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Abstract: Aseptic loosening is the most common cause of total hip arthroplasty (THA) failure, 

and osteolysis induced by wear particles plays a major role in aseptic loosening. Various 

pathways in multiple cell types contribute to the pathogenesis of osteolysis, but the role of 

Sirtuin 1 (SIRT1), which can regulate inflammatory responses through its deacetylation, has 

never been investigated. We hypothesized that the downregulation of SIRT1 in macrophages 

induced by metal nanoparticles was one of the reasons for osteolysis in THA failure. In this 

study, the expression of SIRT1 was examined in macrophages stimulated with metal nanopar-

ticles from materials used in prosthetics and in specimens from patients suffering from aseptic 

loosening. To address whether SIRT1 downregulation triggers these inflammatory responses, 

the effects of the SIRT1 activator resveratrol on the expression of inflammatory cytokines in 

metal nanoparticle-stimulated macrophages were tested. The results demonstrated that SIRT1 

expression was significantly downregulated in metal nanoparticle-stimulated macrophages and 

clinical specimens of prosthesis loosening. Pharmacological activation of SIRT1 dramatically 

reduced the particle-induced expression of inflammatory cytokines in vitro and osteolysis in vivo. 

Furthermore, SIRT1 regulated particle-induced inflammatory responses through nuclear factor 

kappa B (NF-κB) acetylation. Thus, the results of this study suggest that SIRT1 plays a key role 

in metal nanoparticle-induced inflammatory responses and that targeting the SIRT1 pathway 

may lead to novel therapeutic approaches for the treatment of aseptic prosthesis loosening.
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Introduction
Aseptic loosening is the most common cause of total hip arthroplasty (THA) failure, 

and osteolysis induced by wear particles plays a vital role in its pathological processes.1 

Among various nanoparticles generated from implant components, metal particles, 

such as TiAl6V4 particles (TiPs) and CoCrMo particles (CoPs), are among the most 

common materials to be studied due to the wide use of metal prostheses in clinical 

practice.2 Briefly, nanoparticles generated from implant components stimulate local 

macrophages and mesenchymal cells to release a multitude of cytokines, chemokines, 

and metalloproteinases,3,4 which subsequently activate osteoclasts and result in bone 

resorption.5 Furthermore, inflammatory cytokines, such as tumor necrosis factor-α 

(TNF-α) and interleukin (IL)-1β, modulate the balance between osteoblast and osteo-

clast activities and promote osteolysis.6–9 The induction of osteolysis by CoPs could 

be prevented by the suppression of TNF-α in a murine calvaria osteolysis model.10 

Endoplasmic reticulum (ER) stress is a mediator in the inflammatory responses induced 

by both TiPs and CoPs in osteolysis.4 However, a specific target for the effective 
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regulation of particle-induced inflammatory responses has 

not been identified, and the precise mechanism by which 

particles trigger and amplify local inflammatory responses 

requires further investigation.11–14

Macrophages, which secrete various inflammatory 

mediators/cytokines, are important cells implicated in the 

initiation of inflammatory responses and play vital roles 

in the pathogenesis of numerous inflammatory diseases. 

Nuclear factor kappa B (NF-κB) is a proinflammatory tran-

scription factor and a key mediator of the immune response 

in macrophages. It consists of five homologous Rel homol-

ogy domains (RHD), namely, Rel (p65), RelB, CRel (REI), 

p50, and p52.15 Classic NF-κB is a dimer of p50 and p65.16,17 

In an unstimulated state, NF-κB is bound to the inhibitory 

proteins of the inhibitor of κB (IκB) family by the RHD in 

the cytoplasm.18,19 Once stimulated, NF-κB is liberated and 

translocates to the nucleus, where it further mediates the tran-

scription of targeted genes, including IL-1β and TNF-α.

The mammalian sirtuin family is a group of nicotinamide 

adenine dinucleotide (NAD+)-dependent deacetylases, 

including Sirtuin 1 (SIRT1) to SIRT7. Recent studies have 

revealed that the sirtuin family plays a key role in aging and 

metabolism, particularly in adapting gene expression and 

metabolism, according to the cellular energy state.20,21 SIRT1, 

the main member of the sirtuin family and one of the most 

studied histone deacetylases (HDACs), promotes longevity 

in many species. In addition to its regulatory roles in metabo-

lism, senescence, and apoptosis, SIRT1 regulates inflamma-

tory responses through the deacetylation of histones in the 

promoter regions of downstream genes, such as NF-κB and 

the activator protein 1 (AP-1). Such deacetylation alters the 

conformation of chromatin, suppressing the transcriptional 

activities of transcription factors and ultimately repressing 

the transcription of inflammation-related genes.19,22 Further-

more, clinical evidence suggests that SIRT1 downregulation 

is closely correlated with inflammatory diseases, while the 

pharmacological activation of SIRT1 by resveratrol effec-

tively attenuates inflammatory injuries.23–26

Therefore, the aims of this study were to examine the 

effects of metal nanoparticles on SIRT1 and proinflammatory 

cytokine expression in macrophages and clinical specimens 

from patients with prosthesis loosening and to investigate 

the potential role of SIRT1 in inflammatory responses in the 

pathological process of aseptic loosening.

