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A B S T R A C T   

Periprosthetic osteolysis (PPO) remains the key factor in implant failure and subsequent revision surgery and is 
mainly triggered by wear particles. Previous studies have shown that inhibition of osteoblastic differentiation is 
the most widespread incident affecting the interface of trabecular and loosening prostheses. Additionally, the 
NLRP3 inflammasome is activated by prosthetic particles. Sirtuin3, an NAD+-dependent deacetylase of mito-
chondria, regulates the function of mitochondria in diverse activities. However, whether SIRT3 can mitigate 
wear debris-induced osteolysis by inhibiting the NLRP3 inflammasome and enhancing osteogenesis has not been 
previously reported. Therefore, we investigated the role of SIRT3 during the process of titanium (Ti) particle- 
induced osteolysis. We revealed that upregulated SIRT3 dramatically attenuated Ti particle-induced osteo-
genic inhibition through suppression of the NLRP3 inflammasome and improvement of osteogenesis in vivo and in 
vitro. Moreover, we found that SIRT3 interference in the process of Ti particle-induced osteolysis relied on the 
GSK-3β/β-catenin signalling pathway. Collectively, these findings indicated that SIRT3 may serve as a rational 
new treatment against debris-induced PPO by deacetylase-dependent inflammasome attenuation.   

1. Introduction 

Total joint arthroplasties (TJAs) are common surgical procedures 
that have considerable success in alleviating pain and restoring joint 
function for patients suffering from end-stage arthritis. As the aging and 
obesity population is rapidly rising worldwide, the incidence of TJAs is 
dramatically increasing as well, which creates a substantial clinical and 
economic public health burden. It is predicted that the number of 

revision surgeries will significantly increase given the large volume of 
total joint arthroplasties [1]. According to Joint Replacement Registry 
data, aseptic loosening is the leading aetiology for revision surgery, 
accounting for 24.6% of cases in Australia and 20.3% of cases in the USA 
[2,3]. The key factor triggering aseptic loosening and subsequent peri-
prosthetic osteolysis (PPO) is the accumulation of wear particles around 
the implant, such as titanium (Ti) particles [4]. Moreover, the disruption 
of bone homeostasis by wear particles leads to osteoclast activation and 
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osteoblast inhibition, resulting in PPO [5,6]. Consequently, partial bone 
around the implant is devastated, and bone integrity is destroyed. The 
inhibition of osteogenic differentiation was identified as the most 
widespread incident affecting the surface of trabecular and loosening 
prostheses [7], while traditional anti-osteoporosis drugs such as 
bisphosphonates, calcitonin, raloxifene, and denosumab mainly focus on 
preventing the bone resorption caused by osteoclasts [8–12]. In addi-
tion, lytic bone cannot be restored even when osteoclasts are controlled. 
Therefore, another factor, osteoblasts, which regulate bone formation, 
represent an attractive candidate therapeutic target for osteolysis. 

SIRT3 (Sirtuin3), one of the members of the sirtuin family, is an 
NAD+-dependent protein deacetylase located in the mitochondria [13]. 
Accumulating evidence indicates that SIRT3 is involved in a wide vari-
ety of beneficial activities, including antioxidation, regulation of energy 
metabolism, antidegeneration and antitumour activities, by regulating 
mitochondria-derived reactive oxygen species (ROS) and the electron 
transfer chain [13–15]. Recently, several studies have revealed that 
SIRT3 regulates bone homeostasis. SIRT3 might function as a negative 
regulator of osteoclast differentiation via the AMPK-PGC-1β axis [16]. 
Moreover, Kim et al. observed that SIRT3 controls osteoclastogenesis by 
activating superoxide dismutase 2 (SOD2) and regulating mitochondrial 
ROS [17]. For osteoblasts, SIRT3 was reported to promote osteogenic 
differentiation through the PGC-1α-SOD2 pathway [18]. Collectively, 
SIRT3 has been identified as a positive factor in bone remodelling. 
Nevertheless, whether SIRT3 improves wear particle-induced osteolysis 
by enhancing osteogenesis has not been reported. 

Pyroptosis is defined as a process of programmed inflammatory cell 
death associated with several specific factors, including NLRP3 (NLR 
family pyrin domain containing 3), gasdermin D (GSDMD) and caspase- 
1 [19]. The NLRP3 inflammasome is a complex that contains the NLR 
sensor protein, adaptor protein ACS and effector pro-caspase-1 [20], 
which recognize multiple sets of tissue damage stimuli and control the 
secretion of the proinflammatory cytokines interleukin-1β and 18 [21]. 
Thus, the NLRP3 inflammasome is activated and assembled by stimu-
lation via wear particles, acting through IL-1β to increase osteoclastic 
bone resorption [22,23]. In addition, investigation of the relationship 
between NLRP3 and SIRT3 revealed that depletion of SIRT3 enhanced 
NLRP3 inflammasome activation accompanied by excessive ROS pro-
duction [24]. However, whether SIRT3 could regulate the NLRP3 
inflammasome to attenuate wear particle-induced periprosthetic 
osteolysis is unclear. 

In this study, we determined the function of SIRT3 in the process of 
Ti particle-induced periprosthetic osteolysis and explored possible 
mechanisms using rat-mesenchymal stem cells (rMSCs) in vitro and a Ti 
particle-mediated peri-implant osteolysis model in vivo. We demon-
strated that bone loss surrounding the implant would be inhibited by 
upregulating the expression of SIRT3 to enhance osteogenic differenti-
ation through regulation of the NLRP3 inflammasome via GSK-3β/ 
β-catenin signalling. Our findings may provide new insights into treat-
ment against wear debris-induced PPO to alleviate aseptic loosening by 
deacetylase-dependent inflammasome attenuation. 

