning to avoid metal
artifacts. Reconstruction was accomplished by Nrecon (version
1.7.3.0). A volume of interest (VOI) of 3 mm × 3 mm × 1 mmwas
selected for further quantitative analysis. The bone volume to
tissue volume ratio (BV/TV), bone mineral density (BMD), and
total porosity of each sample were obtained using CT Analyser
software (Skyscan). The experiment was performed in triplicate.

Histological and Histomorphometric
Analysis
The paraffin-embedded calvarial tissue sections (4 μm) were
prepared for H&E staining and tartrate resistant acid
phosphatase (TRAP) staining. The TRAP staining was
performed using a commercial TRAP kit (Nanjing Jiancheng
Biotechnology). The specimens were observed and photographed
under a high-quality microscope. The number of TRAP-positive
multinucleated osteoclasts, the ratio of osteoclast surface to bone
surface (OCs/BS) and the ratio of eroded surface to bone surface
(ES/BS) were analyzed. The experiment was performed in
triplicate.

Fluorescence Calcein and Alizarin Red
Labeling
The methyl methacrylate-embedded undecalcified calvarial
tissues were cut into 5 μm sections, and calcein/alizarin red
labeling was captured using a fluorescence microscope (EVOS
FL, Invitrogen by Thermo Fisher Scientific, German). Bone
formation and bone mass parameters, including mineral
apposition rate (MAR), bone formation rate per bone surface
(BFR/BS) and ratio of mineralizing surface to bone surface (MS/
BS), were evaluated. The experiment was performed in triplicate.

Cell Culture and Treatment
Mouse RAW264.7 macrophages were purchased (ATCC,
Manassas, United States) and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS, Gibco, Grand Island, United States), 1% penicillin (Gibco,
United States) and 1% streptomycin (Gibco, United States) at
37°C in 5% CO2 and 95% humidity. Mouse BMSCs used in this
study were isolated and purified as previously described (Huang
et al., 2015), and the experimental protocols were approved by the
institutional animal care and use committee. Briefly, mice were
euthanized and their hind limbs were aseptically resected
immediately. The soft tissues and ends of the hind limbs were
removed, and the marrow tissues of both the femur and tibia were
flushed with low glucose DMEM containing 20% fetal bovine
serum, 1% penicillin and streptomycin. Cells were seeded into
6 cm2 cell culture flasks and incubated at 37°C in 5% CO2 and
95% humidity. Non-adherent cells were removed when the
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medium was changed every 3 days, while adherent cells were
cultured until 70–80% confluence and then passaged. Cells from
passages 3–5 were used in subsequent experiments. RAW264.7
macrophages and mouse BMSCs were used separately in three
independent experiments for each of the assays described below.
In the following steps, Ang II (MedChemExpress, 10 um) or
perindopril (Servier, France, 1 um) was dissolved in sterile water
and added to the culture medium with or without addition of Ti
particles (0.1 mg/ml). For the control groups, only sterile water
was added.

Osteoclastogenesis In Vitro
RAW264.7 macrophages were cultured in 96-weel plates at a
density of 1 × 104 cells/well with complete DMEM overnight.
Then, 50 ng/ml M-CSF (R&D Systems, Minneapolis, MN,
United States) and 100 ng/ml RANKL (R&D Systems,
Minneapolis, MN, United States) were added into the
medium, with the addition of sterile water and/or Ti particles
in the presence or absence of Ang II (10 um) or perindopril
(1 um). The obtained osteoclastogenic induction medium was
renewed every 3 days until mature osteoclasts were observed. The
experiment was performed in triplicate.

Cell Counting Kit-8 Assay
RAW264.7 macrophages were seeded in 96-well plates (1 × 104

cells/well) and treated as described above. The cells were
cultured in the induction medium for 48 h. Then, CCK-8
solution (Dojindo Laboratories, China) was added into each
well according to the manufacturer’s instructions. The effects
of Ti particles alone or in combination with Ang II or
perindopril on cell viability were measured using a
microplate reader to read the optical density at an
absorbance of 450 nm. The experiment was performed in
triplicate.

Tartrate Resistant Acid Phosphatase
Staining
RAW264.7 macrophages were cultured in 96-weel plates (1 × 104

cells/well) and treated as above. The cells were cultured in the
induction medium for 7 days. After that, cells were washed three
times with PBS, fixed with 4% paraformaldehyde for 20 min, and
then stained using a TRAP Kit (Solarbio, China). TRAP-positive
cells with more than three nuclei were identified as osteoclasts
and counted using Image Pro-Plus 6.0 (Media Cybernetics,
Bethesda, MD, United States). The experiment was performed
in triplicate.

Resorption Pit Assay
To examine osteoclast-mediated bone resorption, RAW264.7
macrophages were cultured into 24-well osteo assay surface
plates (Corning, New York, United States) at a density of 1 ×
105/well and treated as described above. The cells were cultured in
the induction medium for 7 days, and were then washed by
sonication until cells were completely removed from the
plates. An inverted microscope was used to snap the images of
bone resorption pits, and Image Pro-Plus 6.0 software was used to

quantify the area of bone resorption. The experiment was
performed in triplicate.

Osteogenic Differentiation In Vitro
Mouse BMSCs were seeded in 24-well plates at 5 × 104 cell density
and cultured overnight in low glucose complete DMEM. The
medium was then removed and replaced with osteogenic
induction medium containing 100 nm dexamethasone (Sigma,
United States), 10 mm β-glycerophosphate (Sigma, United States)
and 50 μm ascorbic acid (Sigma, United States). The induction
medium was changed every 3 days. The experiment was
performed in triplicate.

Alkaline Phosphatase Staining
Mouse BMSCs were seeded in 24-well plates and treated as above
described. After 7 days osteogenic induction, cells were fixed with
4% paraformaldehyde for 15 min and incubated with alkaline
phosphatase (Beijing Solarbio Science and Technology, China) at
37°C for 20 min under shading treatment. After that, images were
obtained by a microscope. The experiment was performed in
triplicate.

Alkaline Phosphatase Activity Assessment
Alkaline Phosphatase (ALP) activity was assessed by
colorimetric assay. Briefly, mouse BMSCs were seeded in
24-well plates and treated with osteogenic induction
medium for 7 days. Then, the cells were lysed with
luciferase lysis buffer (Promega, United States) and the
lysate was centrifuged at 12,000 × g for 10 min at 4°C.
Following that, 5 μl sample lysate was mixed with 5 μl ALP
substrate (BD Biosciences Clontech, United States) and 15 μl
LUPO buffer (containing 10 mM diethanolamine, 0.5 mM
MgCl2 and 10 mM L-homoarginine). The mixture was
incubated at 37°C for 30 min and then ALP activity was
measured by luciferase assay. The experiment was
performed in triplicate.

Alizarin Red Staining
The mineralization of mouse BMSCs was determined by alizarin
red staining. Cells were seeded in 24-well plates, treated as above
described, and cultured in osteogenic induction medium for
21 days. Then, the cells were rinsed with PBS, fixed with 4%
paraformaldehyde for 15 min, and stained with alizarin red
(Sigma, United States) at room temperature for 2 min. Images
were obtained by a microscope and calcium nodules were
detected as red bodies. For quantitative analysis, alizarin red
was extracted using 10 % acetic acid (Sigma, United States) and
the optical density was measured at 405 nm. The experiment was
performed in triplicate.

