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Adenovirus-mediated small interfering RNA targeting tumor
necrosis factor-a inhibits titanium particle-induced
osteoclastogenesis and bone resorption
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Abstract. Wear particles are phagocytosed by macrophages,
resulting in cellular activation and the release of pro-inflam-
matory factors, which cause periprosthetic osteolysis and
subsequent aseptic loosening, the most common causes of total
jointarthroplasty (TJA) failure. During this pathological process,
tumor necrosis factor (TNF)-a plays an important role in wear
particle-induced osteolysis. Therefore, in this study, we used
adenovirus-mediated small interfering RNA (siRNA) targeting
TNF-a to suppress the TNF-a release from activated macro-
phages in response to titanium particles. Our results showed
that recombinant adenovirus (Ad-TNF-a-siRNA) suppressed
the TNF-a release from activated macrophages in response to
titanium particles, and reduced titanium particle-induced osteo-
clastogenesis and bone resorption in the presence of receptor
activator of nuclear factor-xB ligand (RANKL). In addition, the
conditioned medium of macrophages challenged with titanium
particles (Ti CM) stimulated osteoprogenitor RANKL expres-
sion. The conditioned medium of macrophages challenged
with titanium particles and Ad-TNF-a-siRNA (Ti-Ad CM)
reduced the mRNA expression in MC3T3-El cells compared
to Ti CM. Based on these data, TNF-a strongly synergizes with
RANKL to promote osteoclast differentiation. Furthermore,
TNF-a promoted osteoclast differentiation by stimulating
osteoprogenitor RANKL expression. Ad-TNF-a-siRNA effec-
tively suppressed osteoclast differentiation and bone resorption
following exposure to titanium particles in the presence of
RANKL. In addition, recombinant adenovirus (Ad-TNF-a-
siRNA) does not have a toxic effect on the murine macrophage
cell line, RAW264.7. Consequently, it can be concluded that
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recombinant adenovirus-mediated siRNA targeting TNF-a
(Ad-TNF-0-siRNA) may provide a novel therapeutic approach
for the treatment of periprosthetic osteolysis.

Introduction

The development of artificial joints is a major accomplish-
ment of orthopedic surgery, and joint replacement remains
one of the most common and successful surgical procedures.
Unfortunately, wear debris is formed at prosthetic joint
articulations, modular interfaces, and non-articulating inter-
faces (1,2), which is the main reason for prosthetic failure (3-5).
Researchers further believe that the biological response to wear
particles at the bone-implant interface is considered the main
cause of aseptic loosening and osteolysis (6,7).

During this pathological process, macrophages are acti-
vated to release pro-inflammatory mediators, including tumor
necrosis factor-o (TNF-0), and interleukin (IL)-6 and IL-1f
in vitro (8-10), which have also been shown to be present in
periprosthetic soft tissue in vivo (11). The differentiation and
activation of macrophages is further enhanced by circulating
pro-inflammatory factors. These inflammatory factors induce
local chronic inflammatory response with the activation and
recruitment of osteoclasts to the bone-implant interface, leading
to periprosthetic osteolysis and aseptic loosening.

Previously studies have suggested that TNF-o augments the
osteoblast expression of receptor activation of nuclear factor
(NF)-«B ligand (R ANKL) and macrophage colony-stimulating
factor (M-CSF) (12,13). M-CSF and RANKL have been iden-
tified as the 2 principal cytokines of osteoclast differentiation
and activation (14-16). RANKL binds to its membrane-bound
signaling receptor, RANK, and stimulates osteoclast differ-
entiation and maturation (17,18). Osteoprotegerin (OPG) is a
soluble decoy receptor for RANKL and inhibits its effects by
binding to RANKL (19).

TNF-a blocks the Wnt signaling pathway; the Wnt signaling
pathway positively regulates the osteoblast expression of OPG
and the inhibition of this pathway diminishes the expression
of OPG (20-22). It can be hypothesized that TNF-a inhibits
the expression of OPG. RANKL and OPG stimulate and
inhibit, respectively, osteoclast differentiation. In this respect,
the RANKL/OPG ratio is the principal axis that regulates the
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osteoclastogenic event, and this ratio is significantly higher in
severe osteolysis (23). Thus, reducing the RANKL/OPG ratio
would inhibit the formation of osteoclasts (24). The OPG/
RANKL/RANK signaling pathway is the most important
pathway affecting osteoclast differentiation and functional
regulation. OPG, M-CSF and RANKL are expressed by
stromal cells/osteoblasts. Moreover, in vitro experiments have
shown that TNF-a promotes the expression of RANK and
M-CSF on the cell membrane of osteoclast precursor cells; as
a result, the RANKL and M-CSF signal is amplified (25,26).

The binding of RANKL to RANK prompts the induction
of several intracellular pathways by this receptor, leading
to the activation of key transcription factors, most notably
NF-kB. It has been reported that the NF-xB family of tran-
scription factors is crucial to pathologic responses and is
essential for osteoclast differentiation (27,28). A number of
studies have shown that the role of TNF-a can be observed
from the NF-xB, c-Fos and nuclear factor of activated T-cells,
cytoplasmic, calcineurin-dependent 1 (NFATcl) activity
change in osteoclast precursor cells, inducing the differen-
tiation of osteoclast precursor cells independent of RANKL/
RANK signaling (29-32). These studies reported that RANKL
and TNF-a activate NF-«B, c-Fos and NFATc1 in a similar
manner (29,31); NF-xB, c-Fos and NFATcl are essential for
the promotion of osteoclast differentiation. In addition, it
has been reported that TNF-a stimulates osteoclast differ-
entiation through a mechanism independent of the osteoclast
differentiation factor (ODF)/RANKL-RANK system (33).
TNF-a only enhances the osteoblast expression of RANKL
to promote osteoclast differentiation; however, RANKL also
independently promotes the differentiation of osteoclasts.

