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Abstract Wear particle-induced osteolysis and loosening
is a critical process that limits the longevity of total hip
arthroplasty. Despite their potential value in the manage-
ment of aseptic loosening, little is known about the cel-
lular response to bisphosphonates (BPs) in the presence
of particulate debris. In the present study, we compared
the effect of pamidronate and clodronate, two structurally
different bisphosphonates, on the induction of TNF-« re-
lease by alumina ceramic (Al O3) and ultra-high-molecular-
weight-polyethylene (UHMWPE) particles. We also looked,
by Trypan blue exclusion, at the viability of J774 mouse
macrophages incubated with Al,O; and UHMWPE parti-
cles in combination with pamidronate or clodronate. Re-
sults showed that pamidronate and clodronate can in-
hibit UHMWPE particle-induced TNF-« release while they
had no effect on Al,Os-stimulated TNF-« release. The
co-incubation of pamidronate or clodronate and Al,O;
had no effect on the induction by Al,O3 of poly(ADP-
ribose)polymerase (PARP) proteolysis and DNA fragmen-
tation. On the other hand, UHMWPE particles had no effect
on these apoptotic markers. However, the co-incubation of
pamidronate or clodronate with UHMWPE particles led to
the appearance of these markers of apoptosis. Al,O3 and
UHMWPE particles had no effect on macrophage cell death
or the number of macrophages at the end of experiments.
Co-incubation of UHMWPE particles with pamidronate and
clodronate led to a significant increase in cell death. Interest-
ingly, the number of macrophages co-incubated with parti-
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cles and pamidronate or clodronate significantly decreased.
In conclusion, our results suggest that the effect of BPs on
particle-stimulated macrophages is, at least in part, particle
composition dependent.

Introduction

Implant wear producing particulate debris leading to oste-
olysis and subsequent loosening is a critical process that
limits the longevity of total hip arthroplasty. Indeed, wear
particles initiate an inflammatory response characterized by
macrophage phagocytosis of the particles, leading to the re-
lease of mediators that induce bone resorption [1, 2]. Results
from our laboratory suggest that bisphosphonates (BPs) can
reduce human periprosthetic osteolysis [3]. Others have also
shown that alendronate can inhibit wear debris mediated os-
teolysis in a canine model [4]. BPs are a class of synthetic
compounds that are powerful inhibitors of bone resorption
both in vitro and in vivo. They are well tolerated and ef-
fective in the treatment of various metabolic bone diseases
and skeletal disorders [5, 6]. Despite their potential value in
the management of aseptic loosening, little is known about
the macrophage response to BPs in the presence of par-
ticulate debris. Using a co-culture macrophage/osteoblast
model, Horowitz and Gonzales showed that pamidronate
was effective in inhibiting resorption stimulated by con-
ditioned medium from macrophages exposed to polyethy-
lene particles [7]. Ibandronate also inhibited UHMWPE-
stimulated human macrophage TNF-«a release in vitro [8].
We demonstrated that the induction of macrophage apop-
tosis by pamidronate is implicated in the inhibitory effect
of this BP on UHMWPE-stimulated TNF-« release [9]. To
better understand the interaction between wear particles and
BPs, the present study compares the effect of pamidronate
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and clodronate, two structurally different BPs, on Al,O5; and
UHMWPE particle-stimulated macrophage TNF-« release
and on macrophage mortality.

Materials and methods
Particles

Alumina ceramic (Al,O3; Calcined alumia, Realox reactive
grade, mean size of 1.3 um) particles were obtained from
Alcoa (Pittsburgh, PA, USA). They were essentially chosen
for their high purity (99.9% Al,0s3), and their MgO content
(fretting additive; <0.02%), which correspond to specifica-
tions for hip prosthesis. They were sterilized by ethylene
oxide and were left for at least 10 days at room temperature
to allow removal of residuals.