Immunohistochemistry
Sections (4 μm) of synovial tissue, interface tissue and calvarial
tissue were prepared. After a regular deparaffinization procedure,
the sections were incubated with 0.3% hydrogen peroxidase for
15 min at room temperature. Subsequently, antigen retrieval was
performed using 0.01 M citrate buffer at 80°C for 20 min. Next,
the sections were blocked with normal goat serum for 30 min at
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room temperature, and incubated with primary antibodies
against AT1R (Abcam, United Kingdom, 1:200), AT2R
(Abcam, United Kingdom, 1:200), and ACE (Abcam,
United Kingdom, 1:200). Finally, the sections were incubated
with biotinylated secondary antibody (Zhongshan Golabrige
Biotechnology, China) followed by horseradish peroxidase
(HRP)-conjugated streptavidin (Zhongshan Golabrige
Biotechnology, China). The ultimate reaction product was
visualized with diaminobenzidine. The stained signals were
captured and photographed by the Leica Microsystems
(Wetzlar, Germany). The experiment was performed in
triplicate.

Western Blot
Tissues were lysed by radioimmunoprecipitation assay (RIPA)
lysis buffer (Beyotime, China) containing 1% protease inhibitor
(MedChemExpress) cocktail on ice, and the tissue samples were
centrifuged at 10,000 × g for 10 min at 4°C. The supernatants
were collected to quantify the protein concentration using the
bicinchoninic acid (BCA) protein assay reagent (Beyotime,
China). The obtained protein samples combined with loading
buffer were heated at 95°C for 5 min. Next, equivalent amounts
of protein samples were loaded onto 10% SDS poly acrylamide
gels, and electrophoresis was conducted for 120 min at a
constant voltage of 90 V, and then protein was transferred
onto polyvinylidene fluoride (PVDF) membranes. The
membranes were blocked for 2 h with 5% fat-free milk
dissolved in Tris-buffered saline-Tween (TBST) and then
incubated overnight at 4°Cwith primary antibodies including
AT1R (Abcam, United Kingdom, 1:1,000), AT2R (Abcam,
United Kingdom, 1:1,000), ACE (Abcam, United Kingdom, 1:
1,000), RANKL (Abcam, United Kingdom, 1:1,000), TRAF6
(Abcam, United Kingdom, 1:1,000), NFATC1 (Cell Signaling
Technology, United States, 1:1,000), C-FOS (Cell Signaling
Technology, United States, 1:1,000), β-catenin (Cell Signaling
Technology, United States, 1:1,000), and GAPDH (Cell
Signaling Technology, United States, 1:2,000), respectively.
After being washed three times with Tris-buffered saline-Tween,
the blots were incubated with HRP-conjugated secondary
antibodies (Cell Signaling Technology, United States, 1:5,000).
The target bands were visualized using ECL-PLUS reagents
(Sigma, United States) and scanned using a BioSpectrum
Imaging System (UVP, Thermo Fisher Scientific, United States).
The results were quantified by integrated density using Image J
software and were normalized to GAPDH levels. The experiment
was performed in triplicate.

Reverse-Transcription Quantitative
Polymerase chain reaction
Total RNA was extracted from RAW264.7 macrophages, mouse
BMSCs, and tissues by TRIzol reagent (TaKaRa, Japan) under
RNase-free conditions, and RNA concentration and purity were
determined using an ultraviolet spectrophotometer (Implant,
Munich, Germany). After that, total RNA was reversely
transcribed into cDNA using the Revert Aid First Strand
cDNA Synthesis kit (TaKaRa, Japan). The obtained cDNA

was diluted and used as PCR templates. The mRNA levels of
target genes were detected using the SYBR Green PCR
master mix (TaKaRa, Japan) and all PCR samples were run
in triplicate. Real-time quantitative PCR was performed using a
LightCycler® 96 system (Roche, Indianapolis, IN,
United States). The reaction conditions were as follows: 95°C
for 10 min; 95°C for 10 s, 60°C for 10 s, and 72°C for 15 s for forty
cycles. The relative expressions of the target genes were
normalized to the GAPDH levels and analyzed by the 2−ΔΔCt

method. The sequences of primers were designed using Primer3
Plus and are provided in Table 1. The experiment was
performed in triplicate.

Statistical Analysis
Statistical analyses were performed using SPSS 21.0 (SPSS Inc.,
Chicago, IL, United States). Data are expressed as the mean ±
standard deviation (SD). Differences among groups were
analyzed using Kruskal–Wallis test, one-way analysis of
variance test, or Student’s t-test; subgroup analysis was
performed using the LSD test. A value of p < 0.05 was
considered statistically significant for all analyses.

TABLE 1 | Primers sequences for reverse transcription-quantitative polymerase
chain reaction.

Target Primer sequence (59-39) GenBank no

AT1R(H) F: TCCAAGATGATTGTCCCA NM_032049.3
R: CTATCACCACCAAGCTGT

AT2R(H) F: ACCAATCTGTCATCTACC NM_000686.5
R: CAAGCATTCACTCCTAAG

GAPDH(H) F: AACGGGAAGCTTGTCATC NM_001357943.2
R: ACTCCACGACGTACTCAG

AT1R(M) F: CGTCTACCACATGCACCGTGAAC NM_009642.5
R: GCAGCAGCGTCTGATGATGAGTC

AT2R(M) F: GGATGAACAGCGGCCTAGAACAC NM_007429.5
R: CGTCTTCGTCCTCGTCCTCCTC

TRAP(M) F: CAAGAACTTGCGACCATTGTTA NM_001102404.1
R: ATCCATAGTGAAACCGCAAGTA

CK(M) F: GCTTGGCATCTTTCCAGTTTTA NM_007802.4
R: CAACACTGCATGGTTCACATTA

OSCAR(M) F: GAATGCTTTGCCTGTATG NM_175632.3
R: CTAGAGGACCTTGGTTGG

OCN(M) F: CCAAGCAGGAGGGCAATA NM_001032298.3
R: TCGTCACAAGCAGGGTCA

Col1a1(M) F: GAGCGGAGAGTACTGGATCG NM_007742.4
R: GCTTCTTTTCCTTGGGGTTC

Runx2(M) F: CCGGTCTCCTTCCAGGAT NM_001271630.1
R: GGGAACTGCTGTGGCTTC

Osterix(M) F: TCGTCTGACTGCCTGCCTAGTG NM_130458.4
R: CTGCGTGGATGCCTGCCTTG

RANKL(M) F: GGAAGCGTACCTACAGACTATC NM_011613.3
R: AAAGTGGAATTCAGAATTGCCC

TRAF6(M) F: GAAAATCAACTGTTTCCCGACA NM_001303273.1
R: ACTTGATGATCCTCGAGATGTC

C-FOS(M) F: TCTCTAGTGCCAACTTTATCCC NM_010234.3
R: GAGATAGCTGCTCTACTTTGCC

NFATC1(M) F: GAGAATCGAGATCACCTCCTAC NM_016791.4
R: TTGCAGCTAGGAAGTACGTCTT

β-Catenin(M) F: GGTCCGAGCTGCCATGTT NM_001165902.1
R: TGGCAAGTTCCGCGTCAT

GAPDH(M) F: GAGAGAGGCCCAGCTACTCG NM_008084.3
R: GAGGGCTGCAGTCCGTATTTA
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RESULTS

Renin-Angiotensin System Expression Was
Up-Regulated in the Interface Membrane
From Patients With Periprosthetic
Osteolysis
AT1R, AT2R, and ACE expressions were characterized
by immunohistochemistry. In comparison with those in the
synovium from patients with femoral neck fracture, the
expressions of AT1R, AT2R, and ACE in the interface
membrane from patients with PPOL were up-regulated
(Figure 1A). H&E staining revealed infiltration of a
large number of lymphocytes and macrophages into
the interface membrane (Figure 1A). Western blot showed
that the relative ratios of AT1R, AT2R, and ACE to
GAPDH proteins in the interface membrane
were significantly increased (p < 0.05, Figures 1B,C). In
addition, higher levels of AT1R and AT2R mRNA
were detected in the interface membrane (Figure 1D).
Taken together, the expression of RAS was up-regulated in
the interface membrane from PPOL patients.