These cellular mediators from macrophages may act in
an autocrine and paracrine fashion to induce an imbalance
between bone formation and resorption either by enhancing
the osteoclastic lineage or by acting on stromal or osteoblastic
cells, leading to the loss of bone stock (34). It has previously
been reported that TNF-a and IL-1f suppress osteoblast
differentiation (35,36). It has also been reported that c-Src
and IL-6 inhibit osteoblast differentiation (18) and that TNF-a.
secreted from macrophages activated by titanium particles
suppresses early and late differentiation markers of osteo-
progenitor cells (20). TNF-a increases the expression of IL-6
through the activation of NF-«kB in osteoblast-like cells (37),
and earlier reports have shown that TNF-a mobilizes and
activates c-Src (38,39). It can be hypothesized that TNF-a
directly controls osteoblast function in addition to the induc-
tion of osteoclast differentiation, leading to increased bone
resorption (40).

The formation of the periprosthetic bone bed is dependent
on the balance of bone resorption and bone formation. TNF-a.,
IL-6 and IL-1f promote bone loss and inhibit bone formation,
and the reduced bone formation also contributes to peripros-
thetic osteolysis.

Based on these views, it can be concluded that reducing
the expression of TNF-a may provide a promising thera-
peutic strategy for the treatment of periprosthetic osteolysis.
Therefore, in this study, we used adenovirus carrying small
interfering RNA (siRNA) targeting TNF-a (Ad-TNF-a-
siRNA) to downregulate TNF-a expression. We examined
whether the constructed recombinant adenovirus (Ad-TNF-a-
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siRNA) can effectively suppress the TNF-a release from
activated mocrophages in response to titanium particles. We
also observed the inhibitory effects of Ad-TNF-a-siRNA
on titanium particle-induced osteoclast formation and bone
resorption in the presence of RANKL, and investigated the
effect of the conditioned medium of macrophages challenged
with titanium particles (Ti CM) and Ad-TNF-a-siRNA
(Ti-Ad CM) on osteoblasts (MC3T3-El).

Materials and methods

Preparation of titanium particles. Commercially pure titanium
particles were obtained from Zimmer Company (Warsaw,
IN, USA). The majority of the titanium particles (90%) were
<10 mm in diameter. Titanuim particles were prepared as previ-
ously described (41). The particles were sterilized by baking
at 180°C for 6 h, followed by treatment with 70% ethanol for
48 h to remove endotoxin. The particle endotoxin level was
>0.1 EU/ml, as determined using a commercial detection kit
(E-Toxate; Sigma, St. Louis, MO, USA). Titanium particles
were sonicated and vortexed prior to treatment.

The concentration of particles that was used for incuba-
tion was 0.1 mg/ml, which is similar to the concentration of
wear particles that were retrieved from the periprosthetic
tissues (42,43).

Construction of adenovirus expressing TNF-a-siRNA. siRNA
targeting the TNF-a coding region (sense, 5'-GGUUGCCUC
UGUCUCAGAATT-3' and antisense, 5-UUCUGAGACAGA
GGCAACCTG-3") were inserted into the Kpnl and Spel sites in
the pSilencer 2.1-hU6 vector to generate vectors expressing
TNF-a-siRNA, amplified with PCR and cloned into the pPGEMT
vectors. TNF-a-siRNA were then cut from the pGEMT vectors
with Kpnl and Spel, and cloned into the same restriction sites of
pAdS E1-MCS-CM VeGFP. The plasmid was amplified by trans-
formation into DHS5a cells and positive clones were selected and
confirmed by the DNA Miniprep kit and Kpnl digestion. The
resultant plasmid, pAdSE1-hU6-TNFa-siRNA-CM VeGFP, was
linearized with Pacl digestion and subsequently co-transformed
into HEK?293 cells with E3 deleted Ad backbone.

Infection of RAW264.7 with Ad-TNF-a-siRNA.RAW264.7 cells
were plated in 6-well plates at a density of 4x10° cells/well.
After 24 h, the infection of RAW?264.7 cells was carried out.
The medium was removed and the cells were incubated with
titanium particles and Ad-TNF-a-siRNA [multiplicity of
infection (MOI) of 50]. After 48 h, total mRNA and protein
were extracted to detect the expression of TNF-a by real-time
RT-PCR and western blot analysis.

Cell culture. RAW264.7 murine macrophage/monocyte cells
(BH-AC71; ATCC) were maintained at 37°C and 5% CO,
in Dulbecco's modified Eagle's medium (DMEM; Sigma)
containing 10% FBS (HyClone, Logan, UT, USA), 100 U/ml
penicillin, and 100 U/ml streptomycin at 37°C and 5% CO,.
MC3T3-El murine osteoblastic cells (ATCC) were cultured in
o-minimum essential medium (a-MEM; Sigma) supplemented
with containing 10% FBS, 100 U/ml penicillin and 100 U/ml
streptomycin at 37°C and 5% CO,.
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Table I. Primers for real-time RT-PCR.
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Target Forward primer (5'—3") Reverse primer (3'>5")
TNF-a TCTTCTCATTCCTGCTTGTG ACTTGGTGGTTTGCTACG