Materials and methods
reagents
Bovine serum albumin (BSA; A4161), protease inhibitor 

cocktail (P8340), and resveratrol (R5010) were purchased 

from Sigma-Aldrich. Fetal bovine serum (FBS; 10099–141) 

and Dulbecco’s Modified Eagle’s Medium (DMEM; 

11995-065) were obtained from Gibco. RIPA lysis buffer 

(P0013B) was purchased from Beyotime. EX527 (2780) was 

purchased from TOCRIS.

Metal nanoparticle preparation
The TiPs and CoPs were provided by Dr Zhenzhong Zhang 

from the College of Materials Science and Engineering of 

Nanjing University of Technology. The characteristics of 

TiPs and CoPs were observed by transmission electron 

microscope (TEM). The particle size and distribution of 

TiPs and CoPs were calculated by SimplePCI software 

(Compix). To detect the stability of the TiPs and CoPs in 

the medium, 10 mg of TiPs and CoPs were added to 100 mL 

of DMEM and cultured for 24 h. Then, the pH value in 

the medium and the mass of particles were detected. For 

in vitro experiments, the particles were further diluted in 

cell culture medium to attain concentrations ranging from 

10 to 100 μg/mL and ultrasonicated for 20 min prior to 

cell exposure.

cell culture
The murine macrophage-like cell line Raw264.7, which was 

obtained from the China Center for Type Culture Collection 

(Shanghai, China), was cultured in DMEM supplemented 

with 10% FBS and 1% penicillin and streptomycin. The 

cells were maintained at 37°C in a humidified atmosphere 

of 5% CO
2
 and 95% air.

Patient specimens
Periprosthetic interface membranes were obtained from four 

patients undergoing revision operations made necessary by 

the aseptic loosening of their hip prostheses. Cases in which 

local infection was present were carefully excluded. The 

clinical data and X-ray films of these patients are shown in 

Table 1 and Figure 6A, respectively. A sample obtained from 

a patient who received an intertrochanteric fracture surgery 

was used as a control.

Western blotting
To prepare for Western blotting, the cells, calvarial perios-

teum of the animals, and periprosthetic interface membranes 

obtained from patients were first lysed in RIPA lysis buffer 

(50 mM Tris, pH =7.4, 150 mM NaCl, 1% sodium deoxy-

cholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate 

[SDS], and 1 mM PMSF) containing a protein inhibitor 

cocktail for 30 min on ice and subsequently centrifuged at 

12,000× g for 10 min at 4°C. The protein in the supernatants 
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was collected, and the concentration was determined using 

a BCA protein assay kit (Beyotime; P0011). Equal amounts 

of total protein were separated by 10% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

and subsequently transferred to polyvinylidene fluoride 

membranes. Western blotting was performed using the 

following primary antibodies: anti-SIRT1 (Cell Signaling 

Technology; 2493), anti-β-actin (Bioworld Technology; 

AP0733), anti-IκBα (Cell Signaling Technology; 4812), 

anti-NF-κB p65 (Cell Signaling Technology; C22B4), 

anti-NF-κB p65-Acetyl 310 (Abcam; ab19870), anti-

IRE1α (Cell Signaling Technology; 3294), and anti-p-JNK 

(Cell Signaling Technology; 9251). Subsequently, the 

following secondary antibodies were applied: horseradish 

peroxidase-conjugated anti-rabbit IgG (Bioworld Technol-

ogy; BS13278) and horseradish peroxidase-conjugated 

anti-mouse IgG (Bioworld Technology; BS12478). After 

incubation with a specific primary antibody followed by a 

horseradish peroxidase-conjugated secondary antibody, the 

protein bands were detected using a chemiluminescence 

detection system (Syngene, Cambridge, UK). The band den-

sity was analyzed using Gene Tools (Syngene). All Western 

blotting experiments were repeated in triplicate, except for 

those experiments performed in human tissues.

Table 1 clinical characteristics of patients

Case Gender Age (years) Years after  
implantation

Type of  
fixation

Specimen  
collection site

Diagnosis Prosthesis 
material

cON M 89 – – cup Intertrochanteric fracture –
lOO1 F 64 2 cement cup aseptic loosening Tial6V4
lOO2 F 48 1 cement cup aseptic loosening Tial6V4
lOO3 M 61 1 cement cup aseptic loosening cocrMo
lOO4 F 63 1 cement cup aseptic loosening Tial6V4

Notes: cup, acetabular cup; lOO, aseptic loosening.
Abbreviations: M, male; F, female.

