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Abstract

Background/Aims: Aseptic loosening is a common reason for failed artificial hip replacement
after total hip arthroplasty. Aseptic loosening is mostly the result of wear debris that causes
osteolysis and weakens the structures that support the prosthesis. Wear debris plays a crucial
role in osteolysis during the loosening process, and polyethylene (PE) particles are found
as wear debris more frequently than any other type of particle. In the absence of effective
therapeutic agents, osteolysis has been hard to treat. Previous studies have demonstrated that
curcumin influences signalosome-associated kinases and the proteasome-ubiquitin system
during osteoclastogenesis. The aims of this study were to explore the anti-osteolysis effect
of curcumin and if possible to identify the signaling pathway involved in a model of PE-
induced osteolysis. Methods: Differentiation of osteoclasts was induced in vitro by PE particles
in RAW264.7 (monocyte/macrophage) cells and in vivo by calvarial and air pouch models of
osteolysis established by PE stimulation in mice. We performed a set of TRAP staining, real-
time polymerase chain reaction (PCR), and Western blot experiments to evaluate the anti-
osteolytic effect of curcumin by comparing specimens that were exposed and not exposed to
curcumin. Results: Curcumin had a promising inhibitory effect on osteolysis induced by wear
debris and suppressed the RANK/c-Fos/NFATc1 signaling pathway. Conclusion: Curcumin can
prevent PE-induced osteolysis and bone loss. An inhibitory effect on the RANK/c-Fos/NFATc1
signaling pathway may explain the anti-osteolysis activity of curcumin.

© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Total hip arthroplasty (THA) is regarded as the most effective treatment for end-stage
hip disease worldwide [1]. However, with the growing number of patients undergoing
this surgery, there has been an unexpected increase in the number of revision procedures
required for failed THA [2]. The most frequent reasons for failure of an artificial hip joint
are aseptic loosening, prosthetic joint infection, recurrent dislocation, and periprosthetic
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fracture [3]. Aseptic loosening, induced mainly by wear debris formed as a result of repeated
movement of an incorrectly positioned prosthesis, is the most common mechanism of failure,
in which osteolysis weakens the structures that support the prosthesis [4]. Once this process
starts, the quantity and quality of bone gradually deteriorates to the point that activities
involving the hip become severely restricted. Wear debris plays a crucial role in osteolysis
[5]- The maintenance of bone mass relies on a balance between osteogenesis by osteoblasts
and bone resorption by osteoclasts [6]. Stimulation of the muscles, synovium, and articular
cartilage in a joint by wear debris results in a persistent disequilibrium of bone homeostasis
that leads to abnormal of osteoclasts [7]. Wear debris consists of metal, polyethylene (PE),
or ceramic particles depending on the contact interface material used between the joint
components. With the improvements in interface processing technology and availability of
better materials [8], PE particles are found much more frequently than other particles. The
osteolysis caused by these particles is hard to correct because of a lack of treatment options.

Curcuminisayellow substance thatis purified from the principal curcuminoid in turmeric
(Curcuma longa) [9]. Previous studies have shown that curcumin has anti-inflammatory
and chemopreventive activities. Curcumin is also involved in osteoclastogenesis via
signalosome-associated kinases and the proteasome-ubiquitin system. Studies by Yang et
al. [7] and Jung et al. [10] found that curcumin inhibited inflammatory activity via activation
of enhancing nuclear factor erythroid-derived 2-like 2 in patients with type 2 diabetes
and murine macrophages, respectively. Furthermore, curcumin is known as “the king of
spices” on account of its epigenetic regulatory properties with regard to preventing cancer
and neurologic and inflammatory diseases, such as breast carcinoma, osteogenic sarcoma,
osteoarthritis, and neurocognitive disorders [11-14]. A recent study by Li et al. [15] showed
that curcumin could suppress inflammation caused by titanium particles by regulating the
polarization of macrophages. Therefore, curcumin could be developed as a treatment for
inflammatory osteolysis and aseptic loosening.

