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Aim: To investigate the roles of the calcineurin/nuclear factor of activated T cells (NFAT) pathway in regulation of wear particles-induced 
cytokine release and osteoclastogenesis from mouse bone marrow macrophages in vitro.
Methods: Osteoclasts were induced from mouse bone marrow macrophages (BMMs) in the presence of 100 ng/mL receptor activator 
of NF-κB ligand (RANKL). Acridine orange staining and MTT assay were used to detect the cell viability. Osteoclastogenesis was 
determined using TRAP staining and RT-PCR. Bone pit resorption assay was used to examine osteoclast phenotype. The expression and 
cellular localization of NFATc1 were examined using RT-PCR and immunofluorescent staining. The production of TNFα was analyzed 
with ELISA.
Results: Titanium (Ti) or polymethylmethacrylate (PMMA) particles (0.1 mg/mL) did not significantly change the viability of BMMs, but 
twice increased the differentiation of BMMs into mature osteoclasts, and markedly increased TNF-α production.  The TNF-α level in 
the PMMA group was significantly higher than in the Ti group (96 h).  The expression of NFATc1 was found in BMMs in the presence 
of the wear particles and RANKL.  In bone pit resorption assay, the wear particles significantly increased the resorption area and total 
number of resorption pits in BMMs-seeded ivory slices.  Addition of 11R-VIVIT peptide (a specific inhibitor of calcineurin-mediated NFAT 
activation, 2.0 μmol/L) did not significantly affect the viability of BMMs, but abolished almost all the wear particle-induced alterations 
in BMMs.  Furthermore, VIVIT reduced TNF-α production much more efficiently in the PMMA group than in the Ti group (96 h).
Conclusion: Calcineurin/NFAT pathway mediates wear particles-induced TNF-α release and osteoclastogenesis from BMMs. Blockade 
of this signaling pathway with VIVIT may provide a promising therapeutic modality for the treatment of periprosthetic osteolysis.
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Introduction
Total joint replacement (TJR) provides dramatic pain relief and 
joint function improvement for patients with end stage joint 
diseases.  However, despite the popularity and initial success 
of TJR, periprosthetic osteolysis and subsequent aseptic loos-
ening of prosthetic joint components remains a major problem 
for the long-term success and survival of prosthetic joints[1].  
Although it is widely agreed that wear particles from the pros-
thesis play a central role in the initiation and development of 
osteolysis, the precise mechanism remains unclear[2, 3].

Substantial progress has been made in recent years in elu-
cidating the pathophysiologic mechanisms responsible for 
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periprosthetic osteolysis[3].  One area of investigation that has 
advanced rapidly is the demonstration that proinflammatory 
cytokines not only are produced in response to wear debris 
but also are responsible for the downstream processes leading 
to osteolysis[3].  Wear particles stimulate macrophages, foreign 
body giant cells, fibroblasts and T lymphocytes to produce 
a vast array of proinflammatory cytokines and other factors, 
including tumor necrosis factor-α (TNF-α), interleukin-1 (IL-
1), IL-6, matrix metalloproteinases (MMPs) and peptides[2, 4, 5].  
Of these factors, TNF-α is regarded as a key cytokine involved 
in the pathogenesis of aseptic loosening around implants[6].  
TNF-α increases inflammation, induces differentiation of pre-
osteoclasts, expands the osteoclast precursor pool, enhances 
osteoclast activation, and promotes osteoclast survival[7, 8].  In 
addition, TNF-α augments expression of RANKL (receptor 
activator of NF-κB ligand) by osteoblasts and marrow stro-
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mal cells.  RANKL is the key osteoclast differentiation factor, 
binding to RANK which is expressed on committed osteoclast 
precursors and promoting their differentiation into mature 
and functional osteoclasts[9-11].  Consequently, increased osteo-
clastogenesis results in unchecked bone erosion around the 
prosthetic implant[9, 12, 13].

Osteoclasts are responsible for both physiological and path-
ological bone resorption[14].  Recently, it has been recognized 
that another transcription factor, nuclear factor of activated T 
cells (NFAT), functions downstream of RANKL signaling in 
osteoclast differentiation[15, 16].  The NFAT transcription factor 
family comprises five members: NFATc1, NFATc2, NFATc3, 
NFATc4, and NFAT5[15].  In resting cells, the NFAT members, 
except NFAT5, are retained in the cytoplasm by hyperphos-
phorylation of an N-terminal regulatory domain[17].  Signaling 
pathways culminating in a sustained calcium influx activate 
the phosphatase calcineurin, which dephosphorylates these 
NFAT proteins, promoting their nuclear translocation and 
activation[17, 18].  Among NFAT members, NFATc1 plays a cru-
cial role in osteoclastogenesis[11].  RANKL activates the TNF 
receptor-associated factor 6 (TRAF 6) and c-Fos pathways, 
leading to autoamplification of NFATc1, which mediates a 
gene expression program linked to cell fusion, osteoclast dif-
ferentiation, and potentially to additional NFAT-mediated 
functions[11, 15, 16, 19].

