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Fluid Pressure Induces Osteoclast Differentiation
Comparably to Titanium Particles but Through a
Molecular Pathway Only Partly Involving TNF«
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ABSTRACT

In contrast to the well-understood inflammatory pathway driven by TNFa, by which implant-derived particles induce bone resorption, little is
known about the process in which loosening is generated as a result of force-induced mechanical stimulus at the bone-implant interface.
Specifically, there is no knowledge as to what cells or signaling pathways couple mechanical stimuli to bone resorption in context of
loosening. We hypothesized that different stimuli, i.e., fluid flow versus wear particles, act through different cytokine networks for activation
and localization of osteoclasts. By using an animal model in which osteoclasts and bone resorption were induced by fluid pressure or particles,
we were able to detect distinct differences in osteoclast localization and inflammatory gene expression between fluid pressure and titanium
particles. Fluid pressure recruits and activates osteoclasts with bone marrow contact away from the fluid pressure exposure zone, whereas
titanium particles recruit and activate osteoclasts in areas in direct contact to particles. Fluid pressure induced weaker expression of
the selected inflammatory related genes, although the eventual degree of osteoclast induction was similar in both models. Using TNFaRa
(4 mg/kg) (Enbrel) and dexamethasone (2 mg/kg) as specific and more general suppressors of inflammation we showed that the TNFaRa
failed to generate statistically impaired osteoclast generation while dexamethasone was much more potent. These results demonstrate
that fluid pressure induces osteoclasts at a different localization than titanium particles by a molecular pathway less associated with TNFa
and the innate system, which open up for other pathways controlling pressure induced osteoclastogenesis. J. Cell. Biochem. 113: 1224-1234,
2012. © 2011 Wiley Periodicals, Inc.

KEY WORDS: PRESSURE; FLOW: OSTEOCLASTOGENESIS; CYTOKINES; OSTEOLYSIS

T he current paradigm suggests a single major cause for implant
loosening, namely particle-induced stimulation of a local
inflammatory response [Revell, 2008]. One less explored causative
factor for implant loosening is the mechanical stimuli around
implants or at the bone-implant interface. Clinical observations
show that hydrostatic pressure alone can stimulate osteoclastogen-
esis and osteolysis. For instance, micromotion of an implant in itself
substantially results in significant local bone loss as shown by
resorption around fibulo-tibial screws inserted at surgery for ankle
fractures [Perren, 2002]. The same phenomenon occurs around
screw holes of acetabular components during implant loosening
[Walter et al., 2005], suggesting involvement of fluid pressure and

flow as an additional component in aseptic loosening. Thus,
it is of vital importance to identify other mechanisms that
mediate prosthetic loosening with a view to developing additional
therapeutic approaches.

Osteoclasts originate from haematopoetic stem cells in the bone
marrow and are the main target cells to suppress osteolysis in which
the RANKL/OPG system is of crucial importance. The former
cytokine is the key osteoclastogenic factor, while the latter acts to a
secreted decoy molecule. The growth factor macrophage colony
stimulating factor (M-CSF) binds to the receptor c-fms on osteoclast
precursors and activates a signaling cascade, which will together
with RANK-ligand (RANKL) commit the cell further into the
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osteoclastic linage [Bar-Shavit, 2007]. Several signaling pathways
impact production of RANKL and/or OPG. TNFa together with IL-1
is the most potent osteoclastic cytokines produced in inflammation
acting by activating NF-yB [Kitaura et al., 2004; Wei et al., 2005].
Through these signals, the precursors become committed to the
osteoclast linage, and start to express osteoclast specific genes such
as tartrate-resistant acid phosphatase (TRAP) and Cathepsin K.