Osteoclasts originate from the monocyte/macrophage lineage [16]. Previous research
has confirmed that osteoblast-associated synthesis and secretion of receptor activator
of nuclear factor kB ligand (RANKL) and osteoclast-associated RANK are essential in
osteoclastogenesis and that RANK binds to RANKL on monocytes, initiating differentiation
of osteoclasts [17-19]. During this process, an essential transcription factor, nuclear factor
kappa B (NF-xB), is activated by the binding of RANKL and RANK via Tumor Necrosis
Factor Receptor-associated Factor 6 (TRAF6) and then transported into the nucleus, where
it combines with c-Fos, another transcription factor, to activate nuclear factor of activated
T-cells, cytoplasmic 1 (NFATc1) to induce osteoclastogenesis [20-23]. Therefore, in this study,
we used PE to induce osteoclastogenesis and explored whether c-Fos or NFATc1 was affected
during this process in in vitro assays and in vivo. We also investigated whether curcumin
could suppress these changes. NF-kB is activated by phosphorylated NF-kB inhibitor (P-IkB),
and after interaction with IkB kinase (IKK), the IxB loses its ability to suppress activation
of NF-kB. Curcumin has been shown to disable IKK, thereby preventing this process [24].
Therefore, we targeted both IkB and P-IkB to detect their roles during osteoclastogenesis.
In a previous study [25], we confirmed that curcumin could reduce PE-induced osteolysis
by inhibiting activation of NF-kB and c-Fos as well as expression of NFATc1 in a murine air
pouch model. Since that study, we have continued to explore further possible mechanisms
of curcumin activity. The present study could reveal a potential mechanism of anti-osteolytic
activity of curcumin in the hope of identifying an innovative a therapeutic strategy for
attenuating PE-induced osteolysis to some extent.
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Materials and Methods

Curcumin and differentiation of osteoclasts in RAW264.7 cells

A RAW264.7 (mouse mononuclear/macrophage) cell line was cultured in 6-well plates and fed with 2
mL of Roswell Park Memorial Institute 1640 medium (Gibco, Thermo Fisher Scientific, Inc., Waltham, MA)
containing 10% fetal calf serum (Gibco) and 1% penicillin-streptomycin (Thermo Fisher Scientific). The
cultured cell samples were allocated to treatment with phosphate-buffered saline (blank group), 1 mg/
mL PE particles (Sigma Aldrich, Inc., St Louis, MO; PE group), 1 mg/mL PE and 10 pM curcumin (Sigma
Aldrich; low-dose curcumin group), and 1 mg/mL PE and 20 uM curcumin (high-dose curcumin group).
All the particles had been sterilized earlier using ethylene oxide to eliminate endotoxin after washing three
times in 75% ethyl alcohol. The Limulus Amebocyte Lysate assay was used to detect endotoxin. Only

endotoxin-free particles were used in the study. PE was first suspended in culture medium and added
to the samples 2 h after cell seeding. Curcumin was then added to the samples 0.5 h after addition of PE. All
cells in the four treatment groups were cultured in mixed medium for 12 h.

Curcumin and differentiation of osteoclasts in mice

Male BALB/C mice were purchased from the Experimental Animal Center at Central South University
and housed in standard transparent plastic cages under standard room conditions (controlled temperature
of 20 + 0.5°C, a 12-h light/dark cycle, and free access to food and water). All experimental procedures were
approved by the Animal Care and Use Committee at Central South University. The study adhered to the
ethical guidelines of the International Association for the Study of Pain [26]. The osteolysis model was
evaluated using two methods in vivo, namely, computed tomography (CT) examination and re-creation of
the environment surrounding the hip joint.

Using the first method, Briefly, 20 BALB/C mice were divided into four groups (5 mice per group). Each
mouse was subjected to a surgical procedure to create a small incision in the tissues covering the skull Mice
were divided into depending on the particles applied to the incisions: no PE particles (blank group), 10 mg
of PE particles (PE group), 10 mg of PE particles in a solvent consisting of 5% dimethyl sulfoxide (DMSO) and
95% corn oil (solvent [negative control] group), or 10 mg of PE particles with 10 mg of curcumin (curcumin
group). After 15 days, the mice were euthanized and the calvaria were subjected to micro-CT examination.