Renin-Angiotensin System Expression Was
Up-Regulated in Calvarial Tissues of
Titanium-Particle-Induced Osteolysis
AT1R, AT2R, andACE expressions in themouse calvarial tissues were
examined by immunohistochemistry. The results showed that AT1R,
AT2R, and ACE were also expressed in mouse calvarium, and the
expressions ofAT1R,AT2R, andACEwereup-regulated in theTi group
(Figure 2A). The protein levels of AT1R, AT2R, and ACE significantly
increased in the Ti group but the expression of ACE remarkably
decreased in the Ti + Peri group (Figures 2B,C). Furthermore, the
relative mRNA levels of AT1R and AT2R significantly increased in the
Ti group (Figure 2D).These results demonstrated that the expression of
RASwas up-regulated in the calvarial tissues in the pathogenic process of
Ti-particle-induced osteolysis.

Inhibition of ACE Mitigated
Titanium-Particle-Induced Osteolysis in the
Murine Calvarial Osteolysis Model
Micro-CT 3D reconstruction demonstrated a large area of bone
erosion and a number of bone resorption pores on the calvarial

FIGURE 1 | Up-regulated AT1R, AT2R, and ACE expressions in the interface membrane tissues from patients with PPOL. The levels of AT1R, AT2R, and ACE in
the interface membrane tissue from patients with PPOL and the synovial tissue from patients with femoral neck fracture were determined by H and E staining,
immunohistochemistry, Western blot, or RT-qPCR. Data are representative images or expressed as themean ±SD of each group from three separate experiments (n � 3
per group). (A) Representative H and E staining and immunohistochemistry images (magnification ×400). Black arrows point at lymphocytes, and white arrows
point at macrophages. (B,C) Western blot analyses. (D) RT-qPCR analyses. *p < 0.05 vs. the synovium group; **p < 0.01 vs. the synovium group.
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surface in the Ti group. Whereas, such phenomena were
significantly mitigated in the Ti + Peri group (Figures 3A–C).
H&E staining revealed extensive erosion of the calvarial
surface in the Ti group, which was remarkably reduced by
the treatment with perindopril (Figure 3D). The results of
quantitative analysis indicated significantly reduced BMD and
BV/TV (Figure 3E,F) and increased percentage of total
porosity (Figure 3G) in the Ti group as compared with in
the sham group, and such effects were markedly mitigated by
the treatment with perindopril. In short, inhibition of ACE
alleviated Ti-particle-induced osteolysis in the mouse calvarial
osteolysis model.

Inhibition of ACE Ameliorated
Titanoum-Particle-Induced Increase of
Bone Resorption and Decrease of Bone
Formation in theMurine Calvarial Osteolysis
Model
Histological staining and histomorphometric analysis confirmed
the effect of perindopril on Ti-particle-induced bone resorption
in vivo. TRAP staining revealed an increased area of bone erosion
with increased number of osteoclasts on the calvarial surface in
the Ti group as compared with in the other two groups (Figures
4A). Quantitative analysis showed that the number of TRAP-

FIGURE 2 | Up-regulated AT1R, AT2R, and ACE expressions in the mice calvarial tissue of Ti-particle-induced osteolysis. The levels of AT1R, AT2R, and ACE in
mice calvarial tissue samples were determined by immunohistochemistry, Western blot or RT-qPCR. Data are representative images or expressed as the mean ± SD of
each group from three separate experiments (n � 3 per group). (A)Representative immunohistochemistry images (magnification × 400). (B,C)Western blot analyses. (D)
RT-qPCR analyses. *p < 0.05 vs. the sham group; #p < 0.05 vs. the Ti group.
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positive cells and the values of OCs/BS and ES/BS in the Ti group
were significantly greater than those in the other two groups
(Figures 4B–D). RT-qPCR indicated that perindopril
significantly reduced Ti-particle-stimulated relative mRNA
levels of osteoclast-specific genes, including TRAP, cathepsin K
(CK) and osteoclast associated receptor (OSCAR) in calvarial
tissues (Figure 4I).

To assess the effect of perindopril on bone formation, the
calvarial tissue samples were stained with fluorescent alizarin red
after calcein treatment, and were examined by fluorescent
microscopy. As shown in Figure 4E, calcein staining and
alizarin red staining fluorescent signals were obviously
observed in the three groups, and the distance between the
two fluorescent signals was smaller in Ti group than in other

FIGURE 3 | Inhibition of ACEmitigated Ti-particle-induced osteolysis in a murine calvarial model. Data are representative images or expressed as the mean ± SD of
each group from three separate experiments (n � 3 per group). (A–C) Three-dimensional reconstructed images of representative micro-CT from each group. (D)
Representative H and E staining images (magnification × 400). (E) Quantitative analyses of BMD (g/cm2). (F) Quantitative analyses of BV/TV (%). (G) The percentage of
total porosity (%). *p < 0.05 vs. the sham group; **p < 0.01 vs. the sham group; ##p < 0.01 vs. the Ti group.
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FIGURE 4 | Inhibition of ACE ameliorated Ti-particle-induced increase in bone resorption and decrease in bone formation in a murine calvarial osteolysis model.
Data are representative images or expressed as the mean ± SD of each group from three separate experiments (n � 3 per group). (A) Representative TRAP staining
images (magnifications ×100 and ×400). (B) Quantitative analyses of the number of TRAP-positive cell. (C) Quantitative analyses of OC.s/BS (%). (D) Quantitative
analyses of ES/BS (%). (E) Representative fluorescence calcein and alizarin red labelling images (magnifications ×100 and ×400). (F)Quantitative analyses of mass
parameters, including mineral apposition rate (um/d). (G) Quantitative analyses of BFR/BS (um/d.100). (H) Quantitative analyses of mineralizing surface to bone surface
(%). (I) RT-qPCR analyses of the relative levels of osteoclast-specific genes (TRAP, CK, and OSCAR) in mice calvarial tissue to the control GAPDH expression. (J) RT-
qPCR analyses of the relative levels of osteoblast-specific genes (Osterix, Col1a1, and Runx2) in mice calvarial tissue to the control GAPDH expression. *p < 0.05 vs. the
sham group; **p < 0.01 vs. the sham group; #p < 0.05 vs. the Ti group; ##p < 0.01 vs. the Ti group.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6843759

Zhao et al. Effects of RAS in PPOL

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


groups. And quantitative analysis exhibited that the mass
parameters, including mineral apposition rate, BFR/BS and
mineralizing surface to bone surface values in the Ti group

were significantly lower than those in the sham group, which
were significantly elevated in the Ti + Peri group (Figures 4F–H).
Furthermore, RT-qPCR demonstrated that perindopril

FIGURE 5 | Ang II promoted but perindopril suppressed Ti-particle-induced osteoclastogenesis, osteoclast-mediated bone resorption, and expression of
osteoclast-related genes in RAW264.7 macrophages. Data are representative images or expressed as the mean ± SD of each group from three separate experiments
(n � 3 per group). (A)CCK8 assay of cell viability 48 h after treatment. (B)RT-qPCR analyses of relative levels of osteoclast-specific genes (TRAP, CK, and OSCAR) to the
control GAPDH expression on day five. (C) TRAP staining for osteoclast formation and differentiation on day seven. Representative TRAP staining images
(magnification ×100). (D) Representative images of bone resorption in osteo assay plates (magnification ×100) on day seven. (E) The number of TRAP-positive cells per
well. (F) The area of TRAP-positive cells per well. (G) The area of resorption per well. *p < 0.05 vs. the control group; **p < 0.01 vs. the control group; #p < 0.05 vs. the Ti
group; ##p < 0.01 vs. the Ti group; &&p < 0.01 vs. the Ti + Ang II group.
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significantly increased Ti-particle-induced relative mRNA levels
of osteoblast-related genes, such as osterix, collagen1a1 (Col1a1),
and runt-related transcription factor 2 (Runx2) in calvaria tissues
(Figure 4J). Collectively, these in vivo data demonstrated that
inhibition of ACE ameliorated the increased bone resorption and
decreased bone formation induced by Ti partciles.