IL-6 TCCATCCAGTTGCCTTCTTG TTTCTCATTTCCACGATTTCCC
IL-1B ATCTCGCAGCAGCACATC CAGCAGGTTATCATCATCATCC
TRAP GCAGCCAAGGAGGACTAC CCCACTCAGCACATAGCC
NFATc1 TCTTCCGAGTTCACATCC ACAGCACCATCTTCTTCC
GADPH TCAACGGCACAGTCAAGG ACTCCACGACATACTCAGC
M-CSF TATTGCGACACCGAATCC CTTGCTGATCCTCCTTCC
RANKL CAGGAGGATGAAACAAGCC GCAGCATTGATGGTGAGG
OPG GTGTGAGTGTGAGGAAGG TTTATACAGGGTGCTTTCG

TNF-a, tumor necrosis factor-a; IL, interleukin; TRAP, tartrate-resistant acid phosphatase; NFATc1, nuclear factor of activated T-cells, cyto-
plasmic, calcineurin-dependent 1; M-CSF, macrophage colony-stimulating factor; RANKL, receptor activator of nuclear factor-xB ligand;

OPG, osteoprotegerin.

Collection of conditioned medium.RAW264.7 cells were plated
at a density of 1.0x10° cells/24-well plates in complete DMEM.
After 24 h of attachment, the cells were washed with PBS and
stabilized with serum-free DMEM for 1 h. The cells were then
cultured with titanium particles (0.1 mg/ml) or titanium particles
and Ad-TNF-a-siRNA. After 24 h of incubation with control
(Cont CM), titanium-conditioned medium(Ti CM), or titanium
with Ad-TNF-a-siRNA conditioned medium (Ti-Ad CM), the
cells were collected, centrifuged to remove the cell debris if
any, and stocked at -20°C until use. The conditioned medium
was prepared as previously described (20).

RNA isolation and real-time RT-PCR.Total RNA was extracted
using TRIzol (Invitrogen) according to the manufacturer's
instructions. The 260/280 absorbance ratio was measured
for verification of the RNA purity (NanoDrop). The first-
strand cDNA was synthesized with 2 ug of total RNA using
the RevertAid First Strand cDNA Synthesis kit (Fermentas),
and one tenth of the cDNA was used for each PCR mixture
containing Express SYBR-Green PCR Supermix (Fermentas).
The reaction was subjected to a 40-cycle amplification at
95°C for 30 sec, at 95°C for 5 sec and at 60°C for 30 sec.
Relative mRNA expression of selected genes was normal-
ized to GAPDH and quantified using the AACT method. The
sequences of the PCR primers are listed in Table I.

Protein isolation and western blot analysis. Cells were lysed
in RIPA buffer (20 mM Tris-HCI, pH 7.5, 200 mM NaCl, 1%
Triton X-100 and 1 mM dithiothreitol) containing protease
inhibitor cocktail (Roche, Indianapolis, IN). The protein
concentration was measured with a protein assay kit (BCA)
following the manufacturer's instructions. Total protein was
subjected to SDS-polyacrylamide gel electrophoresis and
transferred onto PVDF membranes. The blot was probed with
primary antibodies; anti-TNF-a, NFATcl (both from Cell
Signaling Technology, Inc., Danvers, MA, USA) and anti-bone
morphogenetic protein (BMP)-2 (Abcam, Cambridge, MA,
USA). Anti-p-actin (CWBiotech, Beijing, China) was used
as a loading control. Subsequently, the blots were washed in
TBST (10 mM Tris-HCI, 50 mM NaCl and 0.25% Tween-20)

and incubated with secondary antibody. The presence of target
proteins was detected using enhanced Chemiluminescence
reagents (Millipore Corp., Billerica, MA, USA).

Cell viability: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay. The effect of recombinant
adenovirus and titanium particles on RAW264.7 cell viability
was examined using MTT assay. RAW264.7 cells (2x10* cells/
well) were cultured in RANKL and titanium particles
containing DMEM with Ad-TNF-a-siRNA for 24, 48 and
72 h, and then incubated with 0.5 mg/ml of MTT at 37°C for
4 h. Following the removal of the supernatant, the insoluble
formazan crystal was dissolved in 200 ml of dimethyl sulf-
oxide (DMSO) and absorbance was measured using a 490 nm
wavelength Synergy microplate reader (BioTek Instruments).

Tartrate-resistant acid phosphatase (TRAP). RAW264.7 cells
were plated at a density of 1x10* cells/96-well. After 24 h of
attachment, the cells were cultured in the presence of soluble
RANKL (50 ng/ml) and titanium particles (100 pg/ml) with
or without Ad-TNF-a-siRNA (MOI of 50) After 5 days,
RAW264.7 cells with different treatments were fixed and
stained for TRAP expression according to the manufacturer's
instructions (Sigma). The nuclei were counterstained with acid
hematoxylin solution. The TR AP-positive cells with =3 nuclei
were counted as osteoclasts (44).

Resorption pit assay for osteoclasts. RAW264.7 cells were
plated at a density of 2x10* cells/24-well plates (Corning Inc.,
Corning, NY, USA). After 24 h of attachment, the cells were
cultured in the presence of soluble RANKL (50 ng/ml) and tita-
nium particles (100 pxg/ml) with or without Ad-TNF-a-siRNA
(MOI of 50). After 10 days, to analyze the surface for pit forma-
tion, the medium was aspirated from the wells, and 100 pl of
10% bleach solution were added. Cells were incubated with
the bleach solution for 5 min at room temperature. The wells
were washed twice with distilled water and allowed to dry at
room temperature for 3 to 5 h. Individual pits or multiple pit
clusters were observed using a microscope at x10 magnification
(Leica). We selected 4 images by the sum of absorption area in



GUO et al: GENE THERAPY OF PERIPROSTHETIC OSTEOLYSIS

Ea cel
/T
E3 RANKL
[ RANKL+TI
2.5 RANKL+Ti+Ad-TNF-a-siRNA
]
2.0
2
S 15
8
>
= 1.0
(&}
0.5
0.0 o .