Using the second method, namely, re-creation of the environment surrounding the hip joint, an air
pouch was created on the dorsum in 20 mice. Briefly, the hairs on the mouse’s back were removed using
depilatory cream. Next, 1-1.5 mL of aseptic air was injected into the subcutaneous gap on the back to form
an air pouch that was maintained for a week by additional 0.5-mL injections of air every 2 days. Skull flaps
trimmed to 4 mm x 4 mm in size were obtained from another 20 euthanized mice and embedded into
the pre-prepared air pouches. Next, 1 mL of phosphate-buffered saline was injected into the flap in the air
pouch in a control (blank) group (n=5) and 1 mL of PE suspension (mixed with normal saline 5 mg/ml) was
injected into the pre-prepared air pouch on the back of each mouse in three study groups, that is, a PE group
(5 mice injected with PE only), a curcumin group (5 mice injected with PE followed 24 h later by injection of
1 mL of 50 mg/kg curcumin suspension), and a solvent (negative control) group (5 mice injected with 5%
DMSO and 95% corn oil). In all groups, the experimental treatments were injected at 2-day intervals for 15
days until the mice were euthanized. The subcutaneous tissues of the air pouch were subjected to real-time
PCR and Western blot analysis and cut sections of the skull flaps were used for TRAP staining.

We found that curcumin had the best solubility and the least toxicity when dissolved in 5% DMSO and
95% corn oil. All the surgical procedures were performed under anesthesia by intraperitoneal injection of
a 10 mg/kg dose of 10% chloral hydrate (Xiangya Hospital, Central South University, Changsha, China) in a
bacteria-free environment with surgical instruments that were sterilized with povidone-iodine. The mice
were euthanized by dislocation of the cervical vertebrae. Tissue samples collected from these mice were
flash frozen in liquid nitrogen for preservation until examination.

TRAP staining

Themurine skull flapswerewashed in phosphate-buffered saline, fixed with 4% paraformaldehyde for 24
h, and washed again in phosphate-buffered saline. Specimens were then placed in ethylenediaminetetraacetic
acid decalcifying solution (provided by the Pathology Department, Xiangya Hospital) that was refreshed at
2-day intervals until the flaps could be penetrated easily by a needle (about 30-40 days). Next, the flaps were
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dehydrated and embedded in wax. Slices with a thickness of 4 um were put on glass slides at 40°C and dried
at 60°C. All slices were selected from the middle area of the calvaria in all the study groups. Finally, the glass
slides were subjected to TRAP staining assay (Sigma-Aldrich) according to the manufacturer’s instructions.
Microscopic images were captured using a DM2500 device (Leica Microsystems GmbH, Wetzlar, Germany).
TRAP-positive cells were defined as cells containing 23 nuclei/cell in 10 fields per sample at a magnification
of 200x.

Micro-CT imaging

The calvaria specimens were evaluated using micro-CT as described previously [27, 28]. The calvaria
were carefully excised, cleaned, and fixed immediately in 10% formalin, and then scanned with a pCT 100
scanner (Scanco Medical AG, Briittisellen, Switzerland). The reference lines were created from a scout view
by a holder with reconstruction into 20-pum voxels (volume elements) to determine the area for analysis.
The microfocus X-ray tube was operated at 70 kV, 200 pA, and 360° of rotation under 300 ms exposure per
view. Bone quality was evaluated from the bone mineral density and morphology of the skull cavity in the
calvaria specimens. Tissue volume (TV), bone volume (BV), and the relative volume of calcified tissue in the
selected volume of interest (BV/TV) were calculated using three-dimensional analysis software (Scanco
Medical).

Real-time quantitative PCR

The total RNA in the RAW264.7 cells and the subcutaneous tissues were extracted using TRIzol
(Invitrogen, Thermo Fisher Scientific) according to the manufacturer’s instructions. Each 1 pg of total RNA
was reverse-transcribed into complementary DNA using a First Strand cDNA synthesis kit (GeneCopoeia,
Rockville, MD) following the manufacturer’s instructions. Quantitative PCR was performed using an Applied
Biosystems 7700 Real-time PCR system (Thermo Fisher Scientific) with SYBR Green Real-time PCR Master
Mix (Toyobo, Osaka, Japan) in a total reaction volume of 10 pl according to the manufacturer’s instructions.
The thermal cycles were as follows: initial denaturation at 95°C for 2 min; 45 cycles of denaturation at
95°C for 15 s; annealing at 58°C for 15 s; and extension at 72°C for 45 s. Relative c-Fos and NFATc1 mRNA
expression levels were calculated using the 2-AACt method and normalized to the internal control, -actin.
c-Fos primers used were 5-TACTACCATTCCCCAGCCGA-3’ (forward) and 5’-GCTGTCACCGTGGGGATAAA-3’
(reverse). NFATcl  primers used were 5-TACTACCATTCCCCAGCCGA-3’ (forward) and
5-GCTGTCACCGTGGGGATAAA-3’ (reverse). [-actin primers used were 5’-CCTGGCACCCAGCACAAT-3’
KforwardXand 5’-GGGCCGGACTCGTCATAC-3’ (reverse).