2. Materials and methods 

2.1. Collection of clinical samples 

All procedures for clinical sample collection and utilization received 
permission from the Bioethics Committee of the First Affiliated Hospital 
of Soochow University, and informed consent was obtained from pa-
tients. All samples were collected from two groups of patients (n = 3 per 
group). One group had osteoarthritis and underwent primary TJA, and 
the other group had TJA previously but needed revision surgery due to 
aseptic loosening. We only collected the discarded tissues resected from 
the joint capsule, which caused no additional harm to individuals. 

2.2. Preparation of titanium particles and rods 

Ti particles were obtained from Alfa Aesar (Ward Hill, MA), of which 
over 90% had diameters less than 4 μm [25]. Endotoxins were elimi-
nated by soaking in 75% alcohol for 2 days, rinsing three times with 
sterile ultrapure water, and then burning at 180 ◦C for 12 h. The con-
centration of endotoxins in particles was detected by Limulus assay 
(LAL, Biowhittaker, USA) to ensure that the endotoxin levels were less 
than 0.02 EU/ml. Then, the Ti particles were stored with sterile PBS at 
4 ◦C until use. Ti rods were purchased from Sigma (St. Louis, USA) and 
were 10 mm in length and 1.5 mm in diameter. Ti rods were sterilized 
using autoclaving and etched by piranha solution (95–98% H2SO4 and 
30% H2O2 with 3:1 vol mixed); subsequently, the rods were deposited 
under sterile conditions. 

2.3. Animals and peri-implant osteolysis induction 

Experimental procedures were authorized by the Animal Ethics 
Committee of the First Affiliated Hospital of Soochow University and 
met the guidelines of the Care and Use of Laboratory Animals. A total of 
40 twelve-week-old male Sprague-Dawley rats with an average weight 
of 300 ± 30 g were used. Before surgery, all rats received intraperitoneal 
(i.p.) injection of 2% pentobarbital sodium anaesthesia at a dose of 0.02 
ml/10 g. The bilateral knee was disinfected and prepared for intra-
medullary Ti rod implantation in the femoral canal of the rat. A 100 μl 
0.1 mg/ml Ti particle suspension was infused into the marrow cavity 
before implanting the Ti rod with preliminary fixation and then suturing 
and closing the incision. In brief, 40 rats were randomly classified into 
four groups (n = 10 each group): the control group (implant + SIRT3- 
shRNA NC (negative control) lentivirus), vehicle group (implant + Ti 
particles + SIRT3-shRNA NC lentivirus), LV-SIRT3 group (implant + Ti 
particles + SIRT3-overexpression lentivirus) and LV-shSIRT3 group 
(implant + Ti particles + SIRT3-shRNA lentivirus). The LV-SIRT3 and 
LV-shSIRT3 groups received intramuscular (i.m.) administration of 100 
μl of LV-SIRT3 and LV-shSIRT3, respectively, at 5 × 108 PFU/ml on the 
2nd day after the surgery. The control group received physiological 
saline, and the vehicle group received SIRT3-shRNA NC lentivirus (LV- 
Ctrl) under the same conditions. The duration of peri-implant osteolysis 
induction was 4 weeks. 

2.4. Micro-CT analysis 

Femurs with Ti rods (n = 6 left femurs from each group) were 
assessed by high-resolution micro-CT (SkyScan1176, Belgium). Scan-
ning parameters were set as follows: 18 μm per layer under a voltage of 
50 kV with a current of 500 μA. A region of interest with a diameter of 
1.7 mm, located near the femur growth plate, was chosen for analysis. 
Three-dimensional (3D) image reconstruction was performed, and 
morphometric parameters were evaluated, including bone mineral 
density (BMD), connectivity density (Conn.D), bone volume per total 
volume (BV/TV), bone surface per bone volume (BS/BV), trabecular 
number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation 
(Tb.Sp). 

2.5. Biomechanical evaluation 

The collected femurs (n = 6 left femurs from each group) were 
assessed by the biomechanical pull-out test using a material mechanical 
test system (Zwick, Ulm, Germany). A 3 mm distal resection of the femur 
metaphysis was performed to expose the Ti rod. Then, the Ti rod was 
clamped and fixed at the distal part. During the process of tensile 
loading, the Ti rods were continuously pulled at a velocity of 1 mm per 
minute along the loading direction. The load of force was recorded to 
identify the maximum fixation strength. 
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2.6. Histological, immunohistochemical and immunofluorescence staining 

All collected femurs were fixed in 10% formalin for at least 48 h. 
Parts of the femurs (n = 5 right femurs from each group) were sliced at a 
thickness of 1 mm under undecalcified conditions. The rest of the femurs 
were decalcified with 10% ethylenediaminetetraacetic acid (EDTA, 
Sigma-Aldrich) for 1 month, and Ti rods were carefully removed, 
embedded and sectioned into 6 μm sections. Routine H&E staining was 
used to observe the morphological changes in the specimens. Sections 
were visualized and captured by an LSM510 laser scanning microscope 
(Carl Zeiss). 

Dynamic bone formation was evaluated by using calcein double- 
labelling staining. All rats were intramuscularly injected with calcein 
(Sigma-Aldrich) at a dose of 10 mg/kg at 10 days and 2 days before 
euthanasia. Images of calcein double labelling were visualized by a 
fluorescence microscope, and parameters including interlabel width, 
mineralizing surface per bone surface (MS/BS) and mineral apposition 
rate (MAR) were measured. 

Toluidine blue staining was performed to evaluate osseointegration 
under undecalcified conditions. The sections were immersed in xylene to 
remove polymethylmethacrylate and gradient hydrated. Then, the cells 
were rinsed with tap water and stained with 0.05% toluidine blue dye at 
pH 4. Next, the sections were rinsed with tap water and gradient 
dehydrated. Finally, the MMA was cleared again with xylene and dried 
in air. The parameter bone-implant contact (BIC) was measured. 