β α

β α

Figure 1 Metal nanoparticle-induced inflammatory responses in the supernatant of Raw264.7 cells.
Notes: (A–D) The expression of Il-1β and TNF-α produced by Raw264.7 cells following incubation with TiPs (100 μg/ml) or coPs (100 μg/ml) at the indicated time 
periods (0, 3, 6, 12, or 24 h). *P0.05, **P0.05, ***P0.001 versus time 0. The data of all the experiments are represented as the mean ± seM from three independent 
experiments.
Abbreviations: Il, interleukin; TNF, tumor necrosis factor; TiPs, Tial6V4 particles; coPs, cocrMo particles; seM, standard error of the mean.
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Enzyme-linked immunosorbent assay 
(elIsa)
The inflammatory cytokines present in the periosteum and 

the cell supernatants were quantified using ELISA kits 

(ExCell Bio; mouse IL-1β, EM001, mouse TNF-α, EM008, 

human IL-1β, EH001, and human TNF-α, EH009). The total 

protein levels were used as an internal control for the tissue 

analysis. All procedures were performed in accordance with 

the manufacturer’s instructions.

Immunofluorescence staining
To detect the SIRT1 expression in Raw264.7 cells and 

specimens from patients suffering from aseptic loosening, the 

cells and the slices were stained with an anti-SIRT1 antibody 

(Cell Signaling Technology; 2493) at 4°C overnight. The 

secondary antibody, Alexa Fluor 647 goat anti-rabbit IgG 

(Beyotime; P0180), was applied at 37°C for 1 h, followed 

by nuclear staining with 4,6-diamidino-2-phenylindole 

(DAPI; Beyotime; C1005). The cells and sections were 

photographed using a Nikon confocal microscope (C2+; 

Nikon, Tokyo, Japan).

lentiviral overexpression
The recombinant lentivirus for SIRT1 overexpression 

was constructed by Genechem (Shanghai, China), and 

1×107 transducing unit (TU)/mL lentivirus was transfected 

into Raw264.7 cells for 12 h before being replaced by fresh 

media. Subsequently, the cells were cultured for 72 h before 

use in further experiments.

Real-time polymerase chain reaction 
(Pcr)
RNA from the calvarias of the animal models was extracted 

using the RNA Extraction Kit (Bioteke Co. Ltd; RP5611) 

following the manufacturer’s instructions. The total RNA 

was reverse transcribed to complementary DNA (cDNA) with 

PrimeScript™ RT Master Mix (TaKaRa Co. Ltd; RR036A). 

SYBR qPCR Mix (2×) (TaKaRa Co. Ltd; RR420A)  

was used for the real-time PCR. All primers are shown 

in Table 2.

Particle-induced osteolysis (PIO) animal 
model
C57BL/J6 mice (6 weeks old) were randomly assigned to the 

following five groups: group I (mice with the sham opera-

tion), group II (TiPs-treated mice), group III (CoPs-treated 

mice), group IV (TiPs co-treated with resveratrol), and 

group V (CoPs co-treated with resveratrol). After the mice 

were anesthetized, we separated the cranial periosteum from 

the calvarium by sharp dissection and embedded 50 μL of 

metal particle suspensions (50 mg/mL) into the middle of the 

calvarias. In the control group, 50 μL of phosphate-buffered 

saline (PBS) instead of metal particle suspensions was 

applied. In groups IV and V, resveratrol was intragastrically 

administered at 60 mg/kg/day for 2 weeks. After 2 weeks, 

all mice were sacrificed, and the calvarials were harvested 

for micro-computed tomography (micro-CT) scanning. All 

the animal experiments were approved by the animal ethics 

committee of Nanjing University, and all animals received 

humane care according to the Chinese Laboratory Animal 

Welfare Requirements and “3R” Principle (Replacement, 

Reduction, Refinement).

Statistical analysis
The data are presented as the mean ± standard error of the 

mean (SEM). The equality of the group variances was analyzed 

by the Brown–Forsythe test. The differences among groups 

were analyzed by one-way analysis of variance (ANOVA). 

A P-value of 0.05 indicated a significant difference.

ethical statement
The research protocol was approved by the ethics committee 

of Jingling Hospital, Nanjing, China. Informed consent forms 

and approval were obtained from all the patients involved in 

our study. All the animals received humane care according 

to the Chinese legal requirements.

Table 2 Primer sequences used for real-time rT-Pcr

Gene Primer sequences forward/reverse

gaPDh 5′-TgTgTccgTcgTggaTcTga-3′/5′-TTgcTgTTgaagTcgcaggag-3′
iNOs 5′-cccTTccgaagTTTcTggcagcagc-3′/5′-ccaaagccacgaggcTcTgacagcc-3′
cD86 5′-TcagTcaggaTgggagTggTa-3′/5′-aTccaagagccaTTccTaccT-3′
Mr 5′-caTgaggcTTcTcTTgcTTcTg-3′/5′-TTgccgTcTgaacTgagaTgg-3′
arg I 5′-cagaagaaTggaagagTcag-3′/5′-ggTgacTcccTgcaTaTcTg-3′

Abbreviations: RT-PCR, reverse transcription-polymerase chain reaction; MR, mannose receptor.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3621

SIRT1 regulates nanoparticle-induced inflammation

Results
cellular sIrT1 expression is 
downregulated by metal nanoparticles 
in macrophages
To investigate whether TiPs and CoPs could induce the 

downregulation of SIRT1 expression in Raw264.7 cells, we 

analyzed the expression of SIRT1 by Western blot analysis. 