48h 72h
Figure 1. RAW264.7 cells were treated with titanium (Ti) particles and/
or RANKL in the presence or absence of Ad-TNF-a-siRNA for 24-72 h as

indicated. The cellular activity was then estimated by MTT assay. Data are
expressed as the means + SD.

each well for statistical analysis (n=3). Bone absorption area
was measured using image-analysis software (IPP6.0).

ELISA. RAW264.7 cells were incubated with titanium parti-
cles (100 ng/ml) for 24 h. Ti CM was collected to determine
the concentration of TNF-a. Mouse TNF-a and the MBP-2
ELISA kit (Ameko) were used for a quantitative measurement
according to the manufacturer's recommendations.

Statistical analysis. Data are expressed as the means + SE of
=3 determinations. Differences between groups were analyzed
using analysis of variance (ANOVA). A P-value <0.05 was
considered to indicate a statistically significant difference.
Statistical analyses were performed using SPSS version 17.0
software.

Results

Effects of recombinant adenovirus (Ad-TNF-a-siRNA) and
titanium particles on cell viability. Compared to the controls,
neither titanium particles nor a combination of titanium parti-
cles and Ad-TNF-a-siRNA (MOI of 50) affected the viability
of RAW264.7 cells (Fig. 1). These results suggest that both
Ad-TNF-0-siRNA (MOI of 50) and titanium particles are not
toxic to RAW264.7 cells.

Suppressive effects of Ad-TNF-a-siRNA on titanium particle-
induced inflammatory factor. We investigated the effect of
the downregulation of the mRNA expression of TNF-a by
Ad-TNF-0-siRNA from activated mocrophages in response to
titanium particles using comparison tests with different MOIs
(refers to virus particles added/cell). Our results showed that
the mRNA expression of TNF-a was significantly reduced at a
MOI of 50 after 48 h (Fig. 2A). The same result was observed
for the TNF-a protein levels by western blot analysis after 48 h
(Fig. 2B).

We also detected the expression of the inflammatory
factors, IL-1f and IL-6. The results showed that the down-
regulation of TNF-a mRNA reduced the mRNA expression
of inflammatory cytokines, such as IL-6 (Fig. 2C) and IL-1p
(Fig. 2D). These results suggest that TNF-o promotes the
mRNA expression of IL-6 and IL-1f.
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Figure 2. The expression of titanium particle-induced inflammatory fac-
tors was inhibited by Ad-TNF-a-siRNA at various multiplicities of infection
(MOIs) in RAW264.7 murine macrophage-like cells. (A) RAW264.7 cells
were plated in 6-well plates at a density of 4x10° cells/well. After 48 h, total
mRNA was extracted for gene expression by real-time PCR; the mRNA expres-
sion of TNF-a was significntly reduced by Ad-TNF-a-siRNA at a MOI of 50.
“Compared to culture with titanium (Ti) particles only. (B) The same result was
observed for the TNF-a protein levels, as shown by western blot analysis after
48 h. Ad-TNF-a-siRNA at a MOI of 50 significantly reduced the mRNA expres-
sion of (C) IL-6 and (D) IL-1p. Data are presented as the means + SD. Similar
results were obtained in 3 independent experiments. ‘P<0.05 and “P<0.01.

Ad-TNF-a-siRNA reduces titanium particle-induced osteo-
clastogenesis and bone resorption. TRAP is a marker that is
widely used to identify osteoclasts. We examined the mRNA
expression of TRAP in RAW264.7 cells cultured in the pres-
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Figure 3. Ad-TNF-0-siRNA reduced the titanium particle-induced osteoclastogenesis and bone resorption. (A) Real-time PCR showed that RANKL was
essential for the expression of TRAP mRNA. (B) Osteoclast differentiation of RAW264.7 cells was identified by TRAP staining. TRAP* multinucleated cells
were only observed in the cells cultured with RANKL, and titanium (Ti) particles increased the number of RAW264.7 cells differentiating into osteoclasts
in the presence of RANKL. The downregulation TNF-a by Ad-TNF-a-siRNA effectively reduced osteoclast formation. (C and E) The resorption pits were
examined using a microscope at x10 magnification (Leica). The measurements demonstrated that the area of the resorption pits was significantly increased
on the osteoclasts in culture plates cultured in the presence of RANKL and titanium particles compared to the osteoclasts in the culture plates cultured with
RANKL alone. The resorption area was significantly decreased on the osteoclaste culture plates after the addition of Ad-TNF-a-siRNA. (D) There were no
osteoclasts in the culture with titanium particles only. Osteoclasts were present in the RAW264.7 cells cultured with RANKL. A significant increase in the
number of osteoclasts was observed in the cells cultured in the presence of titanium particles and RANKL compared to the RAW264.7 cells cultured with

RANKL alone. Ad-TNF-a-siRNA effectively reduced osteoclastogenesis in the cells cultured with RANKL and titanium particles. The quantitative data were

expressed as the means + SD. “P<0.01, compared to the cells cultured with RANKL alone.

ok

P<0.001, compared to the cells cultured with RANKL alone;

"P<0.05, compared to the cells cultured with RANKL and Ti particles. #P<0.01. ND, not detected.

ence of RANKL and/or titanium particles for 4 days. Our data
showed that the mRNA expression of TRAP was significantly
higher in the cells cultured with titanium particles than in those
cultured without titanium particles in the presence of RANKL
(Fig. 3A). The downregulation TNF-a by Ad-TNF-a-siRNA
reduced the mRNA expression of TRAP (Fig. 3A). Titanium
particles did not stimulate the mRNA expression of TRAP
in RAW264.7 cells in the absence of RANKL. The number
of TRAP* multinucleated cells was also significantly higher
in the cells cultured with titanium particles than in those
cultured without titanium particles in the presence of RANKL

(Fig. 3B and D). Osteoclastogenesis did not occur in the cells
cultured without RANKL. These results suggest that TNF-a
stimulates osteoclastogenesis only in the presence of RANKL.