Immunohistochemistry (IHC) staining was used to identify the levels 
of SIRT3, pyroptosis and pathway-related markers. Briefly, sections 
were dewaxed and gradient hydrated to retrieve antigen. Then, primary 
antibodies were added to tissue sections, including SIRT3 (ab189860), 
pSer9-GSK-3β (ab131097), and NLRP3 (ab214185, all purchased from 
Abcam, UK), overnight at 4 ◦C. Next, the sections were blocked with the 
corresponding secondary antibodies for half an hour. The chromogenic 
reaction was induced by a DAB Kit (Beyotime, China). Random regions 
were selected from the entire field of view. IHC-positive cells were 
measured using Bioquant Osteo 2017 and counted by two independent 
blinded observers. For statistical accountability, at least 3 different areas 
were selected in each group to calculate the number of positive cells. 

Immunofluorescence staining was performed to detect osteogenesis- 
related markers. Briefly, tissue sections were dewaxed, antigen- 
retrieved and blocked with 2% BSA for 60 min. Primary antibodies 
were then added for incubation overnight at 4 ◦C, including Runx2 
(ab192256) and osterix (ab22552, all from Abcam). After that, the 
sections were blocked with the corresponding secondary fluorescent 
antibodies (Alexa Fluor® 647 and 488 (Abcam)) in the dark for 60 min. 
Next, the nuclei were counterstained with DAPI for 10 min. Finally, the 
tissue sections were observed with a fluorescence microscope (Zeiss). 
The intensity of fluorescence was measured using ImageJ. 

2.7. Cell culture and osteoblast differentiation 

Rat mesenchymal stem cells (rMSCs) were extracted by flushing the 
tibia and femur of Sprague-Dawley rats with PBS following an estab-
lished protocol [26] and cultivated in minimum essential alpha medium 
(α-MEM) supplemented with 10% foetal bovine serum (FBS) and anti-
biotics (all from Gibco) under 5% CO2 at 37 ◦C. For osteogenic differ-
entiation, the medium was α-MEM supplemented with 10% FBS, 0.5 mM 
vitamin C, 0.1 μM dexamethasone and 10 mM β-glycerophosphate. 
Osteolysis imitation was induced by adding 10 μg/cm2 Ti particles, and 
the medium was replenished every 3 days. The cell seeding density was 
1 × 105 cells per well in 6-well plates. In addition, indocyanine 
green-001 (ICG-001, Selleck), which is a targeted Wnt/β-catenin sig-
nalling inhibitor, was applied to pretreat cells to investigate the involved 
signalling pathways. 

2.8. Cell proliferation and viability assay 

The cytotoxicity of Ti particles and ICG-001 to rMSCs was evaluated 
by cell counting Kit-8 (CCK-8; Beyotime) following the manufacturer’s 
protocol. rMSCs were cultured in 96-well plates at a concentration of 
5000 cells/well, and various concentrations of Ti particles and ICG-001 
were then added and cultivated for 1, 3 and 5 days. After that, the cells 
were rinsed and incubated with 100 μl of DMEM containing 10 μl of 
CCK-8 solution for at least 1 h at 37 ◦C. Finally, the wavelength for 
measuring absorbance was 450 nm. 

2.9. Lentivirus transfection 

To overexpress or silence SIRT3, lentivirus vectors that contained the 
SIRT3 gene were designed (GenePharma, Shanghai, China). The LV- 
SIRT3 and LV-shSIRT3 carried the green fluorescent protein (GFP) and 
red fluorescent protein (RFP), respectively. For the silencing of SIRT3, 
the sequences were as follows: GACTGCTCATCAATCGAGACT. For the 
overexpression of SIRT3, the targeted sequences were obtained from 
NCBI Sequence NM_001106313.2. The rMSCs were cultured in plates for 
6 h to ensure cell adhesion. Infection of lentiviruses was conducted with 
a multiplicity of infection (MOI) of 100 when approximately 30% 
confluence was reached. The infection lasted for 48–72 h before further 
osteogenic induction. GFP and RFP expression were detected via a 
fluorescence microscopy (Zeiss). The infectious efficiency was measured 
using ImageJ. The levels of SIRT3 were identified by qRT-PCR and 
Western blot analysis. 

2.10. Western blot analysis 

Proteins in samples were obtained by lysing with radio-
immunoprecipitation assay (RIPA; Beyotime) buffer at 4 ◦C for half an 
hour, and the supernatant fraction was kept after centrifugation (21,100 
× g, 4 ◦C) for 25 min (Sorvall Legend Micro 21R, Thermo Scientific, 
Germany). A BCA kit (Sigma) was used to quantify the concentration of 
protein. Then, proteins (20 μg) were separated by SDS-PAGE (Beyotime) 
and transferred to a polyvinylidene fluoride membrane (Bio-Rad Labo-
ratories). Next, the membrane was sealed with blocking buffer and 
incubated in primary antibody solution, including antibodies against 
SIRT3 (1:1000), Runx2 (1:500), OCN (1:500), osterix (1:500), ALP 
(1:1000), pSer9-GSK-3β (1:500), total GSK-3β (1:2000), axin-2 (1:1000), 
β-catenin (1:5000), caspase-1 (1:200), NLRP3 (1:1000), GSDMD 
(1:1000), IL-1β (1:1000), and IL-18 (1:1000, all obtained from Abcam), 
overnight at 4 ◦C. After washing 3 times with Western blot washing 
solution (Beyotime), the corresponding secondary antibody at a dilution 
of 1:5000 was added at room temperature for 60 min. Protein bands 
were captured by enhanced chemiluminescence (ECL; GE Healthcare), 
and protein quantification was performed using Image Lab 3.0. 