Western blotting

The collected RAW264.7 cells and subcutaneous tissues were homogenized and lysed in 1:100 RIPA
lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) containing phenylmethanesulfonyl
fluoride (Beyotime Institute of Biotechnology) as per the operating instructions. A total of 30 pg of
lysate supernatant were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
transferred onto polyvinylidene difluoride membranes (Beyotime Institute of Biotechnology), and blocked
with 5% (w/v) bovine serum albumin (Beyotime Institute of Biotechnology) in Tris-buffered saline with
0.1% (w/v) Tween 20. The blocked membranes were reacted with the following primary antibodies: rabbit
anti-c-Fos (1:2000; Abcam Biotechnology, Cambridge, MA), rabbit anti-NFATc1 (1:500; Affinity Biosciences,
Cincinnati, OH), rabbit anti-IkBa (1:10, 000; Abcam Biotechnology), mouse anti-P-IkBa (1:2500; Abcam
Biotechnology), mouse anti-f-actin (1:4000; Proteintech, Rosemont, IL) and rabbit anti-GAPDH (1:2000;
Proteintech) at 4°C overnight. After four washes in Tris-buffered saline with 0.1% (w/v) Tween 20, the
membranes were reacted with secondary antibodies conjugated to horseradish peroxidase, namely, goat
anti-rabbit (1:8000) and goat anti-mouse (1:6500) IgG (both from Proteintech). The targeting proteins
were visualized by reaction with an enhanced chemiluminescence system (Bio-Rad Laboratories, Hercules,
CA). The target protein quantity was analyzed densitometrically using Quantity One software (version 4.0,
Bio-Rad) and normalized to the corresponding 3-actin or GAPDH.
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Equipment and settings

Figures 1a, 1b were captured using the DM2500 microscope at a magnification of 200x. Fig. 2A was
captured by the pCT 100 scanner and processed using the three-dimensional analysis software provided
by Scanco Medical. Figures 4a-4d were captured with the Bio-Rad enhanced chemiluminescence system.
Figures. 1c, 1d, 2b, 3, 4e, and 4f were generated by using GraphPad Prism 7 software (GraphPad Software
Inc.,, La Jolla, CA). Figures 1-4 were combined using Photoshop CC software (Adobe, San Jose, CA). No other
processing manipulations except for combination and cut were used with Photoshop. Therefore, the figures
correctly represent the original data.

Statistical analysis

All the experiments were carried out in triplicate. Data were calculated using GraphPad Prism 7
software and are shown as the mean * standard deviation. Groups were compared using one-way analysis
of variance. A P-value <0.05 was considered statistically significant.

Results

Differentiation of osteoclasts induced by PE in vitro and in vivo

Erythrostained multinuclear osteoclasts were identified in the PE group (27.40 + 3.9,
P<0.01). There were significantly fewer osteoclasts in the low-dose (17.13 + 4.55, P<0.05)
and high-dose (18.1 = 4.13, P<0.05) curcumin groups than in the blank group, which
contained almost no osteoclasts (0.61 * 1.02). In the skull flaps, significantly higher numbers
of osteoclasts were found in the PE group (64.72 * 5.53, P<0.01), followed by the solvent
(52.86 + 5.2, P<0.05) and curcumin (31.3 * 8.84, P<0.05) groups when compared with the
blank group (10.81 + 2.96; Fig. 1. On micro-CT, the volume of interest (VOI, BV/TV) was
largest in the blank group (0.73 % 0.02), followed by the curcumin group (0.65 + 0.02, P<0.05
vs the blank group), the solvent group (0.57 + 0.02, P<0.05), and finally the PE group (0.45
+ 0.04), which had the most severe bone loss. High expression of TRAP has been found in
osteoclasts [29], so TRAP staining was used to identify osteoclasts in this study. In the in vitro
cell experiments, the multinuclear RAW264.7 cells treated with 1 mg/mL PE stained a clear
pink color by TRAP whereas the blank control group did not (Fig. 1a, magnification 200x and
400x). Similarly, the murine calvaria specimens treated with 10 mg of PE particles showed
an abundance of pink-stained multinuclear osteoclasts and the blank control group did not
(Fig. 1b, magnification 200x and 400x). The number of osteoclasts containing more than 3
pink-stained nuclei were counted in 10 random fields per sample and are compared in Fig.
1c and 1d. The number of osteoclasts in the PE group was significantly greater than that in
the blank group for both the RAW264.7 cells (Fig. 1c) and murine calvaria samples (Fig. 1d,
P<0.01). In the VOI (BV/TV) for the micro-CT assays in the murine calvarial bone samples,
the bone density in the PE-treated group decreased to a greater extent than in the blank
group (Fig. 2a). There was a marked increase in the bone loss index (BV/TV) in the PE group
when compared with the value in the blank group (Fig. 2b). These data indicate that PE has
the potential to promote differentiation of osteoclasts from monocyte/macrophages in bone.