We further investigated osteoclast function induced by
titanium particles and RANKL with or without Ad-TNF-a-
siRNA. We examined resorption pits on osteoclast culture
plates. The results showed that the area of the resorption
pits was significantly greater on the osteoclast culture plates
cultured with titanium particles than on those cultured without
particles in the presence of RANKL (Fig. 3C and E). The
downregulation of TNF-a by Ad-TNF-a-siRNA significantly
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Figure 4. Effect of titanium (Ti) particles and RANKL on NFATcl. (A) NFATc] activation was observed in the cells cultured with titanium particles and/or
RANKL. The mRNA expression of NFATcl was decreased by Ad-TNF-a-siRNA in the cells cultured with titanium particles and RANKL. “P<0.01, compared
to the cells cultured with RANKL alone; “P<0.05, compared to the cells cultured with titanium particles and RANKL. (B) We further detected TNF-a expres-
sion. RANKL increased the mRNA TNF-a. expression. “P<0.01, compared to the cells cultured with RANKL alone; #/P<0.01, compared to the cells cultured
with titanium particles and RANKL. (C) The expression NFATcl mRNA was decreased by Ad-TNF-a-siRNA in the cells cultured with titanium particles alone.
“P<0.05, compared to cells cultured with titanium particles alone. (D) Western blot analysis revealed that NFATc1 expression was activated by titanium particles
alone, and under this condition the downregulation of TNF-a by Ad-TNF-a-siRNA reduced the NFATc1 expression. The quantitative data were expressed as

the means = SD.

reduced the area of the resorption pits on the osteoclast culture
plates compared to that on the plates cultured with titanium
particles and RANKL (Fig. 3C and E). These results suggest
that TNF-a may exert a strong synergistic effect with RANKL,
increasing local bone resorption in vivo.

NFATcl plays a crucial role in osteoclastogenesis (45,46).
Real-time PCR demonstrated that in the presence of RANKL,
the mRNA expression of NFATcl in the RAW?264.7 cells
cultured with titanium particles was greater than in the cells
cultured without titanium particles (Fig. 4A). The downregula-
tion of TNF-a by Ad-TNF-a-siRNA in the cells cultured with
titanium particles and RANKL reduced the expression of
NFATcl compared to that in cells cultured without Ad-TNF-a-
siRNA (Fig. 4A). These results showed that TNF-o expression
was induced in the cells cultured with RANKL (Fig. 4B).
Real-time RT-PCR revealed that the downregulation of TNF-a
by Ad-TNF-a-siRNA reduced NFATcl expression in the cells
cultured with titanium particles and RANKL (Fig. 4A). These
results suggest that NFATcl is activated by TNF-a.

We further determined NFATcl expression in RAW264.7
cells cultured with titanium particles in the absence of
RANKL. We examined NFATcl expression by real-time PCR
and western blot analysis. The results showed that the titanium
particles activated the expression of NFATcl, and that the
downregulation of TNF-a by Ad-TNF-a-siRNA reduced the
expression of NFATcl in the cells cultured without RANKL

(Fig. 4C). Western blot analysis revealed that the downregula-
tion of TNF-a reduced NFATCcl protein expression in the cells
in a time-dependent manner (Fig. 4D). These results demon-
strated that TNF-a activated NFATcl expression, and suggest
that the synergistic effect of TNF-a with RANKL increases
local osteoclastogenesis and bone resorption; this synergistic
effect activates the expression of NFATcl. NFATcI is essential
to promote osteoclast differentiation (47).

Effects of conditioned medium on MC3T3-EI mouse osteoblastic
cell line. RANKL has been identified as the principal cytokine of
osteoclast differentiation and activation. RANKL is synthesized
by stromal cells/osteoblasts. We examined the effect of Ti CM on
RANKL and M-CSF expression in MC3T3-El cells. The results
showed that Ti CM significantly increased the mRNA expression
of RANKL in MC3T3-El cells (Fig. 5A), and Ti CM had
absolutely no effect on the mRNA expression of M-CSF in the
MC3T3-El cells. OPG expression was not detected by real-time
RT-PCR under our culture conditions. Ti-Ad CM significantly
reduced the mRINA expression of RANKL (Fig. 5A). In addition,
RANKL stimulated RAW264.7 mouse macrophages cell
differentiation into osteoclasts on its own in a dose-dependent
manner in vitro (Fig. 7). Thus, these results suggest that TNF-o.
can indirectly promote osteoclast differentiation by increasing
RANKL expression in MC3T3-El cells. Ad-TNF-a-siRNA
significantly reduced the expression of RANKL.
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Figure 5. Effect of conditioned medium (Ti CM and Ti-Ad CM) on MC3T3-E1 mouse osteoblastic cell line. (A and B) The mouse osteoblastic cells were
plated in 24-well plates at a density of 1x10° cells/well in culture with Ti CM or Ti-Ad CM. After 24 h, real-time PCR showed that the mRNA expression of
RANKL and IL-6 was significantly increased in the cells cultured with Ti CM; and under this condition the mRNA expression of RANKL and IL-6 was
significantly reduced in the cells culture with Ti-Ad CM compared to the cells cultured with Ti CM. The quantitative data are expressed as the means + SD.
“P<0.05, compared to the cells cultured with Ti CM; “P<0.01, compared to the cells cultured with Ti CM.