The Raw264.7 cells were plated at a density of 1×106 cells/

well in a 6-well plate and cultured in DMEM for 12 h prior 

to being stimulated with TiPs or CoPs at a concentration of 

100 μg/mL for various time periods (0, 3, 6, 12, or 24 h) or 

for 24 h at various concentrations (0, 10, 50, or 100 μg/mL). 

The characteristics of TiPs and CoPs are shown in Figure 2. 

After stimulation by metal nanoparticles, the SIRT1 protein 

levels were downregulated in time- and dose-dependent 

manners (Figure 3). Next, to further confirm the downregu-

lation of cellular SIRT1, we examined SIRT1 expression in 

Raw264.7 cells in vitro by immunofluorescence staining. 

Confocal microscopy revealed that the number of cells with 

SIRT1-positive puncta was obviously decreased after stimu-

lation by metal nanoparticles (Figure 4). Overall, these data 

indicated that metal nanoparticles induced the downregula-

tion of SIRT1 expression in macrophages.

Metal nanoparticles promote 
inflammatory responses in macrophages
To explore the effects of metal nanoparticles on inflam-

matory cytokine expression in macrophages, Raw264.7 

cells were seeded at a density of 1×106 cells/well in 6-well 

plates and exposed to metal particles at a concentration of 

100 μg/mL for various time periods (0, 3, 6, 12, or 24 h). 

The results showed that both TiPs and CoPs significantly 

increased IL-1β and TNF-α expression in a time-dependent 

manner (Figure 1). The maximum induction levels of IL-1β 

and TNF-α following TiPs treatment were 3.3- and 5.6-fold 

higher than those observed in the control cells (Figure 1A 

and B). The maximum induction of IL-1β and TNF-α in cells 

treated with CoPs was 4.6- and 6.5-fold higher than that in 

the control cells (Figure 1C and D).

sIrT1 regulates metal nanoparticle-
induced inflammatory responses in 
macrophages
To further investigate whether the metal nanoparticle- 

induced inflammatory cytokine upregulation was an outcome 

of SIRT1 downregulation, Raw264.7 cells were pretreated 

with 10 μM of resveratrol, which activates SIRT1, for 

12 h prior to stimulation with TiPs (100 μg/mL) or CoPs 

(100 μg/mL) for another 24 h. As shown in Figure 5A–D, 

the addition of resveratrol downregulated the effects of TiPs 

and CoPs on cytokine expression. Incubation with resvera-

trol resulted in a 43% or 47% loss, respectively, of IL-1β 

expression induced by TiPs and CoPs (Figure 5A and C), 

and the expression of TNF-α induced by TiPs and CoPs was 

reduced by 44% and 33%, respectively, after treatment with 

resveratrol (Figure 5B and D). Furthermore, incubation with 

EX527 (5 μmol/L), a specific SIRT1 inhibitor, reversed the 

effects of resveratrol on the particle-induced inflammatory 

responses (Figure 5A–D). To determine whether metal nano-

particles could induce macrophage differentiation, we chose 

iNOS and CD86 as the biomarkers for M1 macrophages. We 

chose mannose receptor (MR) and Arg I as the biomarkers 

for M2 macrophages. The results indicated that metal 

nanoparticles could induce Raw264.7 cells to differentiate 

into M1 macrophages, but not M2 macrophages, and could 

further induce inflammatory cytokine expression. However, 

resveratrol could only rescue inflammatory responses but 

could not rescue the phenotype in which Raw264.7 cells 

differentiated into M1 macrophages (Figure S1).

sIrT1 overexpression inhibits 
inflammatory cytokine production after 
stimulation by metal nanoparticles
To further determine if particle-induced inflammatory 

responses were regulated by SIRT1, a recombinant lentivirus 

for SIRT1 overexpression was constructed. Similar to the 

results of pharmacological activation, treatment with metal 

particles promoted inflammatory responses, and SIRT1 

overexpression significantly reduced the levels of particle-

induced IL-1β and TNF-α expression. SIRT1 overexpression 

resulted in a 55.7% decrease in IL-1β and a 63.0% decrease 

in TNF-α with TiPs stimulation, while SIRT1 overexpression 

resulted in a 48.4% decrease in IL-1β and a 43.3% decrease 

in TNF-α with CoPs stimulation (Figure 5E–H).