2.11. Quantitative real-time PCR assay 

Total RNA was isolated from samples using TRIzol reagent (Beyo-
time), and the density of RNA was quantified using a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific). Then, complementary 
DNA (cDNA) was generated from 2 μg of isolated RNA using reverse 
transcription. Finally, the cDNA was amplified using a reaction system 
containing 10 μl of qPCRMasterMix (Biotium), 0.5 μl of forward and 
reverse primer, 2 μl of cDNA, and 7 μl of nuclease-free ddH2O (Invi-
trogen). Real-time PCR was performed in a CFX96™ thermal cycler (Bio- 
Rad Laboratories). Each sample assay was performed in triplicate, and 
the fold change in mRNA expression was determined using the 
comparative 2− ΔΔCq method. Primers of target genes are listed in 
Table S1. 
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2.12. Alkaline phosphatase staining 

ALP was assessed as a marker of bone formation. In brief, rMSCs were 
cultured for 7 days in osteogenic medium. Next, the cells were fixed in 
4% paraformaldehyde for half an hour at 4 ◦C, and then prepared BCIP/ 
NBT (Beyotime) working solution was added to completely cover the 
cells for incubation in the dark for 30 min. ALP activity was detected by 
an Alkaline Phosphatase quantification Kit (Jiancheng Bioengineering 
Institute, Nanjing, China) according to the manufacturer’s instructions. 
Then, ALP activity was assessed at a wavelength of 520 nm (BioTek 
Instruments, lnc., USA). 

2.13. Alizarin red S staining 

rMSCs were cultured for 21 days in osteogenic medium. The cells 
were rinsed and fixed for at least 15 min with 95% ethanol. Next, the 
cells were dark-incubated with 0.1% ARS staining solution (pH 4.1) for 
20 min. Before taking images, the cells were washed 3 times with 
ddH2O. A 5% perchloric acid solution was used to dissolve calcium 
nodules at 37 ◦C for half an hour, and then the optical density was 
assessed at 420 nm (BioTek Instruments, lnc., USA). 

2.14. Cell immunofluorescence staining 

rMSCs were seeded on coverslips with osteogenic differentiation 
medium in a 24-well plate. Next, the cells were fixed with 4% para-
formaldehyde and permeabilized with 0.2% Triton X-100 (Beyotime) for 
15 min. Then, coverslips were sealed with blocking buffer for 60 min. 
Next, the primary antibodies were added for incubation in each well for 
12 h at 4 ◦C, including anti-OCN (1:200). After that, the cells were 
rinsed, and the corresponding secondary fluorescent antibody (either 

Alexa Fluor® 488 or 647 (Abcam)) was added for incubation in the dark 
for 60 min. Fluorescently stained cells were then counterstained with 
DAPI for 10 min. Coverslips were placed on microscope slides with 
fluorescence anti-fade solution (Beyotime) and observed with a fluo-
rescence microscope (Zeiss). The intensity of fluorescence was measured 
using ImageJ. 

2.15. Determination of IL-1β and IL-18 secretion 

After culturing rMSCs with different interventions, the medium was 
collected for enzyme-linked immunosorbent assays (ELISAs). The levels 
of IL-1β and IL-18 secretion in the culture supernatant were measured 
separately using different ELISA kits (R&D Systems, USA) in accordance 
with the manufacturer’s instructions. 

2.16. Statistical analysis 

Values are represented as the means ± standard deviation. Student’s 
t-test was performed to determine the significance of differences be-
tween two groups, and one-way ANOVA followed by Tukey’s test was 
used to determine multiple comparisons. SSPS 25.0 was used for sta-
tistical analysis. Statistical significance was defined as p < 0.05. 

3. Results 

3.1. Effect of SIRT3 on amelioration of periprosthetic osteolysis by 
promoting osteogenesis in vivo 

To investigate the efficacy of SIRT3 in wear particle-induced peri-
prosthetic bone loss, we first collected the removed clinical tissues from 
patients who suffered from osteoarthritis (OA) who underwent primary 

Fig. 1. The expression of SIRT3 in primary TJA and revision TJA tissues. (A) Images of clinical tissues collected from primary TJA and revision TJA. (B) Repre-
sentative images of IHC staining of the expression of SIRT3. (C) Semiquantitative analysis of SIRT3-positive cells, at least 3 different areas were selected in each group 
for calculating the number of positive cells. (D-E) Protein levels of SIRT3 in primary TJA and revision TJA samples. (F) mRNA levels of SIRT3 in primary TJA and 
revision TJA samples. (n = 3 per group. Values are shown as the means ± s.d. **p < 0.01 and ***p < 0.005). 
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total joint arthroplasty (TJA) and those who suffered from aseptic 
loosening who underwent revision TJA (Fig. 1A). Immunohistochemical 
staining revealed that SIRT3 expression in revision TJA tissues was 
significantly decreased relative to that in primary TJA tissues (Fig. 1B 
and C). Moreover, Western blot and quantitative analysis (Fig. 1D–E) 
demonstrated that the protein levels of SIRT3 were significantly higher 
in primary TJA tissues than in revision TJA tissues. Furthermore, the 
qRT-PCR analysis (Fig. 1F) was consistent with the Western blot results. 
These results suggest that SIRT3 may be related to wear particle-induced 
periprosthetic osteolysis. 

Next, a Ti particle-stimulated periprosthetic osteolysis rat model was 
used to further explore the effect of SIRT3 in PPO in vivo. The expression 
of SIRT3 was regulated through lentivirus injection, and feasibility was 
identified by Western blot (Fig. S1). Additionally, lentivirus toxicity on 
organs was not observed in vivo (Fig. S2). As shown in the micro-CT and 
3D reconstruction images (Fig. 2A), the periprosthetic bone mass was 
significantly damaged in the vehicle group and rescued by treatment 
with LV-SIRT3. Meanwhile, the bone mass was further destroyed by the 
interference of LV-shSIRT3. In addition, the quantitative analysis of 
bone parameters (Fig. 2B–H) showed that the BMD, BV/TV, Tb.N, Tb.Th 
and Conn.D values decreased significantly and the BS/BV and Tb.Sp 
values increased dramatically in the vehicle group compared with the 
control group. Bone loss was alleviated significantly when treated with 
LV-SIRT3. The BMD, BV/TV, Tb.N, Tb.Th and Conn.D values in the LV- 
shSIRT3 group was significantly lower than those in the LV-SIRT3 

group. Moreover, the maximum fixation strength of the Ti rods 
dramatically increased in the LV-SIRT3 group (Fig. 2I). A decrease in the 
maximum fixation strength was also observed in LV-shSIRT3. These data 
showed that the periprosthetic bone mass was preserved by upregulat-
ing the expression of SIRT3. 

