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Abstract
Objective—Wear particle induced bone
resorption is thought to be one of the
mechanisms that contribute to implant
loosening. It has previously been shown
that macrophages, in response to
polymethylmethacrylate (PMMA) parti-
cles, diVerentiate into bone resorbing
osteoclasts, and that this process is inhib-
ited by a bisphosphonate, etidronate
(EHDP). The aim of this study was to
determine whether incorporating EHDP
in bone cement could reduce PMMA asso-
ciated bone resorption.
Methods—Two concentrations of EHDP
were mixed with PMMA monomer before
polymerisation. Particles of PMMA (1–10
µm) were generated then added to mouse
monocytes cocultured with UMR106 rat
osteoblast-like cells and the extent of
osteoclast diVerentiation was determined
by assessing the extent of tartrate resist-
ant acid phosphatase (TRAP) staining and
measuring the amount of lacunar bone
resorption.
Results—The addition of PMMA to
monocyte-UMR106 cocultures resulted in
a marked increase in the number of TRAP
positive osteoclast-like cells and a signifi-
cant increase in the number of lacunar
resorption pits compared with control cul-
tures to which no particles had been added.
After the addition of particles of PMMA +
20 mg EHDP, significantly fewer lacunar
pits (p=0.00006) and fewer TRAP positive
cells were noted compared with cocultures
containing PMMA particles alone.
Conclusions—These results indicate that
by mixing a bisphosphonate with bone
cement, it is possible to inhibit PMMA par-
ticle induced bone resorption. This bi-
sphosphonate inhibition of PMMA
biomaterial wear particle containing
macrophage-osteoclast diVerentiation and
bone resorption may provide a possible
therapeutic strategy to prevent or to con-
trol the osteolysis of aseptic loosening.
(Ann Rheum Dis 1998;57:614–618)

Aseptic loosening of implant components is a
major complication of cemented total joint
replacements. Numerous macrophages and
macrophage polykaryons are commonly found
in response to polymethylmethacrylate
(PMMA) and other implant derived wear parti-
cles in the fibrous membrane surrounding loose
implant components.1 The extent of this mono-
nuclear phagocyte response correlates with the
amount of wear debris produced, and this in

turn may be dependent upon the stability of the
implant.2 Numerous wear particles and a heavy
macrophage infiltrate have often been reported
in cases of early loosening of cemented implants
whereas, in contrast, in the membrane sur-
rounding a well fixed cemented prosthesis, little
or no macrophage response is seen.3–5

The heavy foreign body macrophage re-
sponse to PMMA bone cement and other bio-
material wear particles is thought to contribute
to the osteolysis of aseptic loosening either by
release of wear particle induced factors that
stimulate bone resorption such as prostagland-
ins, interleukin 1 (IL1), IL6, and tumour
necrosis factor á (TNFá),6–8 or by providing a
large population of immature mononuclear
phagocyte precursor cells for diVerentiation
into mature bone resorbing osteoclasts.9 We
have recently shown that mouse and human
macrophages responding to PMMA and other
implant biomaterial particles, under specific
cellular and hormonal conditions, are able in
vitro to diVerentiate into mature osteoclasts
capable of resorbing bone.9–11 The specific cul-
ture conditions required for this to occur are
the presence of osteoblastic cells and 1,25
dihydroxy vitamin D3 (1,25(OH)2D3), both of
which would be present in the micro-
environment of the bone implant membrane
interface. Osteoblasts line the bone surface and
inflammatory macrophages are known to
secrete 1,25(OH)2D3.

12 We have also shown
that this process can be inhibited by cytokines
such as IL4 and leukaemia inhibitory factor
(LIF)13 as well as pharmacological inhibitors of
bone resorption such as calcitonin and
bisphosphonates.14 15