SIRT1 is downregulated and inflammatory 
cytokines are overexpressed in clinical 
specimens of patients with aseptic 
loosening
We next performed Western blotting and ELISA analyses using 

the interface membranes obtained from patients with aseptic 

loosening. Tissues from a patient with an intertrochanteric 
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Figure 2 The characteristics of metal nanoparticles.
Notes: (A, B) TeM images of TiPs and coPs. (C, D) The particle size distribution of TiPs and CoPs was calculated by SimplePCI software (Compix). (E, F) a total of 10 mg 
of TiPs and coPs were cultured in 100 ml of DMeM, and the mass of the particles was detected after 24 h. (G, H) a total of 10 mg of TiPs and coPs were cultured in 100 ml 
of DMeM, and the ph value of the medium was detected.
Abbreviations: TEM, transmission electron microscope; TiPs, TiAl6V4 particles; CoPs, CoCrMo particles; DMEM, Dulbecco’s Modified Eagle’s Medium.
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fracture were used as a control. The clinical characteristics of 

the patients are shown in Table 2 and Figure 6A. As shown 

in Figure 6B, the expression levels of SIRT1 in patients 

with aseptic loosening were significantly downregulated 

compared with those of the control. Consistent with the 

Western blot findings, immunofluorescence staining dem-

onstrated that the expression of SIRT1 was dramatically 

downregulated at the interface membrane of patients with 

β
β

β

β

β
β

β

β

Figure 3 sIrT1 expression was downregulated after exposure to metal nanoparticles.
Notes: (A, C) SIRT1 protein levels after Raw264.7 cells were incubated with TiPs or CoPs at various concentrations (0, 10, 50, or 100 μg/ml). (B, D) The densities 
of the Western blot bands in (A) and (C) were quantified using the Gene Tools software. *P0.05, **P0.01 versus concentration 0. (E, G) sIrT1 protein levels after 
raw264.7 cells were incubated with 100 μg/ml TiPs or coPs for the indicated time periods (0, 3, 6, 12, or 24 h). (F, H) The density of the Western blot bands in (E) and 
(G) were quantified using the Gene Tools software. *P0.05, ***P0.001 versus time 0. The data of all the experiments are represented as the mean ± seM from three 
independent experiments.
Abbreviations: sIrT1, sirtuin 1; TiPs, Tial6V4 particles; coPs, cocrMo particles; seM, standard error of the mean.
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Figure 4 Immunofluorescence was performed to examine the expression of SIRT1 in the RAW264.7 cells.
Notes: The cells were treated with 100 μg/ml TiPs or coPs for 24 h. red, sIrT1; blue, DaPI nuclear staining.
Abbreviations: SIRT1, Sirtuin 1; TiPs, TiAl6V4 particles; CoPs, CoCrMo particles; DAPI, 4,6-diamidino-2-phenylindole; CON, control.

aseptic loosening (Figure 7). Furthermore, we observed the 

expression of IL-1β and TNF-α in specimens in patients with 

aseptic loosening. Consistent with the in vitro experiments, 

the IL-1β and TNF-α levels detected in the interface mem-

branes of patients with aseptic loosening were much higher 

than those observed in the control group (Figure 6C and D). 

These results suggested a strong association between SIRT1 

expression and aseptic loosening in humans.

The sIrT1–NF-κB pathway is involved in 
the inflammatory responses induced by 
metal particles
Previous studies have suggested that inflammatory 

responses can be triggered by the SIRT1–NF-κB signaling 

pathway.19,27,28 Thus, we determined whether the SIRT1–

NF-κB signaling pathway is involved in metal nanoparticle-

induced inflammatory responses in macrophages. Both TiPs 

and CoPs significantly increased the expression of acetylated  

NF-κB (K310) and decreased the expression of IκBα in vivo 

and in vitro. However, no obvious differences in the total 

NF-κB expression were observed among the different 

groups (Figures 6B and 8). Furthermore, we detected the 

suppression of the NF-κB pathway using particles and res-

veratrol co-treatment. We observed significantly decreased 

levels of acetylated NF-κB and increased levels of IκBα, 

but not total NF-κB, after treatment with resveratrol. 

These effects could be reversed by treatment with EX527 

(Figure 8A–D). Next, to confirm whether particle-induced 

inflammatory responses were mediated by the NF-κB sig-

naling pathway, Raw264.7 cells were co-treated with metal 

nanoparticles and BAY-11-7082, an NF-κB inhibitor. As 

shown in Figure 9, TNF-α and IL-1β expression levels were 

significantly reduced in cells treated with BAY-11-7082. 