Consistently, H&E and toluidine blue staining (Fig. 3A and B) 
confirmed the suppression of periprosthetic osteolysis by treatment with 
LV-SIRT3. Semiquantitative analysis of H&E staining (Fig. 3E) and to-
luidine blue staining (Fig. 3F) demonstrated that SIRT3 treatment 
significantly increased the mineral surface of bone and protected the 
trabeculae around prostheses. Calcein double labelling (Fig. 3C & G-H) 
showed that SIRT3 treatment increased the distance between the double 
labels compared with the vehicle group, and the mineralizing surface/ 
bone surface and mineral apposition rate were enhanced in the LV- 
SIRT3 group compared with the vehicle group. Furthermore, immuno-
fluorescence staining was performed to evaluate the ability of SIRT3 to 
enhance osteogenesis during the process of periprosthetic bone loss. The 
expression of the osteogenic markers Runx2 and osterix (Fig. 3D) was 
upregulated in the LV-SIRT3 group and inhibited in the LV-shSIRT3 
group, which demonstrated that Ti particles suppressed the expression 
of osteogenic markers during periprosthetic osteolysis, but SIRT3 
intervention rescued bone formation. Collectively, these results indi-
cated that Ti particle-stimulated periprosthetic osteolysis was alleviated 
by enhancing osteogenesis via targeted regulation of SIRT3 in vivo. 

Fig. 2. SIRT3 treatment moderated Ti particle-induced bone destruction and enhanced bone formation in a periprosthetic osteolysis rat model. (A) Representative 
images of Micro-CT. (B) BMD (mg/mm3). (C) Conn.D (mm− 3). (D) BV/TV (%). (E) BS/BV (mm− 1). (F) Tb.N (mm− 1). (G) Tb.Th (mm). (H) Tb.Sp (mm). (I) Max 
fixation strength (N) identified by biomechanical evaluation. (n = 6 per group. Values are shown as the means ± s.d. *p < 0.05 and **p < 0.01). 
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Fig. 3. SIRT3 treatment alleviated Ti particle-induced PPO in histological sections of distal femurs. (A) Representative images of H&E staining. (B) Representative 
images of toluidine blue staining. (C) Representative images of calcein double-labelling staining. (D) Representative images of immunofluorescence, red (osterix), 
green (Runx2), and blue (nuclei). (E) Inflammatory areas identified with black dotted lines showing the fibrous layer, n = 6 per group. (F) Bone-implant contact (BIC, 
%), n = 5 per group. (G) Mineralizing surface/bone surface (%), n = 5 per group. (H) Mineral apposition rate (μm/day), n = 5 per group. (Values are shown as the 
means ± s.d. **p < 0.01 and ***p < 0.005). 

K. Zheng et al.                                                                                                                                                                                                                                   



Bioactive Materials 6 (2021) 3343–3357

3349

3.2. Effect of SIRT3 on amelioration of osteogenic reduction induced by 
Ti particles in vitro 

To gain insight into the efficacy of SIRT3 on bone formation in the 
presence of Ti particles in vitro, we used lentivirus transfection to 
regulate the expression levels of SIRT3. The lentivirus infectious effi-
ciency in cells was detected via fluorescence microscopy (Fig. S3). 

Western blot analysis revealed the feasibility of upregulating and 
silencing the expression of SIRT3 via LV-SIRT3 and LV-shSIRT3, 
respectively (Figs. S4A and B). Consistently, the qRT-PCR results 
(Fig. S4G) also verified the effectiveness of the lentivirus. Meanwhile, 
we found that osteogenic differentiation was activated by over-
expression of SIRT3 and inhibited when SIRT3 expression was knocked 
down without Ti particle intervention (Fig. S4A & C-K). 

Fig. 4. SIRT3 treatment ameliorated Ti particle-induced suppression of osteogenic differentiation in rMSCs. (A) Scanning electron microscopy (SEM) image of Ti 
particles. (B) Distribution of Ti particles size. (C) Cell viability after incubation for 5 days with different concentrations of Ti particles was assessed using a CCK-8 kit. 
$p < 0.05, compared with basal group. (D) Rate of inhibition rate on rMSCs. (E-J) Protein levels of SIRT3, Runx2, ALP, OCN and osterix. The cells were incubated in 
the presence of 10 μg/cm2 of Ti particles. (K) mRNA levels of SIRT3. (n = 3 per group. The cell seeding density was 1 × 105 cells per well in 6-well plates. Values are 
shown as the means ± s.d. *p < 0.05, **p < 0.01 and ***p < 0.005). 
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The Ti particles that we used in this study were observed under 
scanning electron microscopy (SEM, Fig. 4A), and the length of the Ti 
particles was measured; over 90% had diameters less than 4 μm 
(Fig. 4B). Moreover, the results of CCK8 analysis determined that the 
viability of cells was unaffected below the concentration of 10 μg/cm2 Ti 
particles over 1, 3 and 5 days (Fig. 4C and D, Figs. S5A and B). Hence, 
rMSCs were stimulated with 10 μg/cm2 Ti particles after lentivirus 
interference. Western blot and quantitative analysis (Fig. 4E–J) 
demonstrated that the protein levels of osteogenic markers were 
significantly upregulated by LV-SIRT3 treatment compared with vehicle 
treatment, which indicated that upregulation of SIRT3 expression alle-
viated Ti particle-induced osteogenic reduction. In contrast, the rescued 
effect on osteogenic reduction vanished when SIRT3 was silenced. 
Furthermore, the qRT-PCR analysis (Fig. S5C) was also consistent with 
the Western blot results. 