Bisphosphonates are synthetic compounds
that inhibit bone resorption. They are com-
monly used to control the excessive osteolysis
seen in osteoporosis, Paget’s disease, and skeletal
carcinomatosis.16 Bisphosphonates are known to
influence osteoclastic bone resorption by a
number of means including direct or indirect
suppression of osteoclast function, inhibition of
osteoclast diVerentiation, and promotion of
osteoclast apoptosis.17–19 We have recently shown
that the bisphosphonate compound, disodium
ethane-1-hydroxy-1, 1-diphosphonate (etidro-
nate (EHDP)) also known as 1-hydroxy-
ethylidene-1, 1-bisphosphonic acid, can inhibit
PMMA induced osteoclast generation and bone
resorption.15 In this study we have sought to
determine whether mixing bisphosphonates
with PMMA bone cement can inhibit wear
debris induced osteolysis and provide a possible
therapeutic approach to prevent aseptic
loosening.
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Methods
PMMA PARTICLES

PMMA with 9.2% BaSO4 was provided by
CMW (Depuy, UK). Tablets of EHDP were
purchased from Procter and Gamble (UK) and
were crushed to a powder form. They were then
evenly mixed with PMMA monomer at final
concentrations of 5 mg and 20 mg per gram of
monomer. Both PMMA cement with no addi-
tives and PMMA containing EHDP, were then
polymerised according to the manufacturer’s
instructions. Particles were produced from the
polymerised cement by AEA Technology plc
(Harwell, UK), the bone cement being crushed
using a steel mortar pestle and then a Tema
Micromill (Siebtechnik, Germany). Size distri-
bution was determined by scanning electron
microscopy. This demonstrated the majority
(>80%) of the particles were between 1 and 10
microns. The particles were then weighed,
suspended in culture medium, and sonicated for
10 minutes before being added to culture wells
at a concentration of 50 µg per ml, which we
have previously found to be optimal.11 The par-
ticle suspensions were regularly tested for endo-
toxin activity (E-Toxate, Sigma, UK) and
discarded if the test results were positive.

CULTURE CONDITIONS

For cell culture, alpha minimal essential
medium (MEM) (Gibco, UK) was supple-
mented with 100 IU/ml penicillin, 10 µg/ml
streptomycin and 10 mM l-glutamine (Gibco,
UK), and 10% fetal calf serum (FCS) (Gibco,
UK) (MEM/FCS). The cloned hormone
responsive osteoblast-like UMR106 rat cell
line, originally derived from a rat osteosar-
coma, was generously provided by Professor T
J Martin (Melbourne, Australia). These
UMR106 cells have been shown to be tartrate
resistant acid phosphatase (TRAP) negative,
calcitonin receptor negative and are not
capable of bone resorption.14 All incubations
were carried out at 37°C in 5% carbon dioxide.

ISOLATION OF MURINE MONOCYTES

Circulating monocytes were isolated from the
peripheral blood of female MF1 mice. Whole
blood was diluted 1:4 in MEM and the
monocytes were separated from whole blood by
Ficoll-Hypaque (Pharmacia, UK) gradient cen-
trifugation (693 g) for 20 minutes. The mono-
nuclear cells in the interface layer were resus-
pended in MEM/FCS and the number of viable
cells was determined using a haemocytometer.

PREPARATION OF COCULTURES ON HUMAN BONE

SLICES AND COVERSLIPS

Monocyte cultures were set up on sterile 6 mm
glass coverslips and human femoral cortical
bone slices (10 mm2) as previously
described.9 20 Bone slices and glass coverslips
were placed in 7 mm wells of a 96 well tissue
culture plate (Nunc, UK) before the addition
of UMR-106 cells at a final concentration of 1
× 104 cells per well. After 24 hours incubation,
the monocyte cell suspension was then added
at a final concentration of 1 × 105 cells per well.
Control monocyte cultures were also set up in
the absence of UMR 106 cells.

After two hours incubation, the bone slices
and coverslips were removed from the 96 well
plates, washed vigorously in MEM to remove
non-adherent cells, and then transferred to 17
mm wells containing 1 ml MEM/FCS with 1 ×
10-7 M 1,25 dihydroxy vitamin D3

(1,25(OH)2D3; Solvay Duphar, the Nether-
lands) and 1 × 10-8 M hydrocortisone (Sigma
Chemicals, UK). At this point 50 µg/ml of
PMMA ± EHDP particles were added to the
wells. As controls, additional wells were also set
up where no particles were added. The cultures
were maintained for 1, 7, and 14 days, with the
media containing 1,25(OH)2D3 and hydrocor-
tisone being replenished every three days.