Wear debris released from joint surfaces is phagocytosed by
macrophages, releasing pro-inflammatory cytokines such as IL-1,
IL-6, and TNFq, all of which are associated with progressive bone
resorption and focal bone loss [Ingham and Fisher, 2005; Rubin
et al., 2006]. Numerous deposits of wear particles are found in peri-
implant tissue together with increased expression of TNFa [Holding
et al., 2006], Cathepsin K [Shen et al., 2006], RANK, and RANKL
[Mandelin et al., 2003]. The involvement of specific cytokines was
re-inforced by the association of aseptic loosening with genetic
variants of TNFa and IL-6 in patients with severe osteolysis [Gallo
et al., 2009].

Expression of specific chemoattractants such as CX3CL1 and
CCL2 have been identified recently at sites of particle deposition
[Goodman and Ma, 2010]. During osteoclastogenesis, RANKL
induces the expression of CX3CL1, which then enhances adhesion
and migration of bone marrow macrophages [Koizumi et al., 2009].
CCL2, a CC-chemokine, is expressed at high levels during
osteoclastogenesis in orthodontic movement [Garlet et al., 2008]
induced by a specific mechanical stimulus.

Nitric oxide (NO) is another important regulator of mechanical
loading but also for osteoclastogenesis. NO generated by inducible
nitric oxide synthase (iNOS) mediates osteoclast activity while at the
same time protects against osteocyte apoptosis in vitro [Bonewald,
2011]. Other important regulators are TGFB and prostaglandins in
the lacuno-canalicular system, activating osteoblasts and osteo-
clasts when subjected to fluid flow [Bonewald, 2011].

The importance of optimizing initial fixation to avoid mechanical
induced osteolysis is well known, but the mechanisms underlying
bone loss are unknown. Our recent data show clearly that fluid
pressure per se can induce osteoclast formation, the key process
preceding aseptic loosening [Fahlgren et al., 2010]. We show further
that bone resorption in response to pressure was completely
inhibited by OPG-Fc treatment, confirming the key role for the
RANKL/OPG ratio activity [Aspenberg et al., 2011]. Moreover, a
previous study in vitro showed that prolonged cyclic hydrostatic
pressure on osteocytes stimulates up-regulation of RANKL and
down-regulation of OPG, in contrast to a shorter stimulus that
results in reciprocal effects [You et al., 2008; Bonewald, 2011]. In
summary, there is growing evidence for a direct effect of pressure
leading to osteoclastogenesis. Further analysis of the signaling
pathways that initiate bone resorption following fluid pressure is,
therefore, of importance to understand and potentially inhibit this
catabolic process.

We hypothesized that fluid pressure and wear particles,
respectively, act through different cytokine networks to induce
differentiation and activation of osteoclasts. Titanium particles
alone, previously shown to induce osteoclast activation in vivo [Taki
et al., 2005], were used as a known stimulus for inflammatory
cytokine-induced osteoclast activation. We show now, using our

established animal model in which bone resorption can be induced
independently by fluid pressure and particles, that fluid pressure per
se is associated with lower levels of inflammatory cytokines
compared to particle-induced osteolysis. Nevertheless, we found
the same number of osteoclasts per unit area in both models.
While systemic administration of the TNFa receptor antagonist
Enbrel failed to generate statistically less numbers of osteoclasts,
dexamethasone as an overall inhibitor of the innate inflammatory
system was more potent, suggesting targeting other mediators than
TNFa for osteoclast differentiation might be crucial to inhibit
pressure induced osteolysis.

ANIMAL MODEL

Twelve-week-old Sprague Dawley rats were used in an animal
model for pressure-induced osteolysis previously described else-
where [Skripitz and Aspenberg, 2000; Fahlgren et al., 2010]. The
rats were anesthetized with 5% isoflurane gas and received a
preoperative subcutaneous injection of 25 mg/kg Tetracycline and
5mg/kg Carprofen. A titanium plate with a center plug was fastened
under aseptic conditions at the medial aspect of the rat proximal
tibia after the periosteum was reflected (Fig. 1a). The center plug
protruded 0.5 mm into a milled depression in the bone cortex. New