Additionally, immunofluorescence staining (Fig. 5A) indicated that 
OCN expression, which is located on the plasma membrane, was 
increased by targeted upregulation of SIRT3 expression. The fluores-
cence intensity was further decreased by treatment with LV-shSIRT3 
(Fig. 5D). ALP staining (Fig. 5B and E) showed that treatment with 
LV-SIRT3 moderated the inhibition of Ti particle-induced osteogenic 
differentiation of rMSCs. Moreover, Alizarin red S staining (ARS, 
Fig. 5C) confirmed the rescued effect of SIRT3 on bone formation in the 
presence of Ti particles, and the semiquantitative analysis of ARS 
(Fig. 5F) indicated that the mineralization of cells was greatly acceler-
ated by approximately 385.9% in the LV-SIRT3 group relative to the 

group treated with Ti particles only. Overall, these data further 
confirmed the ability of SIRT3 to rescue reduced osteogenic differenti-
ation induced by Ti particles in rMSCs. 

3.3. Effect of SIRT3 on pyroptosis-related NLRP3 inflammasome 
inhibition in vivo and in vitro 

To evaluate whether SIRT3 regulated pyroptosis-associated NLRP3 
inflammasome activation during the process of Ti particle-induced 
prosthetic osteolysis, we first assessed NLRP3 inflammasome expres-
sion in collected femurs. Immunohistochemistry staining (IHC, Fig. 6A) 
revealed that LV-SIRT3 treatment significantly decreased NLRP3 
expression relative to vehicle treatment, whereas LV-shSIRT3 inter-
vention further upregulated NLRP3 activation. The semiquantitative 
analysis of IHC staining (Fig. 6C) indicated that many NLRP3-positive 
cells infiltrated around the prosthesis in the vehicle group; in contrast, 
few NLRP3-positive cells were observed after targeting upregulated 
SIRT3 expression. Furthermore, we found that the expression of 
pyroptosis-associated proteins was dramatically increased by stimula-
tion of Ti particles in rMSCs, and downstream proinflammatory cyto-
kines were promoted by the NLRP3 inflammasome in cells treated with 
Ti particles only (Fig. 6B). However, the interference of LV-SIRT3 sup-
pressed the activation and expression of the NLRP3 inflammasome as 
well as downstream factors. Quantitative assessment by western blotting 
(Fig. 6D–J) also verified that pyroptosis-related proteins were decreased 
by targeted upregulation of SIRT3 expression. Consistent with the 

Fig. 5. SIRT3 treatment mitigated Ti particle-induced suppression of osteogenesis and mineralization in rMSCs. (A) Representative images of immunofluorescence 
staining; red (OCN), green (Phalloidin), and blue (nuclei). (B) Representative images of ALP staining at 7 days. (C) Representative images of ARS staining at 21 days. 
(D) Semiquantitative evaluation of fluorescence intensity. (E) Quantitative evaluation of ALP activity. (F) Semiquantitative evaluation of the ARS recovery ratio. (n 
= 6 per group. The cell seeding density was 5 × 103 cells per well in 24-well plates. Values are shown as the means ± s.d. **p < 0.01 and ***p < 0.005). 
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Western blot results, the qRT-PCR results (Fig. S6) showed an observable 
effect in which LV-SIRT3 reduced the mRNA levels of NLRP3, caspase-1, 
GSDMD, IL-1β and IL-18. To determine the secreted levels of IL-1β and 
IL-18, ELISAs were performed. The secretion of IL-1β and IL-18 was 

inhibited by treatment with LV-SIRT3, while treatment with LV-shSIRT3 
enhanced the secretion of these cytokines (Fig. 6K-L). Consequently, 
SIRT3 exhibited an inhibitory role in pyroptosis-related NLRP3 inflam-
masome activation stimulated by Ti particles in vivo and in vitro. 

Fig. 6. SIRT3 treatment suppressed Ti particle-stimulated activation of the pyroptosis-related NLRP3 inflammasome. (A) Representative images of IHC staining, 
identified with black arrows showing NLRP3-positive cells. (B) Western blot of pyroptosis-related proteins. (C) Semiquantitative evaluation of NLRP3-positive cells 
(n = 6 per group). (D-J) Protein levels of NLRP3, caspase-1, GSDMD, IL-1β, and IL-18, n = 3 per group. (K-L) Secretion of IL-1β and IL-18 in the culture medium, n = 6 
per group. (The cell seeding density was 1 × 105 cells per well in 6-well plates. Values are shown as the means ± s.d. *p < 0.05, **p < 0.01 and ***p < 0.005). 
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3.4. The effect of SIRT3 on the alleviation of Ti particle-induced PPO 
relied on the GSK-3β/β-catenin signalling pathway 