sk

TNF-a (pg/mi)

Ti - + + (100 pg/mi)

Ad-TNF-qt -siRNA - - + (50 MOI)

Figure 6. Detection of the release of TNF-a from the activated RAW264.7 cells
in reaction to titanium (Ti) particles. TNF-a expression was significantly
increased in the cells cultured with titanium particles, and TNF-a expression
was significantly reduced in the cells cultured with titanium particles and
Ad-TNF-a-siRNA. The quantitative data are expressed as the means + SD.
“P<0.01, compared to the controls; “P<0.05, compared to the cells cultured
with titanium particles alone.

We further examined IL-6 expression in MC3T3-El cells
cultured with Ti CM or Ti-Ad CM. Our results showed that IL-6
expression was increased in the MC3T3-El cells cultured with
Ti CM, and was reduced in the cells cultured with Ti-Ad CM
(Fig. 5B). These results suggest that TNF-a promotes IL-6
expression in MC3T3-El cells.

Discussion

The present study describes a novel approach for inflammatory
reduction in activated macrophages in response to titanium
particles by siRNA-mediated TNF-a silencing in the RAW264.7
mouse macrophage cell line. Recombinant adenovirus
(Ad-TNF-a-siRNA) significantly inhibited the TNF-a release
from activated macrophages in response to particle debris.
We detected TNF-a expression in macrophages activated by
titanium particles by real-time PCR and western blot analysis
(Fig. 2A and B). The downregulation of TNF-a by Ad-TNF-
a-siRNA also reduced the gene expression of inflammatory
cytokines, such as IL-1p (Fig. 2D) and IL-6 (Fig. 2C); these
inflammatory factors play a critical role in osteolysis (48). Our
data suggest that titanium particles stimulate RAW264.7 mouse
macrophage cells to secrete pro-inflammatory cytokines, such
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Figure 7. RANKL stimulates RAW264.7 mouse macrophages cell differen-
tiation into osteoclasts on its own in a dose-dependent manner in vitro. The
quantitative data are expressed as the means + SD. "P<0.05, compared to
the cells cultured with RANKL (10 ng/ml); “P<0.01, compared to the cells
cultured with RANKL (10 ng/ml); ““P<0.001, compared to the cells cultured
with RANKL (10 ng/ml).

as TNF-a, IL-1p and IL-6; these cytokines may not directly
induce RAW264.7 mouse macrophage cells to differentiate
into osteoclasts in the absence of RANKL, but these cytokines
can activate NFATcl mRNA expression in the absence of
RANKL (Fig. 4A). A previous study indicated that inactivated
NFATCcl can suppress titanium particle-induced osteoclast
formation (10). NFATcl is essential to promote osteoclast
differentiation (47,49). The downregulation of TNF-a by
Ad-TNF-a-siRNA reduced the expression of NFATcl mRNA.
Thus, we hypothesized that NFATC1 was activated by TNF-a.
This result is in agreement with that of a previous study (29).
TNF-a cannot promote the formation of osteoclasts in the
absence of RANKL, but TNF-a promotes the formation
of osteoclasts in the presence of RANKL, in accordance
with previous studies (50,51). RANKL stimulates osteoclast
precursor differentiation into osteoclasts by activating c-Fos,
NF-xB and NFATcl (29.47,51). TNF-a activates NF-xB, c-Fos
and NFATcl in a similar manner (29). Despite activating
similar signaling, TNF-a does not effectively induce osteoclast
differentiation in the absence of RANKL (Fig. 3D). Thus, it can
be hypothesized that NFATc1, TNF-a, IL-1p and IL-6 cannot
activate the terminal differentiation of osteoclasts. TNF-a has
already been proven to stimulate osteoclast differentiation
in the presence of M-CSF. Therefore, we hypothesized that
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TNF-a cannot directly induce osteoclast differentiation, but
indirectly induces osteoclast differentiation in the presence
of RANKL and/or M-CSF. Thus, RANKL and M-CSF can
activate the terminal differentiation of osteoclasts.

Titanium particles in conjunction with RANKL stimu-
late osteoclast formation and bone absorption; this effect is
more evident in the presence of both titanium particles and
RANKL, than with RANKL alone. The downregulation of
TNF-a by Ad-TNF-a-siRNA in activated macrophages in
response to titanium particles reduced the formation of osteo-
clasts and bone absorption in the presence of RANKL and
titanium particles compared with group cultured with titanium
particles and RANKL without Ad-TNF-a-siRNA (Fig. 3). Our
results show that TNF-a cannot directly effectively promote
osteoclast formation in the absence of RANKL, but TNF-a
and RANKL have a synergistic effect, promoting osteoclast
formation and bone absorption. At the same time, our results
showed that the expression of NFATcl in the presence of
RANKL and titanium particles was significantly higher than
in the presence of RANKL alone, and that the downregulation
of TNF-a by recombinant adenovirus significantly reduced the
expression of NFATcl. However, the above results confirmed
that TNF-a slightly activated the expression of NFATcl; thus,
we detected the expression of TNF-a in the titanium, RANKL
and RANKL and titanium group. Our results confirmed
that RANKL also stimulated the expression of TNF-a. The
increased expression of TNF-a increased the expression of
NFATcl. Furthermore, it was confirmed that TNF-a promotes
the expression of RANK on the cell membrane of osteoclast
precursor cells; as a result, the RANKL signal is amplified,
further activating NFATcl expression. Thus, we hypothesized
that the mechanism behind the synergistic promoting effect of
TNF-a and RANKL on osteoclast formation and bone absorp-
tion may well be that TNF-a activates NFATcl to facilitate
osteoclast formation and bone absorption in the presence of
RANKL. Recombinant adenovirus (Ad-TNF-a-siRNA) effec-
tively reduces osteoclasts formation and bone resorption.