Particulate wear debris can be generated in a variety of 
ways, and may include particles from all the various com-
ponents of the orthopedic prosthesis (such as polyethylene, 
metal, and ceramic) as well as bone cement (polymethylmeth-
acrylate, PMMA)[20, 21].  In our previous study, we showed 
that inactivation of NFATc1 by 11R-VIVIT peptide, which is 
a specific peptide inhibitor of calcineurin-mediated NFAT 
activation[18, 22], potently blocked titanium (Ti) particle-induced 
osteoclastogenesis[23].  The cement-stem interface, however, 
represents a potential source of metal and PMMA particles.  
In the current work, we extended our study to investigate the 
effects of blocking the calcineurin/NFAT pathway on Ti and 
PMMA particle-induced proinflammatory cytokine release 
and osteoclastogenesis, and to demonstrate its therapeutic 
potential in treating or preventing inflammatory osteolysis.

Materials and methods
Reagents
Soluble recombinant mouse RANKL and macrophage 
colony-stimulating factor (M-CSF) were purchased from 
R&D Industries (Minneapolis, MN, USA).  The 11R-VIVIT 
peptide (RRRRRRRRRRR-GGG-MAGPHPVIVITGPHEE) 
was purchased from Sigma Genosys (Woodlands, TX, USA).  
The mouse-specific enzyme-linked immunosorbent assay 
(ELISA) kits were purchased from Biosource International Inc 
(Camarillo, CA, USA).

Titanium and polymethylmethacrylate particle preparation
Commercial pure Ti particles, with an average diameter of 
4.50 µm, were purchased from Johnson Matthey (Catalog 
#00681; Ward Hill, MA, USA) (Figure 1).  Commercial PMMA 

particles, with an average diameter of 6.0 µm, were pur-
chased from Polyscience Inc (Catalog #19130; Warrington, PA, 
USA) (Figure 1).  The Ti particles were prepared as reported 
previously[2, 23].  The PMMA particles were treated with 70% 
ethanol for 48 h to remove endotoxin[24]; after treatment 
the particles’ endotoxin level was less than 0.1 EU/mL, as 
determined using a commercial detection kit (Chromogenic 
end-point TAL with a Diazo coupling kit, Xiamen Houshiji, 
Xiamen, China).  Particle suspensions were sonicated for 30 
min using an SB3200 Ultrasonic Generator (Shanghai Bran-
son Ultrasonics Co Ltd, Shanghai, China) prior to incubation 
with cells.  The concentration of particles used for incubation 
was 0.1 mg/mL.  Such particles have been shown to effec-
tively mimic wear particles retrieved from periprosthetic 
tissues[9, 25–27].

Animals and cell culture
Male C57BL/6J mice (5 weeks old), obtained from Shanghai 
SLAC laboratory Animal Co, Ltd (Shanghai, China) were used 
in this study.  Approval was obtained from Shanghai Jiao 
Tong University School of Medicine Animal Studies Commit-
tee.  Bone marrow macrophages (BMMs) were prepared from 
whole bone marrow as reported previously[9, 13, 23, 28].  Briefly, 
bone marrow was flushed out from bilateral tibiae and femora 
and incubated in alpha minimal essential medium (α-MEM) 
containing 10% fetal bovine serum (FBS), 1% penicillin and 
streptomycin, and 10 ng/mL M-CSF.  Cells were cultured in a 
37 °C, 5% CO2 humidified incubator for 24 h.  The non-adher-
ent cells were collected and purified over a Histopaque gradi-
ent.  Cells at the gradient interface were plated in α-MEM con-
taining FBS and M-CSF and treated with or without 11R-VIVIT 
peptide (VIVIT) depending on the experimental design.  
M-CSF stimulated the gradient-purified cells to become 
BMMs.  After 2 h, BMMs (1.5×106 cells/mL) were cultured 
in differentiation medium (DM) in the presence of soluble 
M-CSF and RANKL (30 ng/mL and 100 ng/mL, respectively) 
for 96 h, with or without the addition of Ti or PMMA par-
ticles (0.1 mg/mL).  A 2.0 μmol/L concentration of VIVIT was 
added to cultures of BMMs pretreated with the same dose of 
VIVIT.  Accordingly, there were six treatment groups of BMM 
cultures: 1) PMMA particles and VIVIT (PMMA/VIVIT); 2) 
Ti particles and VIVIT (Ti/VIVIT); 3) VIVIT only (VIVIT); 4) 
PMMA particles only (PMMA); 5) Ti particles only (Ti) and 6) 