Collectively, these results indicated that the observed 

particle-induced inflammatory responses were mediated by 

the SIRT1–NF-κB pathway.
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Figure 5 SIRT1 regulates the induction of inflammatory cytokine expression by metal nanoparticles in the supernatant of Raw264.7 cells.
Notes: (A–D) Inhibition of the expression of inflammatory cytokines by resveratrol. The expression of inflammatory cytokines in Raw264.7 cells incubated with resveratrol 
(10 μM) for 12 h prior to stimulation with TiPs (100 μg/ml) or coPs (100 μg/mL) for another 24 h. EX527 (5 μM) was used to reverse the effects of resveratrol. *P0.05, 
**P0.05, ***P0.001. (E–H) Inhibition of the expression of inflammatory cytokines by SIRT1 overexpression. Control cells and SIRT1-overexpressing cells were stimulated 
with TiPs (100 μg/ml) or coPs (100 μg/ml) for 24 h. *P0.05, **P0.05, ***P0.001. The data of all the experiments are represented as the mean ± seM from three 
independent experiments.
Abbreviations: sIrT1, sirtuin 1; TiPs, Tial6V4 particles; coPs, cocrMo particles; seM, standard error of the mean; res, resveratrol; lV-cON, lentivirus control.
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Figure 6 SIRT1 was associated with the induction of inflammatory cytokine expression by metal particles in clinical specimens of aseptic loosening.
Notes: (A) Radiographic films of patients with aseptic loosening. The arrow indicates the site where the specimens were obtained. (B) Western blots of clinical specimens 
of aseptic loosening. (C, D) The expression of inflammatory cytokines of clinical specimens of aseptic loosening. The cytokine concentrations were quantified by ELISA.
Abbreviations: SIRT1, Sirtuin 1; ELISA, enzyme-linked immunosorbent assay; LOO, aseptic loosening; IκB, inhibitor of κB; NF-κB, nuclear factor kappa B; Il, interleukin; 
TNF, tumor necrosis factor.
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SIRT1 activation attenuates osteolysis 
and local inflammatory responses in PIO 
animal models
PIO animal models were constructed by TiPs and CoPs. Not 

only was the expression of SIRT1 in the periosteum down-

regulated compared to that in the sham operation group, but 

the NF-κB signaling was also activated (Figure 10A and B). 

Micro-CT with three-dimensional reconstruction was applied 

to reveal osteolysis induced by metal nanoparticle implan-

tation. Figure 10C demonstrates that PIO in PIO animal 

models was suppressed by the administration of resveratrol. 

On the other hand, the expression of TNF-α and IL-1β in 

the periosteum of PIO animal models was also increased by 

metal particle implantation, and this effect could be rescued 

by resveratrol (Figure 10D and E). All the results in the PIO 

animal models were consistent with the results of the in vitro 

experiments.

Discussion
THA is one of the most successful surgical procedures to be 

developed in recent decades; however, the ratio of revision 

of arthroplasty remains relatively high because of osteolysis 

induced by metal nanoparticles and the subsequent aseptic 

loosening.29,30 The metal nanoparticles are predominately 

phagocytosed by resident macrophages, which secrete 

various inflammatory cytokines and chemokines, such as 

TNF-α and IL-1β. The local inflammatory response makes 

a vital contribution to the pathogenesis of osteolysis, and 

macrophages are the predominant cells involved in the 

inflammatory response. The presence of inflammatory 

cytokines such as TNF-α and IL-1β at the interface tissue 

creates an environment suitable for osteoclast differentia-

tion and osteolysis.31 In addition, TNF-α directly activates 

osteoclasts and upregulates the expression of the receptor 

activator of NF-κB ligand (RANKL) in osteoblastic cells,32 

leading to the recruitment of RANK-positive monocytes/

macrophages, the differentiation of macrophage precur-

sors into giant cells or osteoclasts, and the stimulation of 

mature osteoclasts to resorb bone.14,32,33 In this study, both 

TiPs and CoPs induced macrophages to differentiate into 

M1 macrophages and promoted the secretion of TNF-α and 

IL-1β. Based on previous studies concerning inflammatory 

cytokines and bone metabolism and the observation that 

both TiPs and CoPs were able to stimulate the production of 
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Figure 7 sIrT1 was downregulated in the clinical specimens of patients with aseptic loosening.
Notes: Immunofluorescence was performed to examine the expression of SIRT1 in the clinical specimens of patients with aseptic loosening. Red, SIRT1; blue, DAPI nuclear 
staining.
Abbreviations: SIRT1, Sirtuin 1; DAPI, 4,6-diamidino-2-phenylindole; LOO, aseptic loosening; CON, control.

TNF-α and IL-1β in this study, it was reasonable to speculate 

that TNF-α and IL-1β, produced by macrophages after the 

stimulation of metal nanoparticles, mediated the balance 

between bone resorption and formation in the pathological 

process of aseptic loosening (Figure S2).4,34–39

SIRT1 is an important HDAC due to its proposed role 

in the association between calorie restriction and lifespan 

extension. SIRT1 is also a major regulator of bone mass. 

SIRT1 represses the expression of sclerostin (SOST) by 

deacetylating H3K9 at its promoter region. In female mice 

with SIRT1 haploinsufficiency, the SOST levels were sub-

stantially increased, and bone formation and bone mass were 

reduced.40 Furthermore, SIRT1 exerts its multiple activities 

by interacting with not only histones but also numerous 

enzymes, transcription factors, and other protein species.41 

For example, SIRT1 was able to activate runt-related tran-

scription factor 2 (RUNX2) and suppress NF-κB signaling 

in bone, leading to the stimulation of osteoblastogenesis and 

the inhibition of osteoclastogenesis.42–45 In this study, the 

expression of SIRT1 was decreased in macrophages treated 
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with both TiPs and CoPs. After SIRT1 was overexpressed 

in murine macrophages by using a lentivirus, significant 

protective effects were observed in the nanoparticle-induced 

inflammatory responses. Compared with other options for 

SIRT1 overexpression, such as adenoviruses, retroviruses, 

or plasmids, lentiviruses can be transfected into macrophages 

with higher efficiency, can integrate the SIRT1 gene into 

osteoblasts, and can maintain SIRT1 overexpression in the 

cell passage cultures. Furthermore, by using an in vivo calva-

ria resorption model, we demonstrated that SIRT1 expression 

was associated with PIO, suggesting that SIRT1 is also a 

bone mass regulator in the pathogenesis of aseptic loosening. 