Curcumin prevents PE-induced differentiation of osteoclasts

The osteoclast differentiation induced by PE was prevented after the RAW264.7 cells
were treated with curcumin at a low dose of 10 M or a high dose of 20 uM, as indicated by a
decreaseinthenumber of TRAP-stained cells (Fig. 1a, magnification 200x and 400x). Similarly,
there was a marked decline in the number of PE-induced (TRAP-positive) osteoclasts in the
murine calvarial bone specimens treated with 1 mL of curcumin 50 mg/kg. Furthermore,
PE-induced differentiation of osteoclasts could not be blocked in the solvent group, in which
the number of multinuclear TRAP-positive cells was only slightly decreased in comparison
with the PE group (Fig. 1b, magnification 200x and 400x). The digitalized osteoclast data
showed that the numbers of osteoclasts in the RAW264.7cells treated with low or high doses
of curcumin (Fig. 1c) and in the murine calvaria samples (the curcumin group in Fig. 1d)
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Fig. 1. Curcumin prevents PE-induced differentiation of osteoclasts. (a-d) were combined using Photoshop
software. (a) Results of TRAP staining of RAW264.7 cells in the blank (non-treated) group, PE (1 mg/mL PE-
treated) group, low-dose curcumin (PE plus 10 mM curcumin-treated) group, and high-dose (PE plus 20 mM
curcumin-treated) group (left panels, magnification 200x; right panels, magnification 400x). (b) Results of
TRAP staining of murine calvaria (left panels, magnification 200x; right panels, magnification 400x) in the
blank, PE, solvent, and curcumin groups. (c) Corresponding osteoclast counts in each group of RAW264.7
cell samples. (d) The corresponding osteoclast counts in each group of calvarial bone slices. (a) and (b) are
typical pictures obtained using three independent staining experiments. The data in (c) and (d) are for three
independent assays and sets of results. *P<0.05, ** P<0.01. PE, polyethylene.

were significantly lower than the number of osteoclasts in the PE group (p < 0.05). In the VOI
(BV/TV) for the micro-CT assays in the murine calvarial bone experiment, the bone density
in the curcumin-treated groups showed obvious recovery when compared with the PE group
(Fig. 2a). The bone loss index (BV/TV) was markedly higher in the curcumin group than in
the PE group (Fig. 2b).
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Fig. 2. Micro-computed tomography image showing that curcumin prevents PE-induced bone loss. (a) and
(b) were combined using Photoshop software. (a) Typical micro-computed tomography images showing
bone density in murine calvaria samples treated with PE, PE + solvent (dimethyl sulfoxide and corn oil), PE
+ 10 mg of curcumin, or no treatment. (b) Corresponding bone volume/tissue volume indices. The data for
each group represent at least three independent assays. * P<0.05. PE, polyethylene.
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Fig. 3. Curcumin prevents PE-induced expression of c-Fos and NFATc-1 genes. (a) and (b) were combined
using Photoshop software. Expression of c-Fos and NFATc1 mRNA was examined in RAW264.7 cells (a) and
air pouch tissue samples (b) treated with the corresponding interventions. Non-treated (blank) samples
were used as controls. Gene expression levels were normalized to the corresponding beta-actin value and
are presented as folds of the blank value. *P<0.05, **P<0.01. PE, polyethylene.