Ang II Promoted but Perindopril Suppressed
Titanium-Particle-Induced
Osteoclastogenesis, Osteoclast-Mediated
Bone Resorption, and Expression of
Osteoclast-Related Genes
The effects of Ti particles alone or with Ang II or perindopril on
cell viability were investigated in RAW264.7 macrophages by the
CCK8 assay. The results showed no significant differences in cell
viability under different treatment conditions (Figure 5A).
Meanwhile, TRAP staining was performed to determine the
role of Ang II or perindopril in Ti-particle-induced
osteoclastogenesis. The results revealed that RAW264.7
macrophages differentiated into characteristic TRAP-positive
multinucleated osteoclasts (Figure 5C), and Ti particles
significantly promoted the differentiation. Furthermore, the
number and area of TRAP positive osteoclasts increased
substantially in the Ti + Ang II group. In cells exposed to
both Ti and perindopril, the number and area of TRAP
positive osteoclasts significantly decreased as compared with
those in cells treated with Ti particles alone (Figures 5E,F).
On the whole, these in vitro results indicated that Ti particles
promoted osteoclastogenesis, which was enhanced by Ang II but
inhibited by perindopril.

Considering that Ti-particle-induced osteoclast differentiation
was obviously promoted by Ang II but remarkably reversed by
perindopril, we further investigated whether Ang II or
perindopril was involved in regulating Ti-particle-induced
osteoclastic bone resorption. As shown in Figure 5D, a part
scale of bone resorption area was observed in the control group.
The area increased in the Ti group, indicating that Ti particles
could induce osteoclast-mediated bone resorption. Furthermore,
the area increased substantially in the Ti + Ang II group but
decreased in the Ti + Peri group (Figure 5G), which suggested
that Ang II enhanced but perindopril inhibited osteoclast-
mediated bone resorption induced by Ti particles.

Upregulation of osteoclast-related genes plays a significant
role in osteoclast differentiation. The roles of Ang II or
perindopril in Ti-particle-induced expression of osteoclast-
related genes were investigated by RT-qPCR. The results
showed that the mRNA levels of TRAP, CK, and OSCAR
genes were elevated in the Ti group as compared with in the
control group. In addition, the effect of Ti particles inducing the
expression of osteoclast-related genes was furhter enhanced by
Ang II but remarkably reduced in the Ti + Peri group
(Figure 5B). Consistent with the results of TRAP staining and
bone resorption pit assay, Ang II promoted but perindopril
suppressed Ti-particle-induced expression of osteoclast-related
genes in vitro.

Ang II Enhanced but Perindopril Repressed
Titanium-Particle-Induced Suppression of
Osteogenic Differentiation
The effect of Ang II or perindopril on Ti-particle-induced
osteogenic differentiation in mouse BMSCs was examined by
ALP staining and alizarin red staining. The results showed that Ti
particles significantly decreased the staining density of ALP and
inhibited ALP activity, and such effects were potently enhanced
by Ang II but remarkably reversed by perindopril (Figures 6A,C).
Moreover, alizarin red staining indicated that mineralization in
cells decreased due to the stimulation of Ti particles, while even
lower calcium mineralization was observed in the Ti + Ang II
group, but these changes were abrogated by perindopril. (Figures
6B,D). Furthermore, RT-qPCR revealed that Ti particles
apparently reduced the mRNA levels of osteoblast-specific
genes, including OCN, Col1a1, and Runx2 (Figure 6E), and
the levels were even lower under the treatment of Ang II but
higher under the treatment of perindopril (Figure 6E).
Collectively, these results demonstrated that Ang II enhanced
but perindopril repressed the inhibition of osteogenic
differentiation induced by Ti particles in mouse BMSCs.

Inhibition of ACE Repressed
Titanium-Particle-Induced Osteolysis by
Suppressing the RANKL/RANKL Signaling
Pathway and Activating the Wnt/β-Catenin
Signaling Pathway
To further elucidate the potential molecular mechanism by which
bone local RAS regulates Ti-particle-induced osteolysis, the
mRNA and protein expressions of RANKL, TRAF6, NFATC1,
C-FOS, and β-catenin in calvarial tissues were examined.
Compared with the sham group, the Ti group presented
significantly increased expressions of RANKL, TRAF6,
NFATC1, and C-FOS and decreased expression of β-catenin.
However, these changes were dramatically abrogated in the Ti +
Peri group (Figures 7A–C), which indicated that inhibition of
ACE by perindopril could suppress the expression of RANKL-
mediated TRAF6, NFATC1 and C-FOS and promote β-catenin
expression. Taken together, the results suggested that inhibition
of ACE almost completely repressed the Ti-particle-induced
osteolysis by suppressing the RANKL/RANK signaling
pathway and activating the Wnt/β-catenin signaling pathway.

DISCUSSION

Studies have demonstrated that local bone RAS components are
involved in many osteolytic diseases related to osteoclasts (Santos
et al., 2015; Zhao et al., 2019), while osteoclasts play an
indispensable role in the development of PPOL induced by
wear particles (Jiang et al., 2013a; Jiang et al., 2013b; Gallo
et al., 2013; Longhofer et al., 2017). One type of wear particles,
Ti particles, has been reported to inhibit bone formation by
suppressing osteogenic differentiation (Wang et al., 2016; Wang
L. et al., 2020). Importantly, local bone RAS is found to participate
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in Ti-particle-induced inflammatory osteolysis, which may be a
potential mechanism of pathogenesis in PPOL (Zhang et al.,
2011). In line with these studies, the present study identified
up-regulated expressions of three RAS components in
interface membrane tissues from patients with PPOL and
calvarial tissues of Ti-particle-induced osteolysis in mice,
and these findings indicate the potential role of local bone
RAS in PPOL. We further investigated the underlying
mechanism of local bone RAS in wear-particle-induced
PPOL by examining Ti-particle-induced promotion of bone
resorption and suppression of bone formation using
RAW264.7 macrophages and mouse BMSCs, and
determined if inhibition of ACE by perindopril could
suppress Ti-particle-induced osteolysis in a murine calvarial
osteolysis model.