Fig. 1. (a) Proximal tibia showing the bone surface with the soft tissue under
the pressure piston and the central localization for histological analysis. The
dashed circle is showing the area were the tissue core for qPCR was taken.
(b) Transverse section of proximal tibia showing titanium plate (A) with
pressure piston (B) sealed with a silicon detail with an internal spring force
(E). By applying force on the piston, load is transmitted to the soft tissue (S)
without propagating down to the underlying cortical bone. Instead of pressure
piston a hollow plug filled with titanium particles were inserted into similar
titanium plate (not shown). Osteoclast numbers was counted at the central
zone (C) and the peripheral zone (P) of the cortical bone. [Color figure can be
seen in the online version of this article, available at http://wileyonlinelibrary.
com/journal/jcb]
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bone was allowed to grow up to the titanium surface of the central
plug to form a flat osseointegrated bone surface. In a second
operation the plug was replaced by a pressure piston or a hollow
screw with titanium particles (Fig. 1b). With the piston in place, a
0.5 mm wide area was left for soft tissue to form between the piston
and the flat bone surface. The soft tissue was compressed by the
piston, creating fluid pressure propagated down onto the underlying
bone. Each episode of pressure comprised 20 pressure cycles at
0.17 Hz, applied twice a day.

All experiments were carried out within the context of
institutional guidelines for care and treatment of experimental
animals after approval from Linképing Ethical Committee.

TITANIUM PARTICLE PREPARATION

Pure titanium particles (Alfa Aesar, Karlsruhe, Germany) with 93%
of the particles <20 pm and 90% of particles <3.6 um were used
in this study [Kaar et al., 2001; Taki et al., 2005]. To remove
lipopolysaccharide (LPS), the particles were first suspended for
30 min in 95% ethanol and then heated in an oven for 3 h at 200°C.
Particles were all found to have LPS amounts <0.1pmol/mg,
using gas chromatography-tandem mass spectrometry (GC-MS-MS)
[Skoglund et al., 2002]. LPS-free particles were saturated with sterile
NaCl solution and then poured onto a sterilized filter paper. The
particle paste (20 mg) was transferred to the interior of the hollow
central screw, corresponding to the amounts used in earlier studies
[Kaar et al., 2001].

HISTOLOGICAL ANALYSES

To identify and quantify osteoclasts by different histological and
immunohistochemical parameters, the rats were randomized into
fluid pressure, titanium particles or controls and followed for 0, 1, 3,
and 5 days of treatment (Table I). Controls were sacrificed before the
first stimuli after 5 days of soft tissue formation, whereas samples
were obtained from the experimental groups after the last pressure
episode or at the same time point as the particle group. The tibiae
was disarticulated from the knee joint and dissected free from soft
tissue. The bone specimens were fixed in 4% paraformaldehyde
solution for 48h and then decalcified in 10% formic acid
for 28 days. After decalcification, specimens were embedded in
paraffin, transverse sections of 5um were cut and stained with
hematoxylin and eosin or used for immunohistochemistry.

For immunohistochemistry the primary antibody was rabbit-
anti rat Cathepsin K (1:600) [Zenger et al., 2007]. The sections
were deparaffinated, rehydrated, and blocked for endogenous
peroxidase with 3% H,0, for 5 min, followed by blocking with 0.5%
bovine serum albumin (BSA) (Sigma, MO) for 20 min. Primary
antibodies diluted in Dako real™ antibody diluent (S2022,

TABLE 1. Study Design Histological and Gene Expression Analysis

DakoCytomation, Denmark) were applied for 1h and 20min,
followed by incubation of biotinylated secondary antibodies
(Dakopatts AB) for 40min. Vectastain Elite ABC kit (Vector
Laboratories, CA) was applied for 30 min followed by 5min of
3,3'diaminobenzidine (DAB) (Sigma). All antibody-reactions were
performed at room temperature. The sections were then counter-
stained with Mayer’s hematoxylin, dehydrated and mounted.