HISTOCHEMICAL AND IMMUNOHISTOCHEMICAL

CHARACTERISATION OF CULTURED CELLS

After one and seven days, coverslips were
removed and histochemically stained for the
osteoclast associated enzyme TRAP21 using a kit
from Sigma Chemicals (UK). In addition,
coverslips were stained immunohistochemically
by an indirect immunoperoxidase method to
determine the presence of F4/80 antigen, which
is expressed by murine monocytes and macro-
phages but not osteoclasts.22 In control and
EHDP treated cultures, two glass coverslips
were assessed at both one and seven days for
TRAP and F4/80 staining. Long term cultures
on coverslips are assessed after seven days rather
than 14 days as this facilitates the analysis of his-
tochemical and immunohistochemical
staining.14 15

EXAMINATION BY SCANNING ELECTRON

MICROSCOPY (SEM) OF BONE SLICES TO

DETERMINE RESORPTION PIT FORMATION

After one and 14 days in culture, the bone
slices were removed from culture wells and (a)
washed in phosphate buVered saline, (b)
treated with 0.25% trypsin, (c) rinsed vigor-
ously in distilled water, and (d) immersed in
0.25M NH4OH for 24 hours. After alcohol
dehydration, the bone slices were mounted
onto aluminium stubs (Abbot Laboratories,
UK), sputter coated with gold, and examined
using a Philips SEM 505 scanning electron
microscope.

ASSESSMENT OF BONE RESORPTION AND

STATISTICAL ANALYSIS

The results were expressed as the number of
bone resorption pits per bone slice; this has been
shown to provide a good correlation with the
total surface area of bone resorbed as the volume
and area of individual resorption pits is known to
fall within a defined range.23 24 In each experi-
ment four bone slices were used for each
individual treatment (that is, control, PMMA
alone, PMMA + EHDP (5 mg), and PMMA +
EHDP (20 mg)) and the mean number of pits
per slice was calculated. Each experiment was
carried out five times. The data from the experi-
ments were analysed using analysis of variance
and two tailed paired Student’s t test (n=5).
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Results
HISTOCHEMICAL AND IMMUNOHISTOCHEMICAL

CHARACTERISATION OF ISOLATED CELLS

Adherent isolated cells, after 24 hours incuba-
tion, both in the presence or absence of UMR-
106 cells, were characterised as macrophages
on the basis that they were strongly positive for
F4/80 antigen (fig 1a), a monocyte/
macrophage marker that is not expressed by
osteoclasts, and entirely negative for TRAP, an
osteoclast marker. Cultures to which PMMA ±
EHDP particles had been added contained
isolated adherent F4/80 positive cells that had
phagocytosed PMMA particles (fig 1b) or were
aggregated around larger fragments of PMMA.

After seven days incubation, both in the pres-
ence and absence of 1,25(OH)2D3 and
UMR106 cells, monocyte derived macrophages
positive for F4/80 antigen were noted in both
test and control cultures. In cocultures of
UMR106 cells and monocyte derived macro-
phages to which no particles had been added, a
few TRAP positive clusters were seen after seven
days incubation. In seven day cocultures of
UMR106 cells and monocyte derived macro-
phages containing PMMA particles (with no
EHDP), incubated in the presence of
1,25(OH)2D3, large numbers of TRAP positive
cells including several large discrete clusters of
TRAP positive cells were noted (fig 2a). In con-
trast, the number of TRAP positive cells and
clusters was absent or markedly reduced in
seven day UMR 106-monocyte cocultures to
which particles of PMMA + EHDP had been
added (fig 2b). This reduction in the number of
TRAP positive cells was more apparent in wells
containing PMMA + 20 mg of EHDP com-
pared with PMMA + 5 mg EHDP. The number

of F4/80 positive cells in these cultures remained
the same as control wells, thus indicating the
lack of cytotoxic eVects of EHDP.

In the absence of UMR106 cells or
1,25(OH)2D3, TRAP positive cell clusters were
not seen in seven day control or PMMA
containing monocyte cultures, indicating that
osteoclast diVerentiation had not occurred.