Ultra-High-Molecular-Weight  Polyethylene particles
(UHMWPE, 0.5-2 um) were obtained from Pfizer (Ruther-
ford, NJ) in 1998. Particles were generated during a hip
simulator test using physiological conditions and shipped
in suspension in an isopropanol/ deionized water solution.
Particles were washed 3 times by centrifugation at 10 000 x
g for 5 min in molecular biology grade iscpropanol.

These particles have clinical relevance and their sizes are
physiologically pertinent [10—12]. The number of particles
used was based on previous work in our laboratory on the
differential macrophage response to Al,O; and UHMWPE
particles [13].

Level of endotoxins

Particles were suspended in cultured media (without cells)
as described in the Cell Culture sub-section. The level of en-
dotoxins was determined by the Limulus Amebocyte Lysate
Endochrome™ assay (Charles River Endosafe, Charleston,
SC) as specified by the manufacturer. Values obtained for
media alone were subtracted from the particles results. The
level of endotoxins was < 0.005 EU/ml for the incubations
with 250 particles/ macrophage (p/m) of Al,O3 and < 0.15
EU/ml for the incubations with 25 p/m UHMWPE.

Bisphosphonates

Bisphosphonates (BPs) are compounds derived from py-
rophosphate, a normal product of human metabolism. Their
biological activity can be modified by altering the structure
of the two side chains on the central carbon of their P-C-
P group in which the R; side chain determines the potency
of the molecule [14]. Pamidronate, an amino-BP containing
a -NH, group in position R, (nitrogen-containing BP), and
clodronate, a non nitrogen-containing BP with a -Cl group in
position R,, were obtained from Calbiochem (La Jolla, CA).
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Both BPs were dissolved at 1072M in culture medium and
filtered through 0.22 um sterile filters before use.

Cell culture

The J774 mouse macrophage cell line (ATCC, Rockville,
MD) was used in this in vitro model because it has been
shown to be capable of phagocytosis as well as cytokine
production [15]. Also, this cell line has been described to be
morphologically similar to macrophages at the bone-cement
interface: both types of cells contain many mitochondria, a
relatively small amount of granular endoplasmic reticulum, a
well developed Golgi system, and the presence of particles in
cytoplasmic vacuoles [15]. Finally, this cell line was shown
to respond to Al,O3; and UHMWPE particles [13], as well as
to BPs [9, 16, 17].

Macrophages were cultured and maintained in RPMI 1640
tissue culture medium supplemented with 5% foetal bovine
serum, 100 U/ml penicillin, and 100 pg/ml streptomycin.
For experimental procedures, monolayers of confluent cells
were scraped and resuspended in fresh cell culture medium
overnight. This allowed the cells to recover from the scraping
step that could be damaging to their membrane. After the
overnight incubation, the cell concentration was adjusted to
5 x10° cells/ml and macrophages suspensions were then
exposed to particles and BPs. Particles were suspended in
culture medium and vortexed for 10 sec at maximal speed just
before incubation to avoid clumping. Cells without particles
served as negative controls. Incubations were conducted for
24 and 48 h at 37°C in a 5% CO; environment. The resulting
conditioned supernatants were collected for ELISA tests and
frozen at —20°C until TNF-o measurement.

TNF-« release

In the present study, we focused on TNF-« release because
it appears to be the most important cytokine produced in
vitro by J774 macrophages in response to orthopaedic par-
ticles [7, 18-20] and it has been suggested that it plays a
central role in the induction of implant osteolysis [18, 21].
Concentrations of TNF-« in the supernatants were measured
by ELISA (BioSource, Nivelles, Belgium). These enzyme-
linked immunosorbent assay kits are murine specific. The
detection limits of the assays are 5 to 1250 pg/ml. The per-
centage of inhibition was calculated by the TNF-« ratio of
bisphosphonate-treated cells on untreated cells after sub-
traction of the control value. Kits are specific enough to
avoid cross reactivity of other recombinant cytokines. Sta-
tistical significance was calculated using ANOVA followed
by Fisher’s PLSD comparison test. P < 0.05 was considered
significant. Each result is the mean + SE of 4 experiments
performed in duplicate.
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PARP expression