For histomorphometry, a blinded single investigator (A.N)
analyzed one representative section from two levels of the cortical
bone with a distance of 450 wm (Fig. 1a). Osteoclasts were defined as
large Cathepsin K positive cells within a distance of 0.1 mm from
bone surfaces and counted at 10x magnification using an Olympus
microscope and the software Cell-D (Olympus Europe GmbH,
Germany). Osteoclast numbers were evaluated at two different
surfaces: (i) attached to the cortical bone below the former piston or
hollow plug (central region), or (ii) at the sides (peripheral region)
(Fig. 1b).

To assess the localization of osteoclasts, the ratio between the
central zone and the peripheral zone for each individual was
compared between pressurized and particle exposed specimens.

GENE EXPRESSION ANALYSES

To monitor gene expression after fluid pressure and titanium
particles, the rats were randomized into fluid pressure, titanium
particles or controls and followed for 1 or 3 days of treatment
(Table I). The area under the piston or hollow plug were harvested by
a trephine with internal diameter of 4.2 mm before being snap frozen
in liquid nitrogen and stored at —80°C before RNA isolation, cDNA
synthesis and quantitative real-time PCR.

Extraction of total RNA was performed using the TRIspin method
described in detail in [Eliasson et al., 2008]. Frozen bone specimens
were placed one by one in a liquid-nitrogen-cooled vessel and
pulverized using a Retsch Mixer Mill MM 200 (Retsch GmbH,
Germany). RNA extraction was preformed using the RNeasy Total
RNA kit (Qiagen GmbH, Germany). Samples were then treated with
DNase I (MERCK Eurolab, Sweden). 0.1 ug total RNA was reverse-
transcribed from each sample using a high-capacity cDNA reverse
transcription kit (Applied Biosystems, UK). Primers for TNFa
(Rn00563754_m1), IL-18 (Rn01410545_m1), IL-6 (Rn01410330_m1),
CCL2 (Rn00580555_m1), CX3CL1 (Rn00593186_m1), TGF-B1
(Rn00572010_m1), PGES (Rn00572047_m1), iNOS (Rn00561646_m1),
RANKL  (Rn00589289_m1), OPG (Rn00563499_m1), RANK
(Rn01426423_m1), Cathepsin K (Rn00580723_m1), MMP-9
(Rn00579162_m1), TRAP (Rn00569608_m1), CD68 (Rn01495634_g1)
and CD163 (Rn01498101_m1) were purchased from Applied
Biosystems. Amplification was performed in 15 pl reactions using
TagMan Fast PCR MasterMix (Applied Biosystems).

Each sample was analyzed in duplicate. Real-time PCR reactions
were conducted using a standard curve methodology to quantify the
specific gene targets of interest. The standard curve was made with
rat spleen RNA (Labinova AB, Sweden) for the inflammation-related
genes (TNFe, IL-1B, IL-6, CCL2, CX3CL1, TGF-B1, PGES, iNOS,
RANKL, OPG, RANK, CD68, and CD163) and embryonic rat RNA
(Labinova AB) for the osteoclast specific genes (Cathepsin K, TRAP,
and MMP-9). Each sample was normalized to 18S rRNA, which was
constantly expressed over time of the experiments. Reactions with

0 day 1 day 3 days 5 days
Treatment  Analysis (n) (n) (n) (n)
Pressure HC 8 7 6 7
Pressure qPCR — 7 7 —
Titanium [HC 7 9 7 7
Titanium qPCR — 7 6 —
Control qPCR — 6 6 —
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no reversed transcriptase enzyme or no template were included as
negative controls.

SUPPRESSION OF THE INNATE INFLAMMATORY SYSTEM AND TNFa
To determine the role of the innate inflammatory system, and more
specifically TNFe, a major cytokine controlling wear debris-induced
osteoclast differentiation [Schwarz et al., 2000; Childs et al., 2001],
we used two approaches; the specific TNFa receptor antagonist
Enbrel or the anti-inflammatory steroid dexamethasone. Twenty-
seven rats were randomized into three groups, Enbrel 4 mg/kg
(n=9), saline (n=38), or dexamathasone 2 mg/kg (n=10) every
third day, starting 3 days prior to initiation of the pressure stimuli.
Dexamethasone was used as a positive control to suppress activation
of the innate immune system. After 5 days of pressure animal were
sacrificed and tissue were processed as earlier described. Our
primary readout was the number of Cathepsin K positive osteoclasts
counted as described above.