We examined the effect of local bone RAS on Ti-particle-
induced osteolysis in a murine calvarial model. We observed a
large area of bone erosion and a large number of bone resorption
pores on the mouse calvarial surface in presence of Ti particles,
which is in line with the findings in previous studies (Hu et al.,
2017; Wang Q. et al., 2020). Whereas, inhibition of ACE by
perindopril suppressed Ti-particle-induced osteolysis, as
indicated by an increase in BMD and BV/TV, and a decrease
in the number of pores and the percentage of total porosity.
Moreover, an increase in the area of bone erosion with the
increase of osteoclasts was present on the calvarial surface in
the Ti group, which was inhibited by the treatment of perindopril,
as illustrated by a decrease in the number of TRAP-positive
multinucleated osteoclasts and the values of OCs/BS and ES/BS.
These results are consistent with those of previous studies in the

FIGURE 6 | Ang II enhanced but perindopril repressed Ti-particle-induced suppression of osteogenic differentiation in mouse BMSCs. Data are representative
images or expressed as the mean ± SD of each group from three separate experiments (n � 3 per group). (A) Representative images of ALP staining on day seven
(photo). (B) Representative images of alizarin red staining on day 21 (photo). (C) ALP activity on day seven. (D)Mineralization quantitated from stained mineral deposits.
(E)mRNA levels of osteogenic genes (OCN, Col1a1, and Runx2) on five. *p < 0.05 vs. the control group; **p < 0.01 vs. the control group; #p < 0.05 vs. the Ti group;
##p < 0.01 vs. the Ti group; &&p < 0.01 vs. the Ti + Ang II group.
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role of local bone RAS in osteoclast-related osteolytic diseases
(Wang et al., 2018; Li J. et al., 2019; Akagi et al., 2020). Our results
indicate that inhibition of ACE by perindopril plays a protective
role in Ti-particle-induced osteolysis through inhibition of
osteoclast formation and differentiation. In addition, Ti particles
repressed bone formation and this effect was ameliorated by
inhibiting ACE by perindopril. Furthermore, Ti particles increased
the mRNA levels of osteoclast-specific genes and decreased those of
osteoblast-related genes, while these effects, again, were abrogated by
perindopril. Taken together, our study first reports that Ti particles
stimulate bone resorption and suppress bone formation by up-
regulating the expressions of RAS components, ultimately leading
to osteolysis. Inhibition of ACE by perindopril exerts a potential
therapeutic effect on wear-particle-induced PPOL.

The imbalance between osteoclastogenesis and
osteoblastogenesis is known to be essential in wear-particle-
stimulated PPOL (Jiang et al., 2013b; Gallo et al., 2013).
Hence, we also investigated whether local bone RAS is
involved in regulating Ti-particle-induced osteoclast formation,
osteoclast-mediated bone resorption, and osteogenic differentiation.
We found that Ti particles significantly increased the number and area
of osteoclasts as well as osteoclast-mediated bone resorption, and such
effects were enhanced by Ang II but inhibited by perindopril. In
addition, Ti-particle-induced increases in the mRNA levels of
osteoclast-related genes, such as TRAP, CK, and OSCAR, were
significantly enhanced by Ang II but remarkably reduced by
perindopril. Furthermore, Ti particles inhibited osteogenic
differentiation, while this process was enhanced by Ang II
but abrogated by perindopril. Meanwhile, Ti-particle-induced
decreases in the mRNA levels of osteoblast-related genes, such
as OCN, Col1a1, and Runx2, were enhanced by Ang II but
suppressed by perindopril. Altogether, these findings indicate
that Ang II enhances but perindopril suppresses Ti-particle-
induced osteoclast formation as well as osteoclast-mediated
bone resorption, and inhibition of osteogenic differentiation.

It is well known that the RANKL/RANK and Wnt/β-catenin
signaling pathways function in wear-particle-induced PPOL by
promoting bone resorption and inhibiting bone formation

(Gohda et al., 2005; Nam et al., 2017; Park et al., 2017; Wang
et al., 2021). RANKL is found expressed and upregulated in Ti-
particle-induced osteolysis (Zhu et al., 2017; LiW. et al., 2019; Ihn
et al., 2019), and it is a major reason for osteoclastogenesis and
bone resorption in PPOL (Li W. et al., 2019). Combination of
RANK with RANKL activates NF-κB signaling by recruiting
adaptor molecules (such as TRAF6) and subsequently leads to
the activation of C-FOS and NFATC1, which in turn up-regulates
the expression of osteoclast-related genes and promotes the
maturation and activation of osteoclasts (Gohda et al., 2005;
Park et al., 2017). In this study, we found that the mRNA and
protein expressions of RANKL, TRAF6, C-FOS, and NFATC1 in
mouse calvarial tissues increased significantly with the presence
of Ti particles, and such increase was evidently mitigated/reversed
by the treatment of perindopril to inhibit ACE. Moreover,
activation of the Wnt/β-catenin signaling is important to
osteoblastogenesis and bone formation, and many studies have
indicated that Ti particles inhibit bone formation by down-
regulating the Wnt/β-catenin signaling pathway (Wang et al.,
2016; Ping et al., 2017). In line with these exisiting findings, the
present study revealed down-regulated mRNA and protein
expressions of β-catenin with the treatment of Ti particles,
while such effects were abrogated by perindopril. In short, the
results here are consistent with those in our previous work that
activation of local bone RAS increases bone resorption and
decreases bone formation via regulating the RANKL/RANK/
TRAF6 and Wnt/β-catenin signaling pathways (Wang et al.,
2018). In this study, aberrant activation of RAS was found
associated with up-regulated expression of RANKL and the
downstream molecules of NF-κB pathway, including TRAF6,
C-FOS, and NFATC1, as well as down-regulated expression of
β-catenin in Ti-particle-induced osteolysis; whereas, these effects
were alleviated by inhibition of ACE by perindopril. Therefore,
we speculate that wear particles may activate the RANKL-RANK
signaling pathway and inhibit Wnt/β-catenin signaling pathway
through the mediation of local bone RAS, which induces bone
resorption and suppresses bone formation, and finally leads to the
occurrence of PPOL. This suggested that the RANKL-RANK and

FIGURE 7 | Inhibition of ACE repressed Ti-particle-induced osteolysis by suppressing the RANKL signaling pathway and activating the Wnt/β-catenin signaling
pathway. Relative levels of RANKL, TRAF6, NFATC1, C-FOS, and β-catenin in mouse calvarial tissues to the control GAPDH expression were determined by Western
blot and RT-qPCR. Data are representative images or expressed as the mean ± SD of each group from three separate experiments (n � 3 per group). (A,B)Western blot
analyses. (C) RT-qPCR analyses. *p < 0.05 vs. the sham group; **p < 0.01 vs. the sham group; #p < 0.05 vs. the Ti group; ##p < 0.01 vs. the Ti group.
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Wnt/β-catenin signaling pathways play an important role in the
process of the Ti-particle-induced PPOL through the mediation
of local bone RAS.

There are several limitations in the present study. Firstly, the
wear particles that cause clinical PPOL are mainly polyethylene
rather than Ti particles (Sun et al., 2020). However, it has been
reported that both Ti and polyethylene can comparably imitate
the authentic ability of wear particles to activate osteoclast
formation and function to induce PPOL in vivo (Shao et al.,
2015; Hu et al., 2017). Secondly, wear particles in patients are
continuously released from the prosthesis at a low concentration
(von Knoch et al., 2004), while in our experiments Ti particles
were used in a fixed amount. Thirdly, we used a model of acute
osteolysis induced by Ti particles, which is slightly different from
the actual clinical situation. Fourthly, in patients undergoing joint
replacement in clinic, the prosthesis is generally built into the
long bone. Whereas, in the mouse model in this study, the flat
skull with the periosteum removed was used as the medium for
osteolysis, which lacked the loaded implants. Therefore, a mouse
femoral Ti rod model would be more suitable for simulating
osteolysis. Such a model will be evaluated in our future research.
Finally, induction of inflammatory cytokines, such as tumor
necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and IL-6, by
wear particles is critically important to the pathogenesis of PPOL
and consequent aseptic loosening (Peng et al., 2015). The present
study, however, did not explore the effect of local bone RAS on
wear-particle-induced inflammatory cytokine production in the
pathogenesis of PPOL. Research on this aspect is in need and will
benefit our understanding of the pathogenesis of PPOL.