RANKL and M-CSF are essential to promote the osteoclast
differentiation factor, which is expressed in osteoblasts during
each stage, and TNF-o augments the osteoblast expression of
RANKLandM-CSF(12,52,53).RANKLhasbeendemonstrated
to not only deliver a final osteoclast differentiation signal, but
to also activate osteoclasts and promote their survival (54-57).

Our results indicated that RANKL stimulated RAW264.7
mouse macrophages cell differentiation into osteoclasts
on its own in a dose-dependent manner in vitro (Fig. 7).
RANKL expression was increased in the conditioned medium
collected from macrophages activated by Ti CM in vitro
(Fig. 5A). Furthermore, the mRNA expression of RANKL
was downregulated in the conditioned medium collected from
macrophages activated by titanium particles and pre-treated
with Ad-TNF-a-siRNA (Ti-Ad CM) compared to that in
conditioned medium of the cells from the Ti CM pre-treated
group (Fig. 5A). Therefore, we speculated that TNF-a in the
macrophages activated by titanium particles augments the
osteoblast expression of RANKL. Taken together, these data
suggest that TNF-a indirectly promotes osteoclast differen-
tiation by increasing RANKL expression in MC3T3-El cells.

Bone remodeling is a physiological process that involves the
resorption and synthesis of bone by osteoclasts and osteoblasts,
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respectively (59). During the pathological process, TNF-a,
IL-1p and IL-6 are overexpressed in macrophages stimulated
by titanium particles (58). These inflammatory factors have
been shown to suppress osteoblast differentiation (35,36,60).
It has been proven that Ti CM reduces osteogenic parameters,
such as alkaline phosphatase (ALP) activity and the expression
of Runt-related transcription factor 2 (Runx2), and suppresses
late differentiation markers of osteoprogenitor cells (20).
TNF-a, IL-1p and IL-6 are overexpressed in macrophages
activated by titanium particles, but only TNF-o mimicks the
effects of Ti CM on the ALP activity of osteoprogenitor cells,
compared to IL-1p and IL-6. IL-1p and IL-6 have no signifi-
cant effect on ALP activity (20). Thus, it can be hypothesized
that TNF-a suppresses osteoblast differentiation. This idea
is consistent with previous studies (36,61). Thus, Ad-TNF-
a-siRNA can inhibit the suppressive effect of TNF-a on
osteoblast differentiation.

A recent study illustrated that IL-6 impairs osteoblast
maturation in immature osteoblasts in vitro and in vivo. By
contrast, in mature osteoblasts, IL-6 is no longer able to impair
osteoblast maturation (60). It has been reported that TNF-a
increases the expression of IL-6 in osteoblast-like cells (37).
This would aggravate the inhibitory effect on osteoblast
differentiation. Nevertheless, the downregulation of TNF-a by
Ad-TNF-0-siRNA reduced the expression of IL-1f3 and IL-6 in
macrophages activated by titanium particles (Fig. 2C and D).
The expression of IL-6 in the MC3T3-El cells cultured in
conditioned medium challenged with titanium particles and
Ad-TNF-a-siRNA (Ti-Ad CM) was reduced compared with
that in the cells in the Ti CM group (Fig. 5B). Thus, Ad-TNF-a-
siRNA can inhibit the suppressive effect of IL-6 on osteoblast
differentiation through the reduced exogenous and endogenous
IL-6 expression during the pathological process of titanium
particle induced-osteolysis.

Moreover, the Wnt and BMP pathways are regulated by
several processes; TNF-a is able to hamper osteoblast differ-
entiation process by annulling Wnt and BMP signaling (20).
Wnt and BMP pathways tightly regulate osteoblast differentia-
tion (62). Furthermore, during the differentiation process of
osteoblasts, OPG expression is significantly downregulated in
osteocytes by abolishing Wnt signaling (63), suggesting that the
reduction in osteocytic OPG and the concomitant increase in
the osteocytic RANKL/OPG ratio contribute to the increased
number of osteoclasts and resorption. In fact, Wnt serves as
an autocrine stimulator of OPG expression in osteoblasts, and
Wnat signaling promotes bone formation by upregulating OPG
and downregulating RANKL (64). This shows that TNF-a not
only inhibits bone formation by annulling Wnt and BMP-2,
but also promotes bone absorption through the upregulation
the RANKL/OPG ratio.