Proteins were extracted and analyzed as previously described
[9, 13]. Briefly, cells were homogenized in 100 ul of lysis
buffer (25 mM Tris-HCI (pH 7.5), 1 mM EDTA, 1% SDS, 10
wul/ml protease inhibitor cocktail (Sigma-Aldrich, Oakville,
ON) and incubated for 30 min on ice. Proteins from each sam-
ple were denatured at 100°C, loaded on 4-20% acrylamide
gels and separated by SDS-PAGE. Proteins were transferred
to nitrocellulose membranes and blotting was performed us-
ing anti-PARP diluted 1:2000 (Zymed, San Francisco, CA) as
primary antibodies with peroxidase-conjugated anti-mouse
IgG (Zymed) diluted 1:5000 as secondary antibody. NEN
Renaissance™ luminescence reagents were used for detec-
tion. Results are representative of 3 experiments.

DNA fragmentation (DNA laddering)

DNA was isolated as previously described [9, 13] with mi-
nor modifications. Briefly, cells were homogenized in 150 ul
lysis Buffer (50 mM Tris-HCI, 20 mM EDTA, 1% NP-40, pH
7.4) by pipetting up and down for 10 seconds and centrifuged
5 min at 1600 x g at 4°C. Pellets were re-extracted with
lysis buffer and centrifuged. Supernatants were pooled and
incubated with RNAse A (Amresco, Solon, OH, USA) and
proteinase K (Amresco, Solon, OH, USA) to remove RNA
and proteins, respectively. After addition of 1/10 volume of
3 M sodium acetate (pH 5.2), the DNA was precipitated with
2.5 volume ethanol and dissolved in 10 mM Tris-HCI - ImM
EDTA, pH 8.0. The samples were loaded onto 1.5% agarose
gel containing 50 pg/ml ethidium bromide, and run at
50 volts for about 2 h. DNA was then visualized upon il-
lumination with UV light and photographed using Polaroid
667 film. Results are representative of 3 experiments.

Cell mortality and cell number

After incubation with particles and BPs, cell mortality was
obtained by measuring the percentage of dead macrophages
by Trypan blue exclusion using a hemacytometer. The num-
ber of cells remaining after incubation was also assessed and
the cytotoxicity was calculated as a percent of the total num-
ber of remaining cells in each test tube over the total number
of remaining cells in control. Results are the mean + SE of
4 experiments performed in duplicate.

Results

Figure 1 shows the effect of BPs on Al;O3; and UHMWPE
particle-induced TNF-« release. It has been suggested that
endotoxins adsorbed onto particles may play a role in the
macrophage response [22, 23]. However, the concentra-
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Fig. 1 Effect of pamidronate and clodronate on Al,O; and
UHMWPE particle-stimulated TNF-« release. J774 macrophages
were co-incubated for 24 and 48 h in the presence of Al,O3 (125 and
250 p/m) or UHMWPE (10 and 25 p/m) and 100 uM pamidronate or
clodronate. TNF-« release was measured by ELISA. Results are the
mean £ SE of 4 experiments performed in duplicate.

*p < 0.05 vs Al,O3 or UHMWEPE alone (- bisphosphonate)