Curcumin prevents PE-triggered RANK/c-Fos and NFATc1 signaling

Analysis of the relative quantification values showed that expression levels of c-Fos
and NFATc1 increased when the RAW264.7 cells (c-Fos, 1.29 + 0.02, P<0.05; NFATc1, 1.27
+ 0.01, P<0.05) and air pouch tissue samples (c-Fos, 5.15 + 0.18, P<0.01; NFATc1, 2.61 =
0.26, P<0.05) were treated with PE particles when compared with the expression levels
in the blank group (normalized as 1.00). The curcumin group showed less expression of
c-Fos and NFATc1 than the PE group in vitro. The group that received curcumin 10 pM
showed significantly higher expression levels of c-Fos and NFATc1 (0.86 + 0.02 and 0.92 +
0.02, respectively, both P<0.05) than the group that received 20 uM curcumin (0.67 * 0.04
and 0.57 £ 0.04, respectively). In the in vivo studies, the solvent group showed significantly
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Fig. 4. Curcumin prevents a PE-induced change in the activity of IkBa protein. (a-f) were combined using
Photoshop software. The blots were cropped using Photoshop and are compliant with the digital image
and integrity polices of Oncotarget. c-Fos and NFATc1 protein levels as well as IkBO protein expression and
activity (phosphorylation) were detected using Western blot in RAW264.7 cells treated with PE, low-dose
curcumin, and high-dose curcumin (a, ¢) and air pouch tissue samples (b, d) treated with PE, solvent, or PE
+ curcumin. Non-treated (blank) samples were used as controls. The upper panels show typical results for
Western blot images. The quantity of the corresponding protein and levels of the phosphorylated protein
were estimated by densitometry (lower panels). Protein expression and phosphorylation levels were
normalized to the corresponding beta-actin or GAPDH value and are presented as the folds of the blank.
Data for each group represent at least three independent assays. *P<0.05,**P<0.01. PE, polyethylene.

higher expression levels of c-Fos and NFATc1 (1.76 + 0.11 and 1.47 + 0.07, respectively, both
P<0.05) than the curcumin group (0.64 = 0.12 and 0.63 + 0.07, respectively). RANK, c-Fos,
and NFATc1 have been reported to be involved in differentiation of osteoclasts; therefore,
we analyzed the expression of their genes during PE-induced differentiation of osteoclasts
with and without curcumin by quantitative PCR or Western blot in RAW264.7 cells and
the air pouch tissue samples. Quantitative PCR results for the cell samples highlighted a
similar tendency for c-Fos and NFATc1 mRNA expression. Expression of these genes was
higher in the PE group than in the control (blank) group (P<0.05; Fig. 3a). However, levels
of expression of the genes were significantly downregulated in the low-dose and high-dose
curcumin groups (P<0.05) when compared with the PE group. In addition, the high-dose
(20 pM) curcumin group showed more efficient inhibition of both genes than the low-dose
(10 pM) curcumin group (P<0.05). In the air pouch tissue samples, expression of c-Fos and
NFATc1 mRNA demonstrated a similar tendency to that in the PE group, namely, higher
expression levels than the corresponding controls (blank group, P<0.01; Fig. 3b). c-Fos and
NFATc-1 gene expression levels were significantly higher in the solvent group than in the
control group (both P<0.01) and were also higher than in the PE group (P<0.05). These
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Fig. 5. The mechanism schematic of curcumin
inhibiting osteoclastogenesis via NF-xB
signaling pathway. Initially, excessive RANKL
combines with the trans-membrane receptor
RANK in osteoclast precursors, activating
IKK through TRAF6, then IKK deactivates
IkB through phosphorylation so that P-IxB
separates from NF-kB and loses the ability
to suppress NF-xB. Consquently, NF-xB is
activated and transported into the nucleus,
where it combines with the key transcription
factors, c-Fos and NFATcl to induce
osteoclastogenesis. Curcumin can disable
IKK so that it can prevent the consequent
osteoclastogenesis process.

genes were expressed at lower levels in the curcumin groups, indicating downregulation in
comparison with the PE group (P<0.01).