Figure 1.  Scanning electron micrographs of titanium (Ti) and polymethyl
methacrylate (PMMA) particles (×2000). 
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neither wear particles nor VIVIT (control).
 
Acridine orange staining and MTT assay
Phagocytosis of wear particles was estimated by acridine 
orange staining as reported previously[29].  Briefly, BMMs 
(5×105 cells/mL) were cultured in M-CSF-containing α-MEM 
with or without Ti or PMMA particles for 24 and 48 h, and 
then fixed with 4% paraformaldehyde for 10 min.  After 
permeabilizing with 0.1% Triton X-100 in buffer, cells were 
stained with 6 µg/mL acridine orange (Sigma Chemical Co, 
St Louis, MO, USA) in EDTA-buffer at room temperature 
for 10 min.  Following washing with phosphate buffered 
saline (PBS), cells were covered with a 1:1 solution of glycerol 
and PBS to prevent photobleaching and observed using an 
inverted microscope (IX71S1F, Olympus, Tokyo, Japan) with a 
fluorescence attachment (BH2-RFL-T3, Olympus).  The num-
bers of cells phagocytosing particles at different time points 
were quantified and expressed as a percentage of the total cells 
in the same visual field.

The effect of VIVIT and wear particles on the viability of 
BMMs was examined using 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay[23].  BMMs (5×104 
cells/well) were cultured in M-CSF-containing α-MEM with 
different treatments (see above) for 12, 24, and 48 h, and then 
incubated with 0.5 mg/mL MTT at 37 °C for 4 h.  Following 
removal of supernatant, the insoluble formazan crystals were 
dissolved in 200 μL of dimethyl sulfoxide (DMSO) and absor-
bance was measured using a 570 nm wavelength Synergy HT 
microtiter plate reader (BioTek Instruments, Inc, VT, USA).  
Values were expressed as percent viability of the samples vs 
control cultures which were set as 100%[29].

TRAP staining of osteoclasts
After 96 h, BMMs cultured in DM with different treatments 
were fixed and stained for tartrate-resistant acid phosphatase 
(TRAP) activity according to the manufacturer’s instructions 
(Shanghai Rainbow Medical Reagent Research Co, Ltd, Shang-
hai, China).  TRAP-positive cells with >3 nuclei were counted 
as osteoclasts[12, 23].

RNA isolation and reverse transcription polymerase chain 
reaction (RT-PCR)
After culture for 96 h, RT-PCR was used to assess the expres-
sion of NFATc1, TRAP, MMP-9, Cathepsin K (Cath-K), calcito-
nin receptor (CTR) and GAPDH mRNAs in BMMs following 
different treatments.  Briefly, total RNA was isolated from 
BMMs using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions.  Each first-strand 
cDNA was synthesized by reverse transcription of 1 μg of 
total RNA with RevertAidTM M-MuLV Reverse Transcriptase 
(Fermentas, Glen Burnie, MD, USA).  The cDNA was ampli-
fied using PCR; the primers and thermal cycling conditions for 
NFATc1, TRAP, Cath-K, CTR, and GAPDH were as reported 
previously[23].  For analysis of MMP-9 gene expression PCR 
amplification was performed using the following gene-specific 
primers: sense, 5’-CTGTCCAGACCAAGGGTACAGCCT-3’; 

antisense, 5’-GTGGTATAGTGGGACACATAGTGG-3’.  Ther-
mal cycling conditions were: 27 cycles of 94 °C for 45 s, 53 °C 
for 60 s, and 72 °C for 60 s.  The amplified samples were run 
on a 1% agarose gel with ethidium bromide and the bands 
were visualized under UV illumination (Gel Documentation 
System; UVP, Upland, CA, USA).  Values were normalized 
to GAPDH and analyzed by densitometry (BioRad, Hercules, 
CA, USA).