tions of LPS (endotoxin) necessary to stimulate murine
macrophage cell lines is more than 50 times higher than the
concentrations found in the particles [24, 25]. Therefore, the
endotoxin level cannot completely account for the increased
TNF-a release by UHMWPE compared to Al,O; parti-
cles. Our results also show that pamidronate and clodronate
had no effect on TNF-« release stimulated by Al,O3 parti-
cles/macrophage (p/m), except after 48 h with 125 p/m where
a small, but significant, increase was observed (2.45 vs. 2.15
times the control (p < 0.05) with or without pamidronate, re-
spectively) (Figure 1A). Pamidronate inhibited UHMWPE-
induced TNF-« release by 25% and 21% after 24 h with
10 p/m and 25 p/m, respectively. These inhibitions reached
37% and 19% after 48 h (Figure 1B). Clodronate inhibited
UHMWPE-induced TNF-« release by 25% after 24 h with
10 p/m and 25 p/m. These inhibitions reached 46% (10 p/m)
and 29% (25 p/m) after 48 h (Figure 1B). In the presence of
25 p/m of UHMWPE, we also observed a dose-dependent
effect of the BPs (not shown). Indeed, pamidronate (10 ;M)
inhibited UHMWPE-induced TNF-« release by 4.0% and
7.4% after 24 h and 48 h, respectively. These inhibitions
reached 11.5% and 19.2% with 100 uM after 24 h and 48 h,
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Fig. 2 Effect of pamidronate and clodronate on PARP expression
in macrophages stimulated with Al,O3; and UHMWPE particles.
J774 macrophages were co-incubated for 24 h in the presence of 125
p/m of Al,O3 or 25 p/m of UHMWPE and 100 uM pamidronate or
clodronate. PARP expression was visualized by Western blot. Results
are representatives of 3 experiments.

respectively. Clodronate (10 wM) inhibited UHMWPE-
induced TNF-« release by 7.8% and 14.6% after 24 h and
48 h, respectively. These inhibitions reached 25% and 29%
with 100 M after 24 h and 48 h, respectively.

Figure 2 shows the effect of Al,O3; or UHMWPE par-
ticles co-incubated with pamidronate or clodronate on the
expression of PARP, an early event in the induction of apop-
tosis. Our results show that Al,O3 particles alone induced
the appearance of the proteolytic PARP fragment (85 kDa)
while the co-incubation with pamidronate or clodronate had
no additional effect on this proteolysis of PARP by Al,0O3
particles. UHMWPE particles had no effect on the proteoly-
sis of PARP, the native fragment (113 kDa) remaining intact.
Co-incubation of pamidronate or clodronate with UHMWPE
particles led to the appearance of the proteolytic PARP frag-
ment after 24 h incubation. Pamidronate or clodronate alone
induced the appearance of the proteolytic fragment of PARP
(not shown).

Figure 3 shows the effect of Al,O3 or UHMWPE particles
co-incubated with pamidronate or clodronate on macrophage
DNA fragmentation, a late apoptotic event. Our results
demonstrate that Al O3 particles alone induced the fragmen-
tation of DNA while the co-incubation with pamidronate or
clodronate had no additional effect on this fragmentation of
DNA by Al,O3 particles. UHMWPE particles had no ef-
fect on DNA while the co-incubation of pamidronate or clo-
dronate with UHMWPE particles led to the appearance of a
DNA ladder (stimulation of DNA fragmentation) after 48 h
of incubation. Pamidronate or clodronate alone induced the
fragmentation of macrophage DNA (not shown).

Figure 4 shows the effect of pamidronate and clodronate
on macrophage mortality in the presence of 125 p/m of Al O3
and 25 p/m of UHMWPE. Al,0; and UHMWPE particles,
as well as pamidronate, had no effect on macrophage mortal-
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Fig. 3 Effect of pamidronate and clodronate on DNA of
macrophages stimulated with Al;O3 or UHMWPE particles. J774
macrophages were co-incubated for 48 h in the presence of 125 p/m of
Al,03 or 10 p/m of UHMWPE and 100 M pamidronate or clodronate.
DNA was analyzed on 1.5% agarose gel containing ethidium bromide.
Results are representatives of 3 experiments.

ity. However, 100 M clodronate significantly increased cell
death after 48 h (11.6% vs. 3.7% for control). Co-incubation
of UHMWPE particles with 100 uM pamidronate led to a
slight but not significant increase in cell death after 48 h
while co-incubation of Al,O3 particles with the same con-
centration of pamidronate led to a slight but not significant
decrease in cell death. With clodronate (100 M), there was a
significant increase in cell death, reaching 10.5% and 13.2%
after 48 h with Al,O3; and UHMWPE particles, respectively.
Pamidronate and clodronate at 10 ©M had no effect on cell
mortality (not shown).