To explore the possible mechanisms by which SIRT3 treatment 
attenuated Ti particle-induced osteogenic reduction and inhibited acti-
vation of the NLRP3 inflammasome in periprosthetic osteolysis, we 
assessed the pivotal markers involved in the corresponding signalling 
pathways. Western blot analysis (Fig. 7A) indicated that the protein 
levels of pSer9-GSK-3β, axin-2 and β-catenin were decreased in cells 
stimulated with Ti particles, while the targeted upregulation of SIRT3 
significantly reversed the expression of these proteins. Quantitative 
Western blot analysis (Fig. 7B–D) indicated that the pSer9-GSK-3β to 
GSK-3β ratio and the levels of β-catenin and axin-2 were significantly 
elevated in the LV-SIRT3 group compared with the vehicle group. 
Consistently, the qRT-PCR results (Fig. S7) also confirmed that the 
mRNA levels of axin-2 and β-catenin were much higher in the LV-SIRT3 
group than in the vehicle group. These data illustrated that the GSK-3β/ 
β-catenin pathway might be involved in Ti particle-induced peri-
prosthetic osteolysis mediated by SIRT3. IHC staining was performed in 
collected femurs to further verify whether regulation of SIRT3 inhibited 
wear particle-induced periprosthetic osteolysis through GSK-3β/β-cat-
enin signalling. These results (Fig. 7E) revealed that pSer9-GSK-3β 
expression was elevated by LV-SIRT3 treatment. Moreover, the semi-
quantitative analysis of IHC staining (Fig. 7F) showed that few pSer9- 
GSK-3β-positive cells were identified in the group stimulated with Ti 
particles, while numerous IHC-positive cells were identified under 
SIRT3 intervention. Overall, these results suggested that upregulation of 
SIRT3 levels impaired Ti particle-induced periprosthetic osteolysis 
relying on GSK-3β/β-catenin signalling. 

To further verify whether the protective effect of SIRT3 on Ti 
particle-induced PPO was dependent on GSK-3β/β-catenin signalling, 
indocyanine green-001 (ICG-001), which is a targeted Wnt/β-catenin 
signalling inhibitor, was applied to pretreat cells. The cytotoxicity of 
ICG-001 on cells was measured first using a CCK-8 kit (Fig. 8A and B), 
and a concentration of 10 μM ICG-001 was selected to treat cells with 10 
μg/cm2 Ti particles and LV-SIRT3. Western blot results (Fig. 8C–G) 

showed that the expression of osteogenic markers was dramatically 
decreased by the administration of ICG-001. Consistently, qRT-PCR 
(Fig. S8) revealed that the mRNA levels of osteogenesis-related 
markers were lower in the ICG-001 treatment group than in the LV- 
SIRT3 group. In addition, ARS staining and ALP staining (Fig. 8H and 
I) further verified the inhibitory effects of ICG-001 on bone formation 
and mineralization, which indicated that ICG-001 blocked the beneficial 
effects of SIRT3 in Ti particle-induced osteogenic reduction. 

Moreover, the protein and mRNA levels of pyroptosis-related 
markers were significantly increased in the LV-SIRT3+ICG-001 group 
relative to the LV-SIRT3 group (Fig. 9A and B, Fig. S9A). Additionally, 
the Western blot (Fig. 9C and D) and qRT-PCR (Fig. S9B) results indi-
cated that ICG-001 treatment decreased the mRNA and protein levels of 
pSer9-GSK-3β, axin-2 and β-catenin relative to the LV-SIRT3 group. 
Collectively, these data illustrated that upregulation of SIRT3 reversed 
Ti particle-induced GSK-3β/β-catenin signalling inhibition. 

4. Discussion 

Periprosthetic osteolysis is an almost unavoidable issue, followed by 
total joint arthroplasty, which leads to progressive bone mass loss 
stimulated by wear particles [27]. Several cells, including macrophages, 
lymphocytes, fibroblasts, osteoclasts and osteoblasts, are correlated with 
the development of wear particle-induced periprosthetic osteolysis, 
which breaks bone homeostasis between bone resorption and formation 
[28]. Previous studies have suggested that inhibition of bone regener-
ation dominates in the initiation of PPO [7,29]. Moreover, down-
regulation of bone resorption by traditional anti-osteoporosis drugs can 
attenuate the damage to the structural bone matrix, whereas the quan-
tity of bone cannot be reversed and repaired. Therefore, ameliorating 
the wear particle-induced inhibition of osteogenic differentiation might 
be a key factor for PPO therapy. 

SIRT3, an NAD+-dependent deacetylase of mitochondria, regulates 
the function of mitochondria in diverse activities, including energy 
metabolism [30,31], oxidative stress [14], apoptosis [32], ageing [33] 
and cancer progression [34]. Moreover, some findings have revealed 

Fig. 7. SIRT3 mediated GSK-3β/β-catenin signalling in vitro and in vivo. (A-D) Protein levels of pSer9-GSK-3β/total GSK-3β, axin-2 and β-catenin, n = 3 per group. (E) 
Representative images of IHC staining of phosphorylation of Ser9-GSK-3β, identified with black arrows showing the IHC-positive cells, n = 6 per group. (F) 
Semiquantitative analysis of pSer9-GSK-3β-positive cells. (The cell seeding density was 1 × 105 cells per well in 6-well plates. Values are shown as the means ± s.d. 
*p < 0.05, **p < 0.01 and ***p < 0.005). 
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that SIRT3 might be a positive factor in bone remodelling [16–18]. 
However, whether SIRT3 attenuates wear debris-stimulated PPO has not 
been reported. Interestingly, we first found that SIRT3 was significantly 
lower expressed in clinical samples from patients underwent revision 
TJA compared to those from primary TJA. The different levels of SIRT3 
in revision and primary TJA tissues suggested a critical role for SIRT3 in 
regulating the wear particle-induced periprosthetic osteolysis. Similar 
modulation of SIRT3 was implicated in previous studies that SIRT3 
expression was inhibited in acute lung injury, acute kidney injury, 

cardiac hypertrophy, etc [35–37]. Based on this, we speculated that 
regulation of SIRT3 would alleviate PPO. So, we used lentivirus to 
selectively regulate the SIRT3 expression, observing that upregulated 
SIRT3 reversed Ti particle-induced osteogenic reduction in vitro and 
ameliorated periprosthetic osteolysis by promoting osteogenesis in vivo. 
Moreover, for the first time, we showed that overexpression of SIRT3 
alleviated Ti particle-induced PPO via NLRP3 inflammasome inhibition 
and osteogenesis enhancement. 