Bone pit resorption assay
BMMs were seeded directly onto ivory slices and cultured 
in DM with different treatments for 10 d, then removed with 
1 mol/L NH4OH.  The slices were mounted on a metal stub, 
gold coated, and examined using a JEOL scanning electron 
microscope (JSM-6360LV; JEOL Inc, Tokyo, Japan)[23].  The 
percentage area of resorption pits for each slice, the mean 
total number of pits formed, and the mean size of individual 
resorption lacunae (μm2) were quantified on SEM images cap-
tured from each quarter (×150 magnification) of the slice.

Measurement of proinflammatory cytokines by ELISA
BMMs under different treatment conditions were cultured 
in M-CSF-containing α-MEM for 6, 24, and 96 h.  Cell culture 
supernatants were collected, centrifuged at 1200×g for 10 
min and supplemented with a mixture of protease inhibitors 
(Kangchen, Shanghai, China).  Mouse-specific ELISA kits were 
used to analyze the amounts of TNF-α produced by cells in 
accordance with the manufacturer’s instructions.  The inten-
sity of color detected at 450 nm was measured.  The sensitivity 
for TNF-α was 3 pg/mL.

Immunofluorescence staining of the NFATc1 protein
BMMs were cultured in DM with different treatments for 96 h.  
After incubation, cells were fixed in 4% paraformaldehyde 
for 20 min, treated with 0.2% Triton X-100 for 5 min and then 
sequentially incubated in 5% bovine serum albumin (BSA)/
PBS for 30 min, mouse anti-NFATc1 monoclonal antibody 
(7A6; Santa Cruz, 2 μg/mL) for 60 min, and Alexa Fluor® 
488-labeled anti mouse IgG antibody (Molecular Probes, 
Eugene, OR, USA, 4 μg/mL) for 60 min[16, 23].  Cell nuclei were 
counterstained with 4’,6-diamidino-2-phenylindole (DAPI).  
Images were acquired using an inverted microscope (IX71S1F, 
Olympus, Tokyo, Japan) with a fluorescence attachment (BH2-
RFL-T3, Olympus).

Statistical analysis
Data are expressed as mean±SEM.  Differences between 
groups were analyzed using analysis of variance (ANOVA).  
Statistical significance was defined as P<0.05.  Statistical analy-
ses were performed using SPSS version 11.0 (SPSS, Chicago, 
IL, USA).

Results
Phagocytosis of wear particles by BMMs and the effects of VIVIT 
and wear particles on cell viability
After culture with Ti or PMMA particles for 24 to 48 h, BMMs 



1460

www.nature.com/aps
Liu FX et al

Acta Pharmacologica Sinica

npg

were found to phagocytose particles while retaining their 
normal morphology (Figure 2A).  The number of cells phago-
cytosing particles increased markedly with prolonged culture 
time (Figure 2A and 2B).  Viability of BMMs at each time-point 
was good, as shown in Figure 3.  Compared to controls, treat-
ment with 2.0 μmol/L VIVIT, addition of wear particles, or a 
combination of VIVIT and wear particles did not significantly 
reduce cell viability (Figure 3).

Wear particles stimulate osteoclast formation and bone 
resorption
To determine the role of wear particles in osteoclast forma-
tion, we examined TRAP+ multinucleated cells (osteoclasts) in 

BMM culture in the presence of RANKL with or without Ti or 
PMMA particles.  In the presence of RANKL, twice as many 
TRAP+ multinucleated cells were formed in cultures with Ti 
or PMMA particles than in those without particles (Figure 4A 
and 4B).  In addition, more multinucleated cells were observed 
in the PMMA group than in the Ti group, although this dif-
ference was not significant.  RT-PCR demonstrated that in the 
presence of RANKL the mRNAs of NFATc1, TRAP, MMP-
9, Cath-K, and CTR were all expressed in BMM cultures both 
in the presence and the absence of wear particles (Figure 4C 
and 4D).  However, the mRNA expression of each of these 
osteoclast-related genes was higher in cultures with particles 
than those without particles (Figure 4C and 4D).  On the other 
hand, no osteoclasts were formed in cultures without RANKL 
(Figure 4A and 4B), and the osteoclast-related genes were only 
weakly expressed (Figure 4C and 4D).

To further determine the osteoclast phenotype of TRAP+ 
multinucleated cells induced by wear particles, we examined 
formation of resorption pits on ivory slices (Figure 5A).  The 
results showed that the area resorbed on each slice and the 
total number of pits formed were both significantly greater on 
slices cultured with wear particles than those without particles 
(Figure 5B and 5C).  However, there was no significant differ-
ence among these cultures in terms of the mean size of indi-
vidual resorption lacunae (Figure 5D).  