TNF-a and IL-6 suppressed osteoblast differentiation,
which likely establishes a functional loop to maintain osteo-
blasts in a less mature status. A previous study suggested that
the RANKL/OPG ratio is increased in immature osteoblasts
and is reduced in mature osteoblasts (65). TNF-a and IL-6
suppress osteoblast differentiation, leading to an increase
in the number of immature osteoblasts and the concomitant
increase in the immature osteoblast RANKL/OPG ratio
contributes to the increased number of osteoclasts and resorp-
tion, and reduced bone formation.
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Osteoclasts and osteoblasts contribute individually to bone
remodeling, whereas their interactions control their cellular
activities, as well as the intensity of bone remodeling. These
interactions can be established either through a cell-cell contact,
in which molecules of the integrin family may be involved, or
by the release of many polypeptide factors and/or their soluble
receptor chains. During the pathological process of titanium
particle-induced osteolysis, TNF-o not only promotes osteo-
clast formation and bone resorption in the presence of RANKL,
but also suppresses osteoblast differentiation and increases the
RANKL/OPG ratio, leading to bone mass loss, and the reduced
bone formation also contributes to periprosthetic bone tissue;
as a result periprosthetic osteolysis and subsequent aseptic
loosening are the most common causes of TJA failure.

Thus far, there is no effective treatment for aseptic joint
loosening apart from reoperation; the reoperation of patients
causes serious physical and psychological trauma and increases
the economic burden; reoperation also increases the risk of
subsequent multiple peri-operative complications (particularly
in elderly patients). Therefore, the discovery of non-surgical
methods to combat aseptic joint loosening is a hot research
topic; however, no effective treatment has yet been discovered.
Although the mechanism behind aseptic joint loosening is not
clear, it involves the generation of wear debris particles which
are phagocytosed by macrophages and other inflammatory cells,
resulting in cellular activation and the release of pro-inflam-
matory mediators and cytokines, which cause periprosthetic
osteolysis and subsequent aseptic loosening, the most common
causes of TJA failure (8,66-69). Our results confirmed that
TNF-a plays an important role in the particle-induced osteo-
clastogenic and osteolytic events. This view is also supported
by previous studies using animal models, in vitro cell cultures
and clinic trials (70-73). Although therapeutic agents against
pro-inflammatory mediators, such as TNF have shown promise
in animal models, no approved treatments are yet available to
osteolysis patients. There are concerns as to the side-effects of
pharmaceutical drugs during the systemic administration of
certain drugs. As a result, there is no approved pharmacolog-
ical treatment for periprosthetic osteolysis thus far. Therefore,
gene therapy, instead of drug therapy, targeting inflammatory
factors may provide a therapeutic approach with which to avoid
the side-effects of anti-inflammatory drugs during long-term
systemic administration.

Gene therapy has been applied to the field of orthopedics.
Clinical trials have already been initiated for arthritis and the
aseptic loosening of prosthetic joints, and the development
of bone-healing applications is at an advanced, pre-clinical
stage (74). Orthopedic gene therapy originated during the early
1990s to deliver genes to joints (75,76). The aim is to engineer
intra- and peri-articular tissus to synthesize antiarthritic gene
products, thereby providing a sustained, local therapy for indi-
vidual arthritic joints. This approach is attractive since joints
are discrete, accessible cavities that can be readily injected.

RNAI interference (RNAI) is a standard method for the
knockdown of any target gene of interest in vitro, exploring a
naturally occurring catalytic mechanism. The downregulation
of pathologically relevant genes which are aberrantly expressed
in a given disease will offer novel therapeutic approaches. The
mechanism behind RNA1 involves siRNAs, which are cleaved
into the fragments known as siRNA (21-23 nucleotides in
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length) by the enzyme Dicer (77). siRNA therapeutics have
developed rapidly, with ongoing or planned clinical trials, and
thus we used this siRNA targeting TNF-a to inhibit titanium
particle-induced bone resorption. siRNA delivery in vivo is of
critical importance for its implementation.

Adenoviral gene therapy, due to its carrier safety, and the
fact that it does not need not to be integrated into the host
cell genome, has relative stability and high transfection effi-
ciency (78-80), is currently the most widely used viral vectors.
Moreover, RNAI has been applied to the clinical practice for
the treatment of cancer, and as shown in our study, recom-
binant adenovirus (Ad-TNF a-siRNA) does not exert toxic
effects on RAW264.7 murine macrophage cells (Fig. 1). It is
thus clear that its safety is reliable and the method is feasible.
Ad-TNF-a-siRNA effectively suppressd osteoclast differentia-
tion following exposrure to titanium particles and reduced the
inhibitory effect of TNF-a secretion from macrophages acti-
vated by titanium particles on osteoblast differentiation, which
may be useful for the prevention and/or treatment of osteolysis
and aseptic loosening, thus preventing TJA. Our in vitro results
revealed that TNF-a promoted osteoclast differentiation by
stimulating the expression of RANKL in osteoblasts, and
that TNF-a synergizes with RANKL to promote osteoclast
differentiation. Furthermore, Ad-TNF-a-siRNA effectively
suppressed osteoclast differentiation following exposure to
titanium particles and may well reduce the inhibitory effect
of TNF-a secretion from macrophages activated by titanium
particles, thus preventing osteoblast differentiation. Taken
together, our data suggest that the downregulation of the
expression of TNF-a by Ad-TNF-a-siRNA provides a prom-
ising therapeutic strategy for the treatment of periprosthetic
osteolysis.

Our results also highlight the need for more effec-
tive treatment methods. Further evidence of the effect of
Ad-TNF-a-siRNA on particle-induced osteolysis is required in
in vivo experiments on animal models. This would involve the
creation of an animal model of aseptic loosening, and would
then involve the local administration of an intra-articular injec-
tion of recombinant adenovirus in order to detect the effect
of recombinant adenovirus on titanium particle-induced pro-
inflammatory cytokine expression and periprosthetic osteolysis.
Our data may aid in the continued advances in research for the
prevention and/or treatment of particle-induced osteolysis.
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