ASSESSMENT OF BONE RESORPTION

After 24 hours incubation, there was no
evidence of lacunar resorption on bone slices
upon which monocytes had been cultured with
UMR106 cells and 1,25(OH)2D3, both in the
presence or absence of PMMA particles.
However, after 14 days incubation, in the
presence of 1,25(OH)2D3, numerous well
defined resorption pits were noted in all UMR
106-monocyte cocultures, including those to
which PMMA particles had been added

Figure 1 (a) Indirect immunoperoxidase staining for
F4/80 antigen of 24 hour coculture of UMR106 cells and
monocytes showing positive reaction (brown staining) for
F4/80 antigen on isolated cells (a) in the absence (× 630),
and (b) in the presence of PMMA particles that have been
phagocytosed (arrow) (× 1000, oil immersion).

Figure 2 Histochemical staining for TRAP in seven day
cocultures of UMR106 cells and murine monocytes
showing: (a) numerous clusters of TRAP+ cells in control
cocultures containing PMMA particles (× 100); (b)
reduction of TRAP+ cell cluster formation in cocultures
containing PMMA particles + 20 mg EHDP (× 100).

Figure 3 SEM photomicrograph of human bone slice
cultured for 14 days in the presence of UMR106 cells, mouse
monocytes, 1,25(OH)2D3 and PMMA particles. This shows
extensive lacunar bone resorption with the formation of
numerous resorption pits (black bar = 100 µm).

616 Sabokbar, Fujikawa, Murray, et al
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initially (fig 3). The number of resorption pits
formed on bone slices was significantly higher
in cocultures containing PMMA particles
compared with cocultures to which particles of
PMMA had not been added (p=0.0009) (fig
4). In the absence of either UMR 106 or
1,25(OH)2D3, there was no evidence of
lacunar resorption in any of the monocyte cul-
tures on bone slices.

In cocultures of UMR 106 cells and mono-
cyte derived macrophages to which particles of
PMMA + EHDP (at both 5 and 20 mg) had
been added, the mean number of resorption pits
formed on bone slices was reduced compared
with those cocultures to which PMMA particles
alone had been added. A significant diVerence
was found only in those cocultures containing
PMMA + 20 mg of EHDP (p=0.00006, fig 4).
When the number of resorption pits on bone
slices in control cocultures with no added parti-
cles was compared with those to which PMMA
+ 20 mg of EHDP particles had been added, a
significant reduction in the number of lacunar
pits was also noted (p= 0.01). In addition, the
mean number of pits formed was significantly
reduced in cocultures to which particles of
PMMA + 20 mg EHDP had been added com-
pared with cocultures containing PMMA + 5
mg EHDP (p=0.003); the addition of particles
of PMMA + EHDP (20 mg) and PMMA +
EHDP (5 mg) caused respectively, 70% and
20% less bone resorption than PMMA alone.

Discussion
The heavy macrophage response to prosthetic
wear debris is the most prominent pathological
feature seen in the pseudomembrane surround-
ing loose implant components.1 25 26 This is
thought to contribute to the periprosthetic oste-
olysis associated with aseptic loosening through
the release of inflammatory mediators that
stimulate bone resorption by influencing the
activity of bone cells (both osteoblasts and
osteoclasts).6–8 In addition, it has been shown

that mononuclear phagocytes present in the
inflammatory foreign body macrophage re-
sponse to PMMA and other biomaterial wear
particles are capable of diVerentiating into
osteoclastic bone resorbing cells.9 10 In this study
we have shown that when EHDP is mixed with
particles of PMMA bone cement, there is
significant inhibition of osteoclast differentiation
by macrophages that have phagocytosed
PMMA particles and that this is associated with
a significant decrease in the amount of osteoclast
mediated lacunar bone resorption.

We have previously shown that mononuclear
phagocyte osteoclast precursors are present in
the granulomatous inflammatory foreign body
macrophage infiltrate that forms in response to
subcutaneously implanted PMMA wear parti-
cles, and that monocytes that have phagocytosed
PMMA particles, under specific cellular and
hormonal conditions, are capable of diVerentiat-
ing into osteoclastic cells capable of extensive
lacunar bone resorption.9–11 13 The addition of
EHDP to cocultures of UMR106 cells and
monocyte derived macrophages has been found
to inhibit the extent of lacunar bone resorption
by osteoclasts partly through an eVect on
macrophage-osteoclast diVerentiation.15 In this
study we have shown that the addition of parti-
cles of PMMA containing EHDP to monocyte
derived macrophages similarly inhibits PMMA
associated macrophage-osteoclast diVerentia-
tion and bone resorption and that this activity
does not aVect the viability of cultured cells. The
extent of this resorption was significantly less
than that seen in cocultures containing particles
of PMMA alone and than that seen in control
cocultures with no added particles, suggesting
that incorporation of a bisphosphonate into
bone cement to inhibit macrophage-osteoclast
diVerentiation may eVectively be used to control
periprosthetic osteolysis.