Moreover, the particle-induced SIRT1 downregulation 

promoted inflammatory responses both in vivo and in vitro, 

suggesting an inseparable relationship among SIRT1 expres-

sion, inflammatory responses, and osteolysis.

As scavengers, macrophages, after ingesting nanoparticles 

such as the TiPs and CoPs, activate the cellular machinery 

associated with intracellular degradation, such as lysosomes 

and peroxisomes,46–48 increase the levels of reactive oxidants 

and other free radicals, and initiate ER stress.49–51 In our previ-

ous study, we demonstrated that ER stress, induced by TiPs 
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αβ
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Figure 9 NF-κB inhibitor suppresses metal nanoparticle-induced inflammatory responses in macrophages.
Notes: (A–D) The expression of inflammatory cytokines in the supernatant of Raw264.7 cells after pretreatment with BAY-11-7082 (10 μM) for 8 h prior to stimulation 
with TiPs (100 μg/ml) or coPs (100 μg/mL) for another 24 h. The cytokine concentrations were quantified by ELISA. *P0.05, **P0.01, ***P0.001. The data of all the 
experiments are represented as the mean ± seM from three independent experiments.
Abbreviations: NF-κB, nuclear factor kappa B; TiPs, TiAl6V4 particles; CoPs, CoCrMo particles; SEM, standard error of the mean; ELISA, enzyme-linked immunosorbent 
assay; IL, interleukin; TNF, tumor necrosis factor.

Figure 8 The sIrT1–NF-κB pathway was involved in the inflammation responses induced by metal nanoparticles.
Notes: (A) Western blots performed after raw264.7 cells were treated with PBs (control), TiPs, TiPs + resveratrol, TiPs + resveratrol + EX527. (B) The density of the 
Western blot bands in (A) was quantified using Gene Tools software. *P0.05; **P0.01 versus control. #P0.05, ##P0.01, ###P0.001 versus TiPs. &P0.05, &&P0.01 
versus TiPs + resveratrol. (C) Western blots performed after raw264.7 cells were treated with PBs (control), coPs, coPs + resveratrol, coPs + resveratrol + EX527. (D) 
The density of the Western blot bands in (C) was quantified using the Gene Tools software. *P0.05; **P0.01 versus control. #P0.05, ##P0.01 versus coPs. &&P0.01 
versus coPs + resveratrol. (E) Western blots performed after control cells and sIrT1 overexpression cells were treated with TiPs. (F) The density of the Western blot 
bands in (E) was quantified using the Gene Tools software. *P0.05, **P0.01 versus lV-cON. #P0.05, ##P0.01, ###P0.001 versus lV-cON + TiPs. &P0.05 versus 
lV-sIrT1. (G) Western blots performed after control cells and sIrT1 overexpression cells were treated with coPs. (H) The density of the Western blot bands in (G) was 
quantified using Gene Tools software. *P0.05, **P0.01 versus lV-cON. #P0.05, ##P0.01 versus lV-cON + coPs. &P0.05, &&P0.01 versus lV-sIrT1. The data of all 
the experiments are represented as the mean ± seM from three independent experiments.
Abbreviations: sIrT1, sirtuin 1; NF-κB, nuclear factor kappa B; PBs, phosphate-buffered saline; TiPs, Tial6V4 particles; coPs, cocrMo particles; seM, standard error of 
the mean; IκB, inhibitor of κB; res, resveratrol.
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Figure 10 SIRT1 mediated PIO and local inflammatory responses in animal models.
Notes: (A) Western blots performed in the periosteum of animals treated with PBs (sham), TiPs, coPs, TiPs + resveratrol, or coPs + resveratrol. (B) The density of the 
Western blot bands in (A) was quantified using the Gene Tools software. *P0.05, **P0.01, ***P0.001 versus sham operation group. #P0.05, ##P0.01 versus TiPs 
group. &P0.05, &&P0.01 versus coPs group. (C) representative images of micro-cT with 3-dimensional reconstructed images (top panel) from animals treated with PBs 
(sham), TiPs, coPs, TiPs + resveratrol, or coPs + resveratrol. In the second panel, the white horizontal line indicates cross-sectional views of the reconstructed images. 
(D, E) The levels of TNF-α and Il-1β were detected by ELISA in the periosteal tissues of animals treated with PBS (sham), TiPs, CoPs, TiPs + resveratrol, or coPs + 
resveratrol. *P0.05, **P0.01, ***P0.001. Data are represented as the mean ± seM. n=6 mice per group.
Abbreviations: SIRT1, Sirtuin 1; PIO, particle-induced osteolysis; PBS, phosphate-buffered saline; TiPs, TiAl6V4 particles; CoPs, CoCrMo particles; CT, computed 
tomography; TNF, tumor necrosis factor; IL, interleukin; ELISA, enzyme-linked immunosorbent assay; SEM, standard error of the mean; IκB, inhibitor of κB; NF-κB, nuclear 
factor kappa B; res, resveratrol.
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and CoPs, mediated the expression of inflammatory cytokines 