Figure 5 shows the effect of pamidronate and clodronate
on the number of remaining macrophages in the presence of
125 p/m of Al,O3 and 25 p/m of UHMWPE. Co-incubation of
particles with 100 uM pamidronate led to a decrease in the to-
tal number of macrophages reaching 86% and 82 % of control
after 24 h and 48 h, respectively. Pamidronate alone had the
same effect on the number of macrophages. Co-incubation
of UHMWPE particles with 100 uM clodronate led to a de-
crease in the total number of macrophages reaching 64%
and 50% of control after 24 h and 48 h, respectively. The
effect of clodronate alone was less important with number
of macrophages reaching 77% and 75% of control after 24 h
and 48 h, respectively. Al,O3 particles induced a slight de-
crease in macrophage number (84% and 77% of control after
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24 h and 48 h, respectively). This decrease was only affected
by clodronate and after 48 h (62% of control). Pamidronate
and clodronate at 10 uM had no effect on the number of
macrophages (not shown).
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Fig. 4 Effect of pamidronate and clodronate on macrophage cell
death in the presence of AlO; and UHMWPE particles. J774
macrophages were co-incubated for 24 and 48 h in the presence of
Al, 03 (125 p/m) or UHMWPE (25 p/m) and pamidronate or clodronate
(100 uM). Cell death was measured by Trypan blue exclusion using a
hemacytometer. Results are the mean &+ SE of 4 experiments performed
in duplicate.
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Fig. 5 Effect of pamidronate and clodronate on the number of
macrophages in the presence of Al,O; and UHMWPE particles.
J774 macrophages were co-incubated for 24 and 48 h in the presence of
Al,03 (125 p/m) or UHMWPE (25 p/m) and pamidronate or clodronate
(100 uM). The number of cells remaining after incubation was assessed
using a hemacytometer. Results are the mean &+ SE of 4 experiments
performed in duplicate.

*p < 0.05 vs. control

**p < 0.05 vs. particles alone

Discussion

The evolving role of BPs led to an increase of their use in a
variety of clinical causes [26]. With regard to periprosthetic

osteolysis, the use of BPs for the treatment and/or preven-
tion of particle-induced osteolysis is far from being a fair
accompli. Treatment of patients undergoing THA with ei-
ther alendronate or pamidronate was successful in reducing
proximal femoral bone loss often seen in the early post-
operative period secondary to stress shielding caused by
femoral prosthetic components [27-29]. Unfortunately, the
patho-physiology of stress shielding that occurs especially
following the implantation of cementless prostheses is totally
different and unrelated to wear particle-induced osteolysis.
In evaluating potential markers in the assessment and treat-
ment of periprosthetic osteolysis, we demonstrated a higher
excretion of urinary telopeptides, a marker of bone resorp-
tion, in patients with periprosthetic osteolysis compared to
patients with well-fixed prostheses [3]. Furthermore, a six-
week treatment course of osteolytic patients with oral alen-
dronate significantly lowered urinary telopeptides excretion,
reflecting a decreased bone resorption in response to the drug
[3]. This potential beneficial effect of BPs on periprosthetic
osteolysis was recently reinforced in a prospective random-
ized study showing a beneficial effect of alendronate in re-
ducing periprosthetic bone loss at 2 years follow-up [30].
However, the safety and efficacy of BPs in the long term
clinical management of osteolysis associated with THA has
not been clearly established [31].

The results of the present study show that pamidronate
and clodronate, two structurally different BPs, can in-
hibit UHMWPE particle-induced macrophage TNF-o re-
lease while these BPs had no effect on Al, O3 particle-induced
TNF-«o release. Therefore, our results suggest for the first
time that the BPs’ effect on particle-stimulated TNF-« re-
lease is, at least in part, particle composition dependent.
We also demonstrated that both pamidronate and clodronate
stimulate the cleavage of PARP, an early apoptosis marker,
and DNA fragmentation into oligonucleosome length frag-
ments (DNA ladder), a gold standard for the confirmation of
apoptosis, suggesting that apoptosis-related events are asso-
ciated with the inhibition of UHMWPE-induced TNF-« re-
lease by these BPs. However, the direct causal link between
the induction of apoptosis and the inhibition of TNF-« re-
main to be investigated. The results also showed that BPs
may be cytotoxic and decreased the number of macrophages
in the presence of UHMWPE particles.