Wear particles stimulate TNF-α production
The above experiments suggest that wear particles can 
strongly stimulate osteoclastogenesis, which is likely to be 
associated with increased levels of proinflammatory cytokines.  
Therefore, we monitored the concentration of TNF-α in BMM 
cultures using ELISA.  After 6 h of culture, the concentration 
of TNF-α was significantly higher in the medium of cultures 
with wear particles than those without particles (Table 1).  The 
concentrations of this cytokine increased further with culture 
time (Table 1).  After 96 h of culture, the concentration of 
TNF-α in the PMMA group was significantly higher than that 

Figure 2.   Phagocytosis of wear particles by BMMs.  (A) BMMs challenged 
for 24 and 48 h with Ti and PMMA particles (acridine orange staining, 
×20).  (B) Numbers of cells phagocytosing particles (% of total cells in the 
same visual field) at different time intervals.  Mean±SEM.  n=12.  cP<0.01 
vs cells cultured with Ti particles for 24 h.  fP<0.01 vs cells cultured with 
PMMA particles for 24 h. 

Figure 3.   The effects of VIVIT and wear particles on BMM viability. 
Mean±SEM.  n=5.  ODControl=0.1018  at 12 h; ODControl=0.1164 at 24 h; 
ODControl=0.1530 at 48 h. 



1461

www.chinaphar.com
Liu FX et al

Acta Pharmacologica Sinica

npg

Figure 4.   Inhibition of wear particle-induced osteoclastogenesis by blockade of the calcineurin/NFAT pathway.  (A) Osteoclasts differentiated from 
BMMs were identified by TRAP staining (×20).  (B) Analysis of the number of osteoclasts formed from BMMs.  (C) mRNA expression of NFATc1, TRAP, 
MMP-9, Cath-K, and CTR were determined by RT-PCR.  (D) Relative mRNA expression of NFATc1, TRAP, MMP-9, Cath-K, and CTR in BMMs.  Mean±SEM.  
n=5.  bP<0.05, cP<0.01 vs cultures with RANKL alone.  eP<0.05, fP<0.01 vs cultures with RANKL and Ti particles.  hP<0.05, iP<0.01 vs cultures with 
RANKL and PMMA particles.  ND: not detected. 
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in cultures of cells with Ti particles (Table 1).

Expression of NFATc1 during wear particle-induced osteoclast 
differentiation
Although the NFAT transcription factor family was originally 
identified as controlling expression of cytokine and early 
immune-response genes in T cells, they are now found to reg-
ulate gene expression in a variety of nonimmune cells[30].  In 
this study, we monitored the expression of NFATc1 protein in 
BMMs and multinucleated cells cultured in RANKL-contain-
ing medium with or without Ti or PMMA particles.  At 96 h, 
NFATc1 protein was strongly expressed in the nuclei of mul-
tinucleated cells (Figure 6), indicating nuclear translocation 
of NFATc1 during osteoclast differentiation.  The numbers 
of TRAP+ multinucleated cells were much higher in cultures 
with wear particles than those without particles (Figure 6).  
On the other hand, when VIVIT was added, the expression of 
NFATc1 in BMMs was completely eliminated (Figure 6).  Fur-
thermore, RT-PCR also demonstrated that the expression of 
NFATc1 mRNA was also eliminated by VIVIT peptide (Figure 
4C and 4D).

Effect of blocking the calcineurin/NFAT pathway on wear particle-
induced osteoclast formation and bone resorption
Having demonstrated that NFATc1 is present in BMMs, we 
next wished to determine whether the suppression of NFATc1 
activity affects wear particle-induced osteoclastogenesis.  Our 
data demonstrated that VIVIT could profoundly inhibit osteo-
clastogenesis induced by RANKL in the presence or absence 
of wear particles (Figure 4A and 4B).  RT-PCR showed that 
the expression of TRAP, MMP-9, Cath-K, and CTR genes were 
markedly inhibited by 2.0 μmol/L VIVIT after 96 h of culture 
with or without wear particles (Figure 4C and 4D).  In addi-
tion, we found that VIVIT profoundly inhibited osteoclastic 
bone resorption, which was reflected by a significant reduction 
in total resorption area, total number of pits formed and the 
mean size of individual resorption lacunae (Figure 5A–5D).  