A relationship between SIRT3 and inflammasomes has been found in 

Fig. 8. ICG-001 reduced the efficacy of SIRT3 on bone formation and mineralization in rMSCs. (A) Cell viability after incubation for 1, 3, or 5 days was assessed by a 
CCK-8 kit. *p < 0.05, compared with the basal group (day 1), #p < 0.05, compared with the basal group (day 3), and $p < 0.05, compared with the basal group (day 
5). (B) Rate of inhibition on rMSCs. (C-G) Expression levels of osteogenic-related proteins, n = 3 per group. (H) ALP staining and quantitative evaluation of ALP 
activity, n = 6 per group. (I) ARS staining and semiquantitative evaluation of the ARS recovery ratio, n = 6 per group. (The cell seeding density was 1 × 105 cells per 
well in 6-well plates and 5 × 103 cells per well in 24-well plates. Values are shown as the means ± sd. *p < 0.05, **p < 0.01 and ***p < 0.005). 
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several diseases, suggesting that the assembly and activation of the 
NLRP3 inflammasome are blunted by SIRT3 [24]. Zhao et al. showed 
that SIRT3 moderated acute kidney injury by downregulating the NLRP3 
inflammasome, suppressing oxidative stress and decreasing IL-18 and 
IL-1β [36]. Zheng et al. revealed that SIRT3 protects against neuro-
damage in hyperglycaemic intracerebral haemorrhage by decreasing 
NLRP3 levels through SOD2 deacetylation and ROS scavenging [38]. 
Consistently, the results of our study showed that SIRT3 ameliorated 
wear particle-induced PPO by suppressing the NLRP3 inflammasome 
and the downstream component caspase-1, thereby blocking the in-
flammatory cascade, including IL-18 and IL-1β. 

Growing evidence has illustrated that the NLRP3 inflammasome is 
activated by prosthetic particles and likely participates in prosthetic 
loosening [22,39]. McCall et al. demonstrated that osteoblasts express 
the NLRP3 inflammasome in bacteria-induced cell death and contribute 
to bone loss [40]. Wang et al. revealed that promotion of the NLRP3 
inflammasome in BMSCs could suppress osteogenic differentiation [41]. 
Similarly, the results of our study revealed that bone formation-related 
markers were significantly decreased in the NLRP3 inflammasome 
activation group, while downregulation of the NLRP3 inflammasome 
reversed the effect of osteogenesis inhibition. Collectively, these results 
revealed that wear particle-induced inhibition of osteogenic differenti-
ation was attenuated by decreased NLRP3 inflammasome activity in 
PPO. 

Previous research has suggested that Wnt/β-catenin signalling is a 
crucial regulator of the proliferation and differentiation of osteoblasts to 
promote osteogenesis [42–44]. Meanwhile, GSK-3β, known as a ser-
ine/threonine protein kinase, can inactivate and degrade β-catenin to 
inhibit bone formation [45]. In our study, Ti particles decreased the 
level of β-catenin as well as its downstream gene axin-2; however, 
upregulated SIRT3 reversed the expression of axin-2 and β-catenin. The 
pSer9-GSK-3β to GSK-3β fraction was elevated by overexpression of 
SIRT3. Taken together, SIRT3 upregulated the levels of axin-2 and 
β-catenin and interfered with GSK-3β by phosphorylating at Ser9. 

To further verify whether SIRT3 alleviated PPO by activating GSK- 
3β/β-catenin signalling, ICG-001, a targeted Wnt/β-catenin signalling 
pathway inhibitor, was applied to coculture. Our study showed that 
osteoblastic differentiation and bone formation were reduced, while the 
expression of the NLRP3 inflammasome was increased with ICG-001 
administration. In addition, ICG-001 treatment alleviated the SIRT3- 

mediated rescue effect on the Ti particle-induced suppression of GSK- 
3β/β-catenin signalling. Collectively, these data revealed that SIRT3 
protected Ti particle-induced inhibition of osteogenesis and suppressed 
the NLRP3 inflammasome in PPO through GSK-3β/β-catenin signalling. 

There were still some limitations. In this study, we used Ti particles 
to trigger osteolysis on account of their stabilized and easily adherent 
features [46]. In the clinic, ultrahigh molecular weight polyethylene 
(UHMWPE) debris, rather than sterile Ti particles, is the major trigger 
for PPO. Thus, the effect of SIRT3 on the UHMWPE osteolysis model 
should be further explored. However, Ti and UHMWPE particles could 
comparably trigger periprosthetic osteolysis, and UHMWPE particles 
easily floated in cell culture. Moreover, we regulated the expression of 
SIRT3 by intramuscular injection of lentivirus, which was identified as a 
simple and effective way to evaluate the effect of SIRT3 on peri-
prosthetic osteolysis and NLRP3 inflammasome, also explored the 
possible involved signalling pathways. However, it is not easy to applied 
in clinical trials. In future, we would attempt to do some surface mod-
ifications of the titanium bars to achieve these effects for better clinical 
application. In addition, osteoclastic resorption and inflammation are 
two other key factors in wear particle-induced PPO. Some studies have 
demonstrated the regulatory role of SIRT3 in inflammation and osteo-
clastic resorption [16,47]. It would be essential to explore the potential 
role of SIRT3 in ameliorating inflammation and osteoclastogenesis in 
PPO. Finally, except for the GSK-3β/β-catenin signalling pathway, other 
signalling pathways subverted in PPO cannot be ignored and are worth 
further exploration. 

5. Conclusion 

Comprehensively, our study indicated that SIRT3 exerts protective 
effects on Ti particle-induced periprosthetic osteolysis by mitigating 
osteogenic reduction and that inhibiting the NLRP3 inflammasome re-
lies on the promotion of the GSK-3β/β-catenin signalling pathway 
(Scheme 1). These findings may indicate a rational new treatment 
against wear debris-induced PPO by deacetylase-dependent inflamma-
some attenuation. 
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