CONCLUSION

In conclusion, our study shows that expressions of ACE, AT1R,
and AT2R are up-regulated in the interface membrane from
PPOL patients and calvarial tissue from Ti-particle-induced
mouse osteolysis model, indicating that aberrant activation of
local bone RAS contributes to PPOL induced by wear particles.
Moreover, Ang II enhances but perindopril inhibits Ti-particle-
induced osteoclast formation and osteoclast-mediated bone
resorption, as well as the suppression of osteogenic
differentiation in vitro. Activation of RAS increases RANKL
expression to activate the RANKL/RANK signaling and
decreases β-Catenin expression to inhibit the Wnt/β-Catenin
signaling in vivo. As a whole, our findings contribute to
understanding the molecular mechanism of the pathogenic

process of wear-particle-induced PPOL after TJA operation,
and such understanding may shed light on the potential
preventive or therapeutic treatment for PPOL.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the Ethical Committee of the Affiliated
Hospital of Qingdao University. The patients/participants
provided their written informed consent to participate in
this study. The animal study was reviewed and approved by
the Ethical Committee of Animal Experiments of Qingdao
University.

AUTHOR CONTRIBUTIONS

ZZ and CW contributed equally to this work. ZZ was responsible
for research design, experiment operation, data analysis and
manuscript writing; YW, YX, XW, TY, and BJ contributed to
experiment operation, data collection, and data analysis; CW and
YZ contributed to the collection of tissue specimens, research
design and manuscript revision. The authors read and approved
the final manuscript.

FUNDING

This work was supported by the grants from the National Natural
Science Foundation of China (grant number 81772329) and
China Postdoctoral Science Foundation (grant number
2020M672004).

ACKNOWLEDGMENTS

Grateful acknowledgement is made to all people who provided
considerable assistance to this study.

REFERENCES

Akagi, T., Mukai, T., Mito, T., Kawahara, K., Tsuji, S., Fujita, S., et al. (2020). Effect
of Angiotensin II on Bone Erosion and Systemic Bone Loss in Mice with Tumor
Necrosis Factor-Mediated Arthritis. Int. J. Mol. Sci. 21 (11), 4145. doi:10.3390/
ijms21114145

Chu, Y., Gao, Y., Yang, Y., Liu, Y., Guo, N., Wang, L., et al. (2020). β-Catenin
Mediates Fluoride-Induced Aberrant Osteoblasts Activity and
Osteogenesis. Environ. Pollut. 265 (Pt A), 114734. doi:10.1016/
j.envpol.2020.114734

Gallo, J., Goodman, S. B., Konttinen, Y. T., Wimmer, M. A., and Holinka, M.
(2013). Osteolysis Around Total Knee Arthroplasty: a Review of Pathogenetic
Mechanisms.Acta Biomater. 9 (9), 8046–8058. doi:10.1016/j.actbio.2013.05.005

Gohda, J., Akiyama, T., Koga, T., Takayanagi, H., Tanaka, S., and Inoue, J.-i. (2005).
RANK-mediated Amplification of TRAF6 Signaling Leads to NFATc1
Induction during Osteoclastogenesis. EMBO J. 24 (4), 790–799. doi:10.1038/
sj.emboj.7600564

Hu, X., Ping, Z., Gan, M., Tao, Y., Wang, L., Shi, J., et al. (2017). Theaflavin-3,3′-
digallate Represses Osteoclastogenesis and Prevents Wear Debris-Induced
Osteolysis via Suppression of ERK Pathway. Acta Biomater. 48, 479–488.
doi:10.1016/j.actbio.2016.11.022

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 68437514

Zhao et al. Effects of RAS in PPOL

https://doi.org/10.3390/ijms21114145
https://doi.org/10.3390/ijms21114145
https://doi.org/10.1016/j.envpol.2020.114734
https://doi.org/10.1016/j.envpol.2020.114734
https://doi.org/10.1016/j.actbio.2013.05.005
https://doi.org/10.1038/sj.emboj.7600564
https://doi.org/10.1038/sj.emboj.7600564
https://doi.org/10.1016/j.actbio.2016.11.022
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Huang, S., Xu, L., Sun, Y., Wu, T., Wang, K., and Li, G. (2015). An Improved
Protocol for Isolation and Culture of Mesenchymal Stem Cells from Mouse
Bone Marrow. J. Orthopaedic Translation 3 (1), 26–33. doi:10.1016/
j.jot.2014.07.005

Ihn, H. J., Kim, K., Cho, H.-S., and Park, E. K. (2019). Pentamidine Inhibits
Titanium Particle-Induced Osteolysis In Vivo and Receptor Activator of
Nuclear Factor-Κb Ligand-Mediated Osteoclast Differentiation In Vitro.
Tissue Eng. Regen. Med. 16 (3), 265–273. doi:10.1007/s13770-019-00186-y

Jiang, Y., Jia, T., Gong, W., Wooley, P. H., and Yang, S.-Y. (2013a). Titanium
Particle-Challenged Osteoblasts Promote Osteoclastogenesis and Osteolysis in
a Murine Model of Periprosthestic Osteolysis. Acta Biomater. 9 (7), 7564–7572.
doi:10.1016/j.actbio.2013.03.010

Jiang, Y., Jia, T., Wooley, P. H., and Yang, S. Y. (2013b). Current Research in the
Pathogenesis of Aseptic Implant Loosening Associated with Particulate Wear
Debris. Acta Orthop. Belg. 79 (1), 1–9.

Klavdianou, K., Liossis, S.-N., Sakkas, L., and Daoussis, D. (2017). The Role of
Dickkopf-1 in Joint Remodeling and Fibrosis: A Link Connecting
Spondyloarthropathies and Scleroderma? Semin. Arthritis Rheum. 46 (4),
430–438. doi:10.1016/j.semarthrit.2016.08.014

Learmonth, I. D., Young, C., and Rorabeck, C. (2007). The Operation of the
century: Total Hip Replacement. The Lancet 370 (9597), 1508–1519.
doi:10.1016/S0140-6736(07)60457-7

Li, J., Xiao, X., Wei, W., Ding, H., Yue, Y., Tian, Y., et al. (2019). Inhibition of
Angiotensin II Receptor I Prevents Inflammation and Bone Loss in
Periodontitis. J. Periodontol. 90 (2), 208–216. doi:10.1002/JPER.17-0753

Li, W., Wang, X., Chang, L., andWang, F. (2019). MiR-377 Inhibits Wear Particle-
induced Osteolysis via Targeting RANKL. Cell Biol Int 43 (6), 658–668.
doi:10.1002/cbin.11143

Liao, S., Feng, W., Liu, Y., Wang, Z., Ding, X., Song, F., et al. (2021). Inhibitory
Effects of Biochanin A on Titanium Particle-induced Osteoclast Activation and
Inflammatory Bone Resorption via NF-κB and MAPK Pathways. J. Cel Physiol
236 (2), 1432–1444. doi:10.1002/jcp.29948

Longhofer, L. K., Chong, A., Strong, N. M., Wooley, P. H., and Yang, S.-Y. (2017).
Specific Material Effects of Wear-Particle-Induced Inflammation and
Osteolysis at the Bone-Implant Interface: A Rat Model. J. Orthopaedic
Translation 8, 5–11. doi:10.1016/j.jot.2016.06.026

Mo, C., Ke, J., Zhao, D., and Zhang, B. (2020). Role of the Renin-Angiotensin-
Aldosterone System in BoneMetabolism. J. BoneMiner Metab. 38 (6), 772–779.
doi:10.1007/s00774-020-01132-y

Molagoda, I. M. N., Karunarathne, W. A. H. M., Choi, Y. H., Park, E. K., Jeon,
Y.-J., Lee, B.-J., et al. (2019). Fermented Oyster Extract Promotes
Osteoblast Differentiation by Activating the Wnt/β-Catenin Signaling
Pathway, Leading to Bone Formation. Biomolecules 9 (11), 711.
doi:10.3390/biom9110711