Previous studies have shown that EHDP acts
to inhibit the phase of proliferation and matura-
tion of mononuclear phagocyte precursors in
osteoclast diVerentiation.5 It is known that
bisphosphonates can preferentially inhibit pro-
liferation of macrophages in concentrations that
do not aVect the viability of non-proliferating
cells.27 Using a mouse bone marrow/calvaria
coculture system, where alendronate was shown
to inhibit 1,25(OH)2D3 induced
osteoclastogenesis,28 it was suggested that this
inhibitory eVect may result from inhibition of
the fusion of mononuclear osteoclast precursors
to form multinucleated cells. Our previous stud-
ies have shown that, in monocyte-UMR106
cocultures, adding EHDP at the commence-
ment of the coculture period abolishes bone
resorption, whereas adding it after seven days
coculture results in little or no inhibition of
TRAP expression or bone resorption.15

The possibility that bisphosphonates act
through mechanisms other than macrophage-
osteoclast diVerentiation to inhibit bone resorp-
tion is not excluded by our findings. A direct
eVect on the bone resorbing activity of mature
osteoclasts is well recognised. Bisphosphonates
are known to change the morphology of
osteoclasts on the bone surface29 and it has been
shown that pretreating bone particles with

Figure 4 EVect of addition of particles of PMMA + EHDP (5 and 20 mg) and PMMA
alone on the mean number of lacunar pits formed on bone slices after 14 days incubation in
the presence of UMR106 cells and mouse monocytes. Levels of significance, using Student’s
paired t test, are indicated.
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bisphosphonates suppresses macrophage medi-
ated and osteoclastic bone resorption.30 31 In rat
calvarial cultures containing the macrophage-
like cell line (J774), Horowitz et al32 also showed
that disodium pamidronate inhibits PMMA
associated bone resorption as determined by a
reduction in 45Ca release. Another way by which
bisphosphonates could directly influence osteo-
clast mediated bone resorption is by increasing
osteoclast apoptosis, thus, shortening the life
span of these cells.19 A further possible mode of
action whereby bisphosphonates could act on
osteoclast diVerentiation is via an eVect on cells
of the osteoblast lineage that are known to influ-
ence the recruitment and diVerentiation of
mononuclear phagocyte osteoclast precursors.33

Bisphosphonates have been shown to inhibit the
osteoblast mediated production of IL6,34 a
cytokine that is known to play a part in
osteoclast formation.35 Recent in vitro work has
also suggested that bisphosphonates induce the
synthesis and release of a fragment of PTH
related peptide by osteoblastic cells, which may
then directly inhibit osteoclastic bone
resorption.36

In the same way that antibiotics have been
mixed with PMMA and used eVectively to con-
trol infection, it is possible that mixing a
pharmacological inhibitor of bone resorption
such as a bisphosphonate with bone cement may
be used to prevent or to control the bone
resorption seen in aseptic loosening. The initial
release of antibiotics from bone cement tends to
be at high concentrations; this is followed by
gradual diVusion of antibiotic at lower concen-
trations into the surrounding tissue.37 If bisphos-
phonates were to be included in bone cement
one would similarly expect that an initial high
dose release of bisphosphonates, which would
then decrease to a lower dose over time. Roent-
gen stereophotogrammetric analysis studies
have demonstrated that implants subside into
the bone in the early postoperative period and
that those that migrate more rapidly are more
likely to fail early. This early migration is thought
to occur as a result of osteolysis.38 If bisphospho-
nates were to be incorporated in the cement the
initial release of these compounds at high
concentration may decrease this early osteolysis,
minimise migration, and consequently, reduce
the risk of implant loosening.

This study was supported by a grant from the Wellcome Trust.
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