Figure 5.  Inhibition of bone resorption by blockade of the calcineurin/
NFAT pathway.  (A) Complex resorption pits on ivory slices cultured with 
BMMs in the presence of RANKL (SEM, ×150).  (B–D) Quantitative 
measurements of the percentage of resorption pit area of each slice (B), 
the mean total number of pits formed (C), and the mean size of individual 
resorption lacunae (D).  Mean±SEM.  n=12.  cP<0.01 vs cultures with 
RANKL alone.  fP<0.01 vs cultures with RANKL and Ti particles.  iP<0.01 
vs cultures with RANKL and PMMA particles. 

Table 1.  TNF-α production by BMM cultures with different treatments.  
Values are mean±SEM (pg/mL, n=5).  bP<0.05, cP<0.01 vs control.  
fP<0.01 vs cultures with Ti particles.  iP<0.01 vs cultures with PMMA 
particles.  kP<0.05, lP<0.01 vs cultures with Ti particles for 6 h.  oP<0.01 
vs cultures with Ti particles for 24 h.  rP<0.01 vs cultures with PMMA 
particles for 6 h.  uP<0.01 vs cultures with PMMA particles for 24 h.

Treatment	
                                                   Time

                                     6 h	                 24 h	               96 h
 
Control	   46.87±4.97	   52.54±3.61	    57.42±4.23
Ti	 169.28±7.27c	 228.74±17.53ck	 310.90±14.7clo 
PMMA	 158.46±12.13c	 244.62±15.62cr	 386.30±16.56cfru

VIVIT	   30.72±2.94fi	   42.09±4.87fi	   44.75±11.00fi

Ti/VIVIT	   51.18±9.24fi	 109.37±13.57cfi	 106.27±8.17cfi

PMMA/VIVIT	   50.24±8.17fi	   81.62±19.00fi	 101.67±10.06bfi
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Effect of blocking the calcineurin/NFAT pathway on wear particle-
induced TNF-α release
To determine whether VIVIT can inhibit the production of 
proinflammatory cytokines induced by wear particles, we 
monitored the concentration of TNF-α in BMM culture using 
ELISA.  When 2.0 μmol/L VIVIT was added to the culture 
medium together with wear particles, the concentration of 
TNF-α was significantly reduced (Table 1).  Most importantly, 
after 96 h of culture, VIVIT reduced TNF-α production much 
more efficiently in the PMMA group than in the Ti group 
(P<0.01).

Discussion
To date the only established treatment for periprosthetic 
osteolysis and aseptic loosening is revision surgery, which is 
associated with greater morbidity and a poorer functional out-
come[31].  Recent approaches to limiting aseptic loosening have 
focused on understanding and manipulating osteolysis at the 
molecular level through pharmacological interventions[31].

Recent studies have revealed the biological cascade of events 
that are initiated by wear particles, mediate proinflamma-
tory cytokine production and osteoclastogenesis, and finally 
result in bone loss around implants[32].  Osteolysis secondary 
to polyethylene debris is of paramount concern to today’s joint 
replacement surgeons because significantly more polyethylene 
particles (70%–90%) appear in tissues around metal-on-poly-
ethylene prostheses[25, 33].  The cement-stem interface, however, 
represents a potential source of both metal and PMMA parti-
cles.  These particles (metal and PMMA), though relatively less 
abundant in the tissue than polyethylene, are also an impor-
tant factor contributing to osteolysis[25, 33–35].  In this study, we 
utilized Ti and PMMA particles as a surrogate for wear debris 
to investigate the fundamental intracellular signaling mecha-

nisms associated with implant particle-induced osteolysis.
The pathogenesis of osteolysis involves the activation of 

macrophages by wear debris and the release of various pro-
inflammatory cytokines[2, 4, 36].  The exact mechanism of action 
and the specific role of each proinflammatory cytokine in this 
pathologic response are unclear, yet TNF-α has emerged as 
perhaps the critical cytokine[28].  Our results show that wear 
particles time-dependently induce TNF-α release by BMMs.  
However, consistent with previous studies[37], TNF-α was 
unable to induce osteoclast maturation from precursors in the 
absence of RANKL.  Nevertheless, while not necessary for 
osteoclast formation, TNF-α greatly enhances the differentia-
tion of RANKL-primed osteoclast precursors, activation of 
mature osteoclasts, and osteoclast survival[7].  First and fore-
most, the production of TNF-α serves to stimulate recruitment 
of neutrophils and monocytes to the site of inflammation using 
two mechanisms: 1) stimulation of vascular cells to express 
new surface receptors and 2) stimulation of macrophages 
and other cells to secrete chemokines, including IL-1 and 
IL-6[38–40].  In addition to direct actions on osteoclasts and their 
precursors, TNF-α may indirectly promote osteoclast activity 
through induction of expression of both RANKL and M-CSF 
in osteoblasts and marrow stromal cells[21, 36, 41].  Last but not 
least, TNF-α increases the expression of IP3R1, an important 
calcium channel responsible for evoking intracellular calcium 
oscillation, which promotes RANKL-induced osteoclastogen-
esis of mouse BMMs[42].  This scenario may explain why the 
increase in proinflammatory cytokines induced by prosthetic 
wear particles strongly enhances osteoclast formation and 
bone resorption in vivo.