Expression of IkBa, P-IkBa, c-Fos, and NFATc1 proteins was then detected by Western
blotting in cell samples from the blank, PE, low-dose curcumin, and high-dose curcumin
groups (Fig. 4a, 4c) and in tissue samples from the blank, PE, solvent, and curcumin
groups (Fig. 4b, 4d). The results of statistical analysis are shown in Fig. 4e and 4f. Levels
of the factors involved in osteoclastogenesis, namely, c-Fos and NFATc1, were consistently
increased in the cell lines and tissue samples treated with PE particles when compared with
the corresponding blank groups (Fig. 4c, 4d; P<0.01) and could be attenuated significantly
by curcumin (P<0.01). In the tissue samples, the c-Fos and NFATc1 expression levels in the
solvent group were not significant different from those in the PE group, and were significantly
higher than those in the curcumin group (P<0.05). In both experiments, [kBa showed the
lowest expression in the PE groups (P<0.05). The expression levels of IkBa protein that
were decreased by PE were attenuated in the low-dose and high-dose curcumin groups (cell
samples, P<0.05; tissue samples, P<0.01). Interestingly, when compared with the decreased
levels of IkBa protein in the PE group, there was a significant increase in phosphorylated
IkBa levels in both the cell and tissue samples (Fig. 4a, 4b; P<0.01) that could be attenuated
by curcumin (P<0.01). The P-IkBa protein levels in the solvent group were markedly higher
than those in the curcumin group (P<0.05) but were also lower than those in the PE group.

Our present findings, combined with those of other researchers where RANK, c-Fos, and
NFATc1 were found to be involved in osteoclastogenesis [6-8, 30] suggest that PE-induced
osteoclastogenesis may occur via activation of a RANK/c-Fos/NFATc1 signaling pathway.
Curcumin might attenuate PE-induced osteoclastogenesis by inhibiting this signaling
pathway. These mechanism findings were simply presented in the schematic drawing in Fig.
5.

Discussion

PE particles produced by an artificial joint have been increasingly recognized as having
the potential to induce inflammation and osteolysis [31-33], which would directly result in
failure of artificial joint replacement. In this study, we confirmed that 1 mg/mL or 10 mg of PE
particles could trigger differentiation of osteoclasts in a RAW264.7 (monocyte/macrophage)
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cell line in vitro and in a murine calvaria model in vivo using TRAP straining and micro-CT
scanning (Figs. 1 and 2, respectively). The murine calvaria model had been proven to be a
successful and effective way of inducing osteogenesis [24, 34] and TRAP staining is believed
to be a specific detection method for osteoclasts [17]. Nevertheless, the mechanisms of wear
debris (including PE)-induced inflammation and osteolysis remain a mystery [35].

NF-kB and its ligand, RANK, have been found to play a critical role in wear debris-
induced inflammation and osteoclastogenesis [36]. Activation of the NF-xB signaling
pathway is essential for proliferation, differentiation, and maturation of osteoclasts [37].
After RANK binds with the RANK ligand, IKK is activated and subsequently phosphorylates
(activates) IkB, resulting in disassociation from NF-kB. The released (activated) NF-kB then
transfers into nuclei [38], where it increases expression levels of c-Fos and NFATc1, both of
which are key factors in osteoclastogenesis [39]. Zhao et al. [40] found that aesculin could
attenuate activation of NF-kB upon induction of RANKL, leading to decreased NFATc1 mRNA
expression. With this mechanism in mind, we hypothesized that detecting the amount of
mRNA in c-Fos and NFATc1 as well as the activity of P-IkB combined with histomorphologic
examination could provide indirect evidence of the osteoclastogenic activity of PE and the
mechanism of the anti-osteoclastogenic effect of curcumin.

To further explore whether PE induces differentiation of osteoclasts via the RANK/NF-
kB signaling pathway, we tested the expression and activation of the c-Fos, NFATc1, and [kBa
proteins and found that c-Fos and NFATc1 were upregulated and IkBa was activated by PE
to trigger cell proliferation/differentiation in both a RAW264.7 cell line in vitro and a mouse
model of calvarial bone in vivo (Figs. 3 and 4). In a study by Granchi et al. [41], trabecular
bone cells were exposed to wear debris-like alumina or PE particles and it was found that
differentiation of osteoclasts occurred in response to upregulation of related genes, namely,
c-fms, RANK, c-src, c-Fos, TRAP, and calcitonin receptor. Combining these with results in
similar systems where PE-induced differentiation of osteoclasts, these findings suggest
that PE induces formation of osteoclasts via a RANK/NF-IkB/c-Fos cell proliferation/
differentiation signaling pathway:.