Nam, J.-S., Sharma, A. R., Jagga, S., Lee, D.-H., Sharma, G., Nguyen, L. T., et al.
(2017). Suppression of Osteogenic Activity by Regulation of WNT and BMP
Signaling during Titanium Particle Induced Osteolysis. J. Biomed. Mater. Res.
105 (3), 912–926. doi:10.1002/jbm.a.36004

Park, J. H., Lee, N. K., and Lee, S. Y. (2017). Current Understanding of RANK
Signaling in Osteoclast Differentiation and Maturation. Mol. Cell 40 (10),
706–713. doi:10.14348/molcells.2017.0225

Peng, L., Zhang, H., Zhou, Y., Li, W., Jiang, P., Zhang, Y., et al. (2015). TNF-α
Suppression and Osteoprotegerin Overexpression Inhibits Wear Debris-
Induced Inflammation and Osteoclastogenesis In Vitro. Int. J. Artif. Organs
38 (10), 565–571. doi:10.5301/ijao.5000445

Ping, Z., Hu, X., Wang, L., Shi, J., Tao, Y., Wu, X., et al. (2017). Melatonin
Attenuates Titanium Particle-Induced Osteolysis via Activation of Wnt/
β-Catenin Signaling Pathway. Acta Biomater. 51, 513–525. doi:10.1016/
j.actbio.2017.01.034

Ren, Y., Zhang, Y., Wang, Z., Wang, C., Zhang, H., Wang, Y., et al. (2019). Role of
Brd4 in the Production of Inflammatory Cytokines in Mouse Macrophages
Treated with Titanium Particles. Can. J. Physiol. Pharmacol. 97 (11),
1028–1034. doi:10.1139/cjpp-2019-0142

Santos, C. F., Morandini, A. C., Dionísio, T. J., Faria, F. A., Lima, M. C., Figueiredo,
C. M., et al. (2015). Functional Local Renin-Angiotensin System in Human and
Rat Periodontal Tissue. PLoS One 10 (8), e0134601. doi:10.1371/
journal.pone.0134601

Shao, H., Shen, J., Wang, M., Cui, J., Wang, Y., Zhu, S., et al. (2015). Icariin Protects
against Titanium Particle-Induced Osteolysis and Inflammatory Response in a
Mouse Calvarial Model. Biomaterials 60, 92–99. doi:10.1016/
j.biomaterials.2015.04.048

Shimizu, H., Nakagami, H., and Morishita, R. (2012). [Activation of Osteoclasts by
RAAS and Strategy of Target Therapy on Bone Metabolic Diseases]. Nihon
Rinsho 70 (9), 1524–1529.

Shimizu, H., Nakagami, H., Osako, M. K., Hanayama, R., Kunugiza, Y., Kizawa, T.,
et al. (2008). Angiotensin II Accelerates Osteoporosis by Activating Osteoclasts.
FASEB J. 22 (7), 2465–2475. doi:10.1096/fj.07-098954

Sun, Z., Zeng, J., Wang, W., Jia, X., Wu, Q., Yu, D., et al. (2020). Magnoflorine
Suppresses MAPK and NF-Κb Signaling to Prevent Inflammatory Osteolysis
Induced by Titanium Particles In Vivo and Osteoclastogenesis via RANKL In
Vitro. Front. Pharmacol. 11, 389. doi:10.3389/fphar.2020.00389

Tanaka, T., Kelly, M., Takei, Y., and Yamanouchi, D. (2018). RANKL-mediated
Osteoclastogenic Differentiation of Macrophages in the Abdominal Aorta of
Angiotensin II-Infused Apolipoprotein E Knockout Mice. J. Vasc. Surg. 68 (6S),
48S–59S.e1. doi:10.1016/j.jvs.2017.11.091

Tanida, A., Kishimoto, Y., Okano, T., and Hagino, H. (2013). Etanercept Promotes
Bone Formation via Suppression of Dickkopf-1 Expression in Rats with
Collagen-Induced Arthritis. Yonago Acta Med. 56 (1), 13–19.

Tsukasaki, M., Asano, T., Muro, R., Huynh, N. C.-N., Komatsu, N., Okamoto, K.,
et al. (2020). OPG Production Matters where it Happened. Cel Rep. 32 (10),
108124. doi:10.1016/j.celrep.2020.108124

von Knoch, M., Jewison, D. E., Sibonga, J. D., Sprecher, C., Morrey, B. F., Loer, F.,
et al. (2004). The Effectiveness of Polyethylene versus Titanium Particles in
Inducing Osteolysis In Vivo. J. Orthop. Res. 22 (2), 237–243. doi:10.1016/
j.orthres.2003.08.013

Wang, B., Guo, H., Geng, T., Sun, K., Zhang, L., Lu, Z., et al. (2021). The Effect of
Strontium Ranelate on Titanium Particle-Induced Periprosthetic Osteolysis
Regulated byWNT/β-catenin Signaling In Vivo and In Vitro. Biosci. Rep. 41 (1),
BSR20203003. doi:10.1042/BSR20203003

Wang, J., Tao, Y., Ping, Z., Zhang, W., Hu, X., Wang, Y., et al. (2016). Icariin
Attenuates Titanium-Particle Inhibition of Bone Formation by Activating the
Wnt/β-Catenin Signaling Pathway In Vivo and In Vitro. Sci. Rep. 6, 23827.
doi:10.1038/srep23827

Wang, L., Bai, J., Wang, Q., Ge, G., Lin, J., Xu, N., et al. (2020). Inhibition of Protein
Phosphatase 2A Attenuates Titanium-Particle Induced Suppression of Bone
Formation. Int. J. Biol. Macromolecules 142, 142–151. doi:10.1016/
j.ijbiomac.2019.09.084

Wang, Q., Ge, G., Liang, X., Bai, J., Wang, W., Zhang, W., et al. (2020). Punicalagin
Ameliorates Wear-Particle-Induced Inflammatory Bone Destruction by Bi-
directional Regulation of Osteoblastic Formation and Osteoclastic Resorption.
Biomater. Sci. 8 (18), 5157–5171. doi:10.1039/d0bm00718h

Wang, Y., Kou, J., Zhang, H., Wang, C., Li, H., Ren, Y., et al. (2018). The Renin-
Angiotensin System in the Synovium Promotes Periarticular Osteopenia in a
Rat Model of Collagen-Induced Arthritis. Int. Immunopharmacology 65,
550–558. doi:10.1016/j.intimp.2018.11.001

Wei, X., Fan, B., Chen, X., Cheng, Y., Zhang, A., Yu, S., et al. (2020). DAPT Inhibits
Titanium Particle-induced Osteolysis by Suppressing the RANKL/Notch2
Signaling Pathway. J. Biomed. Mater. Res. 108 (11), 2150–2161. doi:10.1002/
jbm.a.36972

Wu, C., Wang, W., Tian, B., Liu, X., Qu, X., Zhai, Z., et al. (2015). Myricetin
Prevents Titanium Particle-Induced Osteolysis In Vivo and Inhibits RANKL-
Induced Osteoclastogenesis In Vitro. Biochem. Pharmacol. 93 (1), 59–71.
doi:10.1016/j.bcp.2014.10.019

Yongtao, Z., Kunzheng, W., Jingjing, Z., Hu, S., Jianqiang, K., Ruiyu, L., et al.
(2014). Glucocorticoids Activate the Local Renin-Angiotensin System in Bone:
Possible Mechanism for Glucocorticoid-Induced Osteoporosis. Endocrine 47
(2), 598–608. doi:10.1007/s12020-014-0196-z