The results are similar to that observed in murine osteo-
clasts where pamidronate and clodronate have the same po-
tency in inducing apoptosis [32]. However, pamidronate was
reported to be more potent than clodronate (> 20 times) in
inducing apoptosis in J774 macrophages [17]. The difference
may be due to the presence of particles that may change the
ability of macrophages to internalize these BPs. In support
of this view, Rader et al. [8] demonstrated that etidronate (a
first generation non nitrogen-containing BP) and ibandronate
(a third generation amino-BP) have similar potency in
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inhibiting particle-stimulated TNF-« release. Etidronate, like
clodronate, is another short side chain BP with less potency
of internalization than the more lipophilic amino-BPs. An
alternative explanation is that the solubilization of the BPs
in culture media rather than in PBS may also affect the inter-
nalization of clodronate and pamidronate by interaction with
proteins and lipids in the serum. Nevertheless, our results
confirm the potency of BPs to inhibit UHMWPE particle-
induced TNF-« release in vitro.

In the present study, we used different BP concentrations
to demonstrate that the effect of BPs on particle-stimulated
macrophages is dose-dependent with significant effects at
100 uM, while their effect was less important at 10 uM.
These results parallel studies showing that pamidronate alone
induced apparent DNA laddering at 100 uM with low apop-
tosis at 10 uM [16, 17]. Our results are also in agreement with
the effective dose of pamidronate in inhibiting bone growth in
arat growing model [16]. The present results suggest that the
induction of apoptosis by BPs or other apoptosis-modulating
agents may be an effective way to reduce macrophage re-
sponse to wear particles. However, our results suggest that
the effects of BPs may be particle composition dependent.

The results of our experiments also shed light on the
clinical behavior of ceramic THAs. It has been observed
that ceramic THAs are associated with less osteolysis than
UHMWPE-bearing prosthesis [33]. The reason for this be-
havior is twofold. Firstly, being a more resistant interface,
the ceramic-bearing prosthesis generates less wear particles.
Secondly, and as born out by our experiments, ceramic in-
duces less of an inflammatory response than UHMWPE par-
ticles [13]. Our results have shown that Al, O3 particles alone
are capable of inducing macrophage apoptosis, thereby re-
ducing their osteolytic activity.

In the present study, we also used Trypan blue exclusion
and the total macrophage number as general markers of cy-
totoxicity of BPs. Our results suggest that pamidronate and
clodronate may be cytotoxic and decreased the number of
macrophages in the presence of UHMWPE particles. More
specifically, we demonstrated that clodronate seems more
toxic than pamidronate in our cell culture model. This is par-
ticularly evident for the remaining number of macrophages
after incubation in the presence of UHMWPE particles and
clodronate. Clodronate is known to deplete macrophages
in vivo and therefore may be potentially useful in the at-
tenuation of symptoms in diseases related to inflammatory
reactions. Indeed, it exerts an excellent preventive effect
on joint destruction of chronic antigen-induced arthritis in
rats [34, 35]. However, macrophages play a crucial role in
the periprosthetic environment and their appearance around
any given prosthesis is related to the balance between the
rate of production of wear particles, the ability of the tis-
sues to deal with the particles, and the rate of clearance
of the particles from the joint [36]. Therefore, their elim-
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ination from the periprosthetic environment may be not
desirable.

In conclusion, using two structurally different BPs in
combination with particles of different composition, our re-
sults suggest that the effect of BPs on particle-stimulated
macrophages is, at least in part, particle composition depen-
dent. The significance of the decreased macrophage number
deserves attention in future studies.
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