Although it is generally accepted that interaction between 
particulate wear debris and macrophages is a critical initiat-
ing factor in periprosthetic osteolysis, there are still differ-
ences in the signaling properties among different types of 

Figure 6.  Expression of NFATc1 protein by BMMs and multinucleated cells in culture with different treatments (immunofluorescence staining and DAPI 
staining, ×40).
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wear particles[27, 34].  In this study, we found that blockade of 
the calcineurin/NFAT pathway inhibited both Ti and PMMA 
particle-induced TNF-α release.  Importantly, after 96 h of 
culture, this inhibitor reduced TNF-α production much more 
efficiently in the PMMA group than that in the Ti group.  One 
possible mechanism is that NFAT participates in mediating 
the expression of proinflammatory cytokines induced by wear 
particles[19, 43].  Blockade of NFAT by VIVIT would thus result 
in a reduction in the release of proinflammatory cytokines.  
Another possibility is that VIVIT might directly inhibit the 
expression of proinflammatory cytokines.  However, further 
study is required to explore the different effects of VIVIT on 
the release of proinflammatory cytokines induced by different 
particles.

Osteoclastogenesis is the direct and central factor in the pro-
cess of particulate wear debris-induced bone resorption and 
aseptic loosening[6].  The differentiation of osteoclast precur-
sors into mature osteoclasts is regulated by two major cyto-
kines: RANKL and M-CSF.  M-CSF promotes the expansion 
and survival of osteoclast precursors, while RANKL initiates 
the signaling cascades leading to osteoclast differentiation[17].  
In our study, TRAP+ multinucleated cells and resorption pits 
were both significantly increased in cultures of BMM with Ti 
and PMMA particles, in which the concentration of RANKL 
was the same as in controls.  Without RANKL, however, wear 
particles were unable to induce differentiation of BMMs into 
osteoclasts.  These data support the contention of Clohisy et 
al[13] that RANKL is an essential cytokine mediating particle-
induced osteoclast formation.

Recently, it has been demonstrated that RANKL promotes 
osteoclastogenesis through the induction and autoamplifica-
tion of the key transcription factor NFATc1[11, 15, 16, 19].  Without 
activation of NFATc1, RANKL alone may not be sufficient to 
induce complete osteoclast differentiation[44].  Takayanagi et 
al[16] reported that NFATc1–/– embryonic stem cells failed to 
differentiate into osteoclasts in response to RANKL stimula-
tion.  In contrast, the ectopic expression of NFATc1 could 
stimulate BMMs to undergo osteoclast differentiation even in 
the absence of RANKL stimulation[16].  These interesting data 
suggest that NFATc1 can induce osteoclastogenesis indepen-
dent of RANKL.  Compared to RANKL, however, much less 
is known about the effects of NFATc1 on implant particle-
induced osteoclastogenesis.

Our study shows that NFATc1 is expressed by BMMs and 
multinucleated cells cultured with wear particles and RANKL.  
In the presence of RANKL, NFATc1 is expressed and translo-
cated into the nucleus during osteoclast differentiation.  More 
importantly, inactivation of NFATc1 by VIVIT results in a 
profound reduction in osteoclastogenesis despite the pres-
ence of RANKL and Ti or PMMA particles.  Collectively, our 
data provide evidence that NFATc1 is essential for RANKL-
induced osteoclast differentiation.  Under these conditions, 
wear particles may increase the osteoclastogenic potential of 
BMMs.  One can speculate that in vivo, these wear particles 
stimulate osteoclast formation, or osteoclastogenesis, leading 
to disruption of local bone structure.