Previous researchers have identified that curcumin has a significant ability to suppress
the NF-kB signaling pathway [42]. Zhang et al. [43] verified that curcumin could inhibit
activation of NF-kB, which has an important role in the inflammatory response, in the lungs
of rats with diabetes, thereby alleviating experimentally induced lung inflammatory injury.
In a study of peripheral blood mononuclear cells from patients with rheumatoid arthritis,
Wei et al. [44] found that curcumin could inhibit the osteoclastogenic potential of these
cells via suppression of the MAPK/RANK/c-Fos/NFATc1 signaling pathway. Curcumin has
also been confirmed to affect the process of osteoclastogenesis associated with metastatic
breast cancer or periodontitis [34, 45], but an anti-osteoclastogenic effect of curcumin on
periprosthetic osteolysis after THA has not yet been demonstrated. In our model of PE-
induced osteoclastogenesis, we clearly demonstrated that curcumin attenuated PE-induced
differentiation of osteoclasts in RAW264.7 cells in vitro and in a murine calvarial bone model
in vivo by TRAP staining and micro-CT scanning. These results add to the evidence for the
anti-osteoclastogenic activity of curcumin.

We then proceeded to molecular biology experiments to explore the specific mechanism
of this intervention. Real-time PCR results revealed that the PE group had the highest level
of c-Fos and NFATc1 mRNA. c-Fos and NFATc1 have been shown to play a critical role in
initiating the process of osteolysis, so upregulation of these two factors indirectly suggests
that they could trigger the osteolysis process. Combined with the results of TRAP staining
and micro-CT scanning, our findings indicate that this signaling is involved in PE-induced
osteolysis. These data show that curcumin exerted an inhibitory effect by downregulating
the expression of the c-Fos and NFATc1 genes.

The osteolysis induced by PE has been confirmed previously by TRAP staining and micro-
CT scanning. In addition, curcumin has already been reported to inhibit IKK [46], which
phosphorylates IkBa and helps NFkB to translocate into the nuclei of cells where it triggers
cellular proliferation and differentiation. Therefore, analysis of IkBa activity could provide
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critical information regarding the status of IKK/IkBa/NFkB signaling and may indirectly
indicate its involvement in osteolysis. For this reason, we detected the activity of P-IkBa by
Western blot in addition to expression levels of c-Fos and NFATc1 protein. The difference in
expression of c-Fos and NFATc1 protein was almost in accordance with our results for gene
expression except that there was no significant difference between the low-dose and high-
dose curcumin groups, suggesting that a very small amount of curcumin could markedly
inhibit expression of these factors (Fig. 4e, 4f). In the in vitro (RAW264.7 cell) samples, we
found that the PE group had the lowest IkBa protein level but the highest P-IkBa activity and
that this activity could be inhibited by curcumin (Fig. 4e). Results similar to the in vitro data
were obtained for the in vivo samples (murine calvaria); that is, the PE group had a lower
IkBa protein level but had the highest activity, and curcumin could prevent this PE-induced
activity (Fig. 4f). These findings indicate that the mechanism of the anti-osteolysis activity of
curcumin may be via inhibition of IKK resulting in dephosphorylation of IkBa which binds to
NFKB to prevent its nuclear translocation and thereby inhibits the osteolytic process.

In the in vivo experiments, the solvent (DMSO and corn oil) group showed a limited ability
to increase c-Fos and NFATc1 expression and dephosphorylated IkB levels when compared
with the blank group. However, the curcumin dissolved in the solvent had a greater ability
to prevent PE-induced expression of the c-Fos and NFATc1 genes (P<0.05) and attenuated
PE-induced IkB phosphorylation (P<0.05), so the anti-osteoclastogenic activity of curcumin
was not impaired.

Conclusion

In conclusion, in this study we successfully established PE-induced osteoclast
differentiation models in vitro (RAW246.7 cells) and in vivo (murine calvaria) that were
verified by TRAP staining and micro-CT scanning. We subsequently found that curcumin
could prevent PE-induced differentiation of osteoclasts in these models. Moreover, we
verified that curcumin could inhibit c-Fos and NFATc1 genes and protein expression as well
as IkBa activity, which may be the mechanism for the anti-osteolysis potential of curcumin.
These data provide experimental and theoretical evidence that supports the use of curcumin
as a treatment for osteolysis induced by wear particles.
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