in cultured macrophages and animal models. Using an ER 

stress inhibitor, the inflammatory response and osteolysis 

could be ameliorated both in vitro and in vivo.4 However, the 

precise mechanisms underlying the induction of ER stress 

by TiPs and CoPs in macrophages remain unclear. Interest-

ingly, multiple correlations between SIRT1 and ER stress 

have been reported (Figure S3A). The activation of SIRT1 

by resveratrol, NAD+, or calorie restriction could attenuate 

ER stress via the PERK/eIF2α, ATF6/CHOP, or IRE1α/

JNK-mediated pathways.52–56 In this study, we observed the 

downregulation of SIRT1 in macrophages treated with both 

TiPs and CoPs, and the treatment of resveratrol showed 

a similar effect on the inflammatory response with an ER 

stress inhibitor. Those results suggest a correlation between 

ER stress and SIRT1 in the pathological process of aseptic 

loosening. We also observed that resveratrol could regulate 

particle-induced ER stress through the IRE1α/JNK pathway 

in macrophages, but more evidence is still needed to confirm 

the relationship between SIRT1 and ER stress in aseptic 

loosening (Figure S3B).

In recent studies, the treatments for PIO were focused 

on the inhibition of inflammation and the suppression of 

osteoclasts.38,57 However, these strategies were ineffective in 

patients and may lead to adverse effects on other organs. The 

inhibition of TNF may inhibit responses to harmful agents, 

including bacteria and other infective agents. Bisphospho-

nate, an inhibitor of osteoclast-mediated bone resorption, 

may result in the impairment of fracture healing, mandibu-

lar lesions, pathologic femoral fractures, and other adverse 

events.57 Thus, new strategies for treating osteolysis induced 

by particles are urgently needed. Considering that SIRT1 is 

a crucial regulator of bone homeostasis and functions as a 

protective factor against metal nanoparticle-induced inflam-

matory responses and osteolysis both in vitro and in vivo, 

SIRT1 may represent a potential therapeutic target in the 

treatment of aseptic loosening. Another advantage of tar-

geting SIRT1 is that generally adverse effects might not be 

observed, as most studies have shown positive effects not 

only on disease treatments but also on lifespan and delayed 

senescence.58–61 Moreover, apart from SIRT1 activators 

such as resveratrol, SIRT1 can be activated by starvation 

and calorie restriction, which means that energy metabolism 

may also play an important role in the treatment of metal 

nanoparticle-induced osteolysis. However, considering that 

multiple cell types are involved in the pathological process 

of aseptic loosening and that SIRT1 has different functions 

in different cell types and specific conditions, a systematic 

exploration of the role of SIRT1 in wear PIO and subsequent 

aseptic loosening is required.
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Figure S1 Metal nanoparticles induce raw264.7 cells to differentiate into M1 macrophages.
Notes: (A, B) The mRNA expression of iNOS and CD86, which were used as the biomarkers of M1 macrophages, was detected by qPCR after the Raw264.7 cells were 
treated with PBs (control), TiPs, coPs, TiPs + resveratrol, and coPs + resveratrol. *P0.05, **P0.01 versus cON. (C, D) The mrNa expression of Mr and arg I, which 
were used as the biomarkers of M2 macrophages, was detected by qPCR after the Raw264.7 cells were treated with PBS (control), TiPs, CoPs, TiPs + resveratrol, and coPs + 
resveratrol. The data of all the experiments are represented as the mean ± seM from three independent experiments.
Abbreviations: mRNA, messenger RNA; qPCR, quantitative polymerase chain reaction; TiPs, TiAl6V4 particles; CoPs, CoCrMo particles; MR, mannose receptor; 
seM, standard error of the mean; res, resveratrol; cON, control.
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Figure S2 schematic illustration of the effects of metal nanoparticles on the pathogenesis of aseptic loosening.
Notes: It was demonstrated that metal nanoparticle stimulation resulted in the secretion of inflammatory cytokines and further osteoblast apoptosis and osteoclast 
activation. The imbalance between bone formation and bone resorption eventually resulted in osteolysis.
Abbreviations: Il, interleukin; TNF, tumor necrosis factor.

β α

Figure S3 The relationship between er stress and sIrT1 in aseptic loosening.
Notes: (A) schematic illustration of the signaling network between sIrT1 and er stress. (B) Western blots performed after raw264.7 cells were treated with PBs (control), 
TiPs, coPs, TiPs + resveratrol, and coPs + resveratrol.
Abbreviations: er, endoplasmic reticulum; sIrT1, sirtuin 1; PBs, phosphate-buffered saline; TiPs, Tial6V4 particles; coPs, cocrMo particles; NaD+, nicotinamide adenine 
dinucleotide; res, resveratrol.
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