NFATc1 is also expressed in mature osteoclasts, suggest-
ing that the NFAT family is involved in control of osteoclast 
function.  We found that osteoclastic bone resorption was 
significantly increased in the presence of wear particles.  The 
cause of this stimulation is likely to be NFAT activation, which 
may not only accelerate osteoclastogenesis but also augment 
the bone-resorbing activity of each individual osteoclast.  
However, the mechanism by which NFATc1 affects osteoclast 
function remains unclear.  It has been demonstrated that the 
final step of osteoclastogenesis is activation of resorption.  To 
efficiently degrade mineralized tissue, osteoclasts secrete acid 
into a resorption lacuna formed between their apical mem-
brane and the bone surface[45].  For each proton pumped into 
the lacuna, one bicarbonate ion remains in the cytoplasm[45].  
To prevent cytoplasmic alkalinization, a basolateral bicarbon-
ate/chloride exchanger, SLC4A2, provides egress for intracel-
lular bicarbonate, which is induced during osteoclastogenesis 
through an NFATc1-dependent pathway[45].  Furthermore, in 
addition to the structural changes, the activity of osteoclasts is 
also associated with their viability.  The increased resorption 
volume is consistent with the ability of RANKL and TNF-α to 
prolong the survival of osteoclasts[7, 46].  Blockade of NFAT sig-
nal by VIVIT can suppress the increase in osteoclast survival 
induced by RANKL and TNF[7, 46].

The present study shows that blockade of the calcineu-
rin/NFAT pathway by the VIVIT peptide potently impedes 
PMMA particle-induced osteoclastogenesis, which is in agree-
ment with a previous report[47].  However, in this study, we 
provide evidence for the possible mechanisms by which block-
ade of the calcineurin/NFAT signaling cascade may be effec-
tive in preventing periprosthetic osteolysis.  Our findings sug-
gest that activation of the transcription factor NFATc1 appears 
to be central to both pathways induced by wear particles, ie 
proinflammatory cytokine release and osteoclastogenesis.  
Recently, Yarilina et al[19] identified delayed TNF-induced sig-
naling responses in primary human macrophages and found 
a sustained wave of signaling that begins after 1 to 2 d of TNF 
stimulation and is characterized by nuclear accumulation of 
NF-κB proteins and c-Jun and by calcium oscillations.  These 
signaling events culminate in the induction and activation of 
NFATc1[19], which in turn regulates osteoclastogenesis and 
cytokine production, including TNF[48, 49].  Blockade of the 
calcineurin/NFAT pathway with VIVIT may interrupt the 
positive feedback loop involving TNF and NFAT and offer a 
new opportunity for therapeutic intervention in TNF-driven 
chronic inflammatory diseases[19].

All the above findings suggest that inactivation of NFATc1 
may be a novel target for the treatment of wear particle-
induced osteolysis.  As the flow of information from calcium-
mobilizing receptors to NFAT-dependent genes is critically 
dependent on interaction between the phosphatase calcineurin 
and the transcription factor NFAT[18], a high-affinity calcineu-
rin-binding peptide, VIVIT peptide, was developed based on 
the calcineurin docking motif of NFAT[18].  The peptide inter-
feres with calcineurin-NFAT interaction, without compromis-
ing calcineurin phosphatase activity or non-NFAT-mediated 
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signaling[18, 22].  Thus, the VIVIT peptide constitutes a highly 
selective inhibitor of NFAT, which can be used to directly 
investigate the effect of NFAT on various cell types[18].  We 
found that VIVIT could significantly suppress the expression 
of NFATc1 in BMMs, which severely hampered osteoclas-
togenesis and cytokine release in response to wear particles.  
MTT assay showed that VIVIT did not compromise the viabil-
ity of BMMs, suggesting that the decrease in osteoclastogen-
esis and TNF-α release is not due to a toxic effect.

In the present study, we investigated the role of the calci-
neurin/NFAT pathway in the regulation of proinflammatory 
cytokine release and osteoclastogenesis induced by wear 
particles.  Our results indicate that Ti and PMMA particles, 
released during implant wear debris particles and aseptic 
loosening, constitute a major culprit by inducing inflamma-
tory and osteolytic responses by macrophages and osteoclasts, 
respectively, and that activation of the transcription factor 
NFATc1 appears to be central to both proinflammatory cyto-
kine release and osteoclastogenesis pathways induced by wear 
particles.  Blockade of the calcineurin/NFAT pathway with 
VIVIT peptide may be a promising novel therapy not only for 
treating wear particle-induced periprosthetic osteolysis but 
also for controlling other chronic inflammatory bone diseases, 
such as rheumatoid arthritis and periodontal disease.
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