Zhai, Z., Qu, X., Li, H., Yang, K., Wan, P., Tan, L., et al. (2014). The Effect of
Metallic Magnesium Degradation Products on Osteoclast-Induced Osteolysis
and Attenuation of NF-Κb and NFATc1 Signaling. Biomaterials 35 (24),
6299–6310. doi:10.1016/j.biomaterials.2014.04.044

Zhang, W., Zhao, H., Peng, X., Cheng, T., and Zhang, X. (2011). Low-dose
Captopril Inhibits Wear Debris-Induced Inflammatory Osteolysis. J. Int.
Med. Res. 39 (3), 798–804. doi:10.1177/147323001103900312

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 68437515

Zhao et al. Effects of RAS in PPOL

https://doi.org/10.1016/j.jot.2014.07.005
https://doi.org/10.1016/j.jot.2014.07.005
https://doi.org/10.1007/s13770-019-00186-y
https://doi.org/10.1016/j.actbio.2013.03.010
https://doi.org/10.1016/j.semarthrit.2016.08.014
https://doi.org/10.1016/S0140-6736(07)60457-7
https://doi.org/10.1002/JPER.17-0753
https://doi.org/10.1002/cbin.11143
https://doi.org/10.1002/jcp.29948
https://doi.org/10.1016/j.jot.2016.06.026
https://doi.org/10.1007/s00774-020-01132-y
https://doi.org/10.3390/biom9110711
https://doi.org/10.1002/jbm.a.36004
https://doi.org/10.14348/molcells.2017.0225
https://doi.org/10.5301/ijao.5000445
https://doi.org/10.1016/j.actbio.2017.01.034
https://doi.org/10.1016/j.actbio.2017.01.034
https://doi.org/10.1139/cjpp-2019-0142
https://doi.org/10.1371/journal.pone.0134601
https://doi.org/10.1371/journal.pone.0134601
https://doi.org/10.1016/j.biomaterials.2015.04.048
https://doi.org/10.1016/j.biomaterials.2015.04.048
https://doi.org/10.1096/fj.07-098954
https://doi.org/10.3389/fphar.2020.00389
https://doi.org/10.1016/j.jvs.2017.11.091
https://doi.org/10.1016/j.celrep.2020.108124
https://doi.org/10.1016/j.orthres.2003.08.013
https://doi.org/10.1016/j.orthres.2003.08.013
https://doi.org/10.1042/BSR20203003
https://doi.org/10.1038/srep23827
https://doi.org/10.1016/j.ijbiomac.2019.09.084
https://doi.org/10.1016/j.ijbiomac.2019.09.084
https://doi.org/10.1039/d0bm00718h
https://doi.org/10.1016/j.intimp.2018.11.001
https://doi.org/10.1002/jbm.a.36972
https://doi.org/10.1002/jbm.a.36972
https://doi.org/10.1016/j.bcp.2014.10.019
https://doi.org/10.1007/s12020-014-0196-z
https://doi.org/10.1016/j.biomaterials.2014.04.044
https://doi.org/10.1177/147323001103900312
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Zhang, Y., Ding, H., Song, Q., Wang, Z., Yuan, W., Ren, Y., et al. (2020).
Angiotensin II Inhibits Osteogenic Differentiation of Isolated Synoviocytes
by Increasing DKK-1 Expression. Int. J. Biochem. Cel Biol. 121, 105703.
doi:10.1016/j.biocel.2020.105703

Zhang, Y., Wang, K., Song, Q., Liu, R., Ji, W., Ji, L., et al. (2014). Role of the Local
Bone Renin-Angiotensin System in Steroid-Induced Osteonecrosis in Rabbits.
Mol. Med. Rep. 9 (4), 1128–1134. doi:10.3892/mmr.2014.1978

Zhao, J., Yang, H., Chen, B., and Zhang, R. (2019). The Skeletal Renin-Angiotensin
System:APotential Therapeutic Target for the Treatment ofOsteoarticularDiseases.
Int. Immunopharmacology 72, 258–263. doi:10.1016/j.intimp.2019.04.023

Zhou, L., Huang, Y., Zhao, J., Yang, H., and Kuai, F. (2020). Oridonin Promotes
Osteogenesis through Wnt/β-Catenin Pathway and Inhibits RANKL-Induced
Osteoclastogenesis In Vitro. Life Sci. 262, 118563. doi:10.1016/j.lfs.2020.118563

Zhou, Y., Guan, X., Chen, X., Yu, M., Wang, C., Chen, X., et al. (2017). Angiotensin
II/Angiotensin II Receptor Blockade Affects Osteoporosis via the AT1/AT2-
Mediated cAMP-dependent PKA Pathway. Cells Tissues Organs 204 (1), 25–37.
doi:10.1159/000464461

Zhu, L., Kang, H., Guo, C.-a., Fan, W.-s., Wang, Y.-m., Deng, L.-f., et al.
(2017). Rifampin Suppresses Osteoclastogenesis and Titanium Particle-
Induced Osteolysis via Modulating RANKL Signaling Pathways.
Biochem. Biophysical Res. Commun. 484 (1), 64–70. doi:10.1016/
j.bbrc.2017.01.071

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zhao, Wang, Xu, Wang, Jia, Yu, Wang and Zhang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 68437516

Zhao et al. Effects of RAS in PPOL

https://doi.org/10.1016/j.biocel.2020.105703
https://doi.org/10.3892/mmr.2014.1978
https://doi.org/10.1016/j.intimp.2019.04.023
https://doi.org/10.1016/j.lfs.2020.118563
https://doi.org/10.1159/000464461
https://doi.org/10.1016/j.bbrc.2017.01.071
https://doi.org/10.1016/j.bbrc.2017.01.071
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Effects of the Local Bone Renin-Angiotensin System on Titanium-Particle-Induced Periprosthetic Osteolysis
	Introduction
	Materials and Methods
	Patients and Samples
	Preparation of Ti Particles
	Titanium-Particle-Induced Mouse Calvarial Osteolysis Model
	Micro-CT Scanning
	Histological and Histomorphometric Analysis
	Fluorescence Calcein and Alizarin Red Labeling
	Cell Culture and Treatment
	Osteoclastogenesis In Vitro
	Cell Counting Kit-8 Assay
	Tartrate Resistant Acid Phosphatase Staining
	Resorption Pit Assay
	Osteogenic Differentiation In Vitro
	Alkaline Phosphatase Staining
	Alkaline Phosphatase Activity Assessment
	Alizarin Red Staining
	Immunohistochemistry
	Western Blot
	Reverse-Transcription Quantitative Polymerase chain reaction
	Statistical Analysis

	Results
	Renin-Angiotensin System Expression Was Up-Regulated in the Interface Membrane From Patients With Periprosthetic Osteolysis
	Renin-Angiotensin System Expression Was Up-Regulated in Calvarial Tissues of Titanium-Particle-Induced Osteolysis
	Inhibition of ACE Mitigated Titanium-Particle-Induced Osteolysis in the Murine Calvarial Osteolysis Model
	Inhibition of ACE Ameliorated Titanoum-Particle-Induced Increase of Bone Resorption and Decrease of Bone Formation in the M ...
	Ang II Promoted but Perindopril Suppressed Titanium-Particle-Induced Osteoclastogenesis, Osteoclast-Mediated Bone Resorptio ...
	Ang II Enhanced but Perindopril Repressed Titanium-Particle-Induced Suppression of Osteogenic Differentiation
	Inhibition of ACE Repressed Titanium-Particle-Induced Osteolysis by Suppressing the RANKL/RANKL Signaling Pathway and Activ ...

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