STATISTICS

Osteoclast numbers were analyzed by non-parametric statistics.
With significant Kruskal-Wallis ANOVA, group differences were
analyzed by Mann-Whitney U-test. For gene expression data,
animals with fluid pressure and titanium particles were analyzed
separately. In both cases the hypothesis that a difference between
controls and treated animals would be present was tested. With
significant Kruskal-Wallis ANOVA, effects of titanium particle
exposure or fluid pressure were tested against controls separately
at specific time points with separate Mann-Whitney U-tests. Non-
parametric Spearman’s rank correlation test was used to determine
the correlation between RANKL and Cathepsin K against inflamma-
tory genes in experimental animals. P-value <0.05 was considered
to be statistically significant for all measurements.

DESCRIPTIVE HISTOLOGY OF OSTEOCLAST ACTIVATION INDUCED BY
FLUID PRESSURE OR TITANIUM PARTICLES

To assess osteoclast development after fluid pressure or particle
treatment, 1, 3, and 5 days after initial application of stimulus were
selected, representing different stages of osteoclast recruitment,
differentiation and activation.

The first osteoclasts recruited to the area were seen after 3 days
with distinctive difference in osteoclast localization between the
two treatment groups (Fig. 2). With fluid pressure, multinucleated
osteoclasts and resorption lacunas were abundant within pre-
formed cavities at the periphery. With titanium particle exposure,
osteoclasts were accentuated and restricted to just beneath the
exposure zone at the interface between the soft connective tissue
and bone. After 5 days of fluid pressure, osteoclasts were detected on
the bone marrow side or intracortically of the central cortical bone
in addition to the periphery (Fig. 2). Areas of the central region of the
cortical bone were completely resorbed as well as within the cavities
at the periphery. After titanium particle exposure, in cases where the
bone was resorbed completely with access to the marrow cavity after
titanium particle exposure, particles were also found in the bone
marrow (data not shown).

SEMI-QUANTIFICATION OF OSTEOCLAST NUMBERS

To determine the number and localization of osteoclasts activated by
fluid pressure or titanium particles, Cathepsin K-positive cells were
counted in the central and peripheral exposure zone of the lesion
(Fig. 1b).

There was a clear difference in number of osteoclasts in the
different locations between the treatment groups (Fig. 3). After fluid
pressure, osteoclasts were increased at periphery by time. This effect
was already evident after 1 day although not significant (P = 0.06),
but became more evident after 3 (P < 0.05) and 5 days (P < 0.01). At
the central exposure zone there were no effect seen over time by
fluid pressure. In contrast, titanium particles stimulated osteoclast
number at the central exposure area but not at the peripheral sites.
At day five, there was a trend (P=0.07) of higher number of
Cathepsin K positive osteoclasts within the whole area after fluid
pressure exposure (147 +71) compared to the group exposed to
titanium particles (83 £ 18). In the controls, the few osteoclasts
detected were spread randomly.

GENE EXPRESSION OF INFLAMMATORY MARKERS

To characterize the expression pattern of inflammation-related
genes after fluid pressure or titanium particle exposure: IL-6, TNFa,
IL-1, Prostaglandin E Synthase (PGES), TGFB, inducible Nitric
Oxide (iNOS) as well as selected genes involved in migration of
inflammatory cells (CCL2, CX3CL1). The tissue in the experimental
area was harvested at 1 and 3 days in order to detect early changes
compared to controls.

After 1 day of fluid pressure, three of eight genes related to an
inflammatory response were up regulated compared to the controls
(Fig. 4), namely PGES (3-fold), iNOS (6-fold) and IL-6 (6-fold). After
an additional 2 days, none of these genes were differently expressed.
After exposure to titanium particles for 1 day, six of eight genes were
up-regulated compared to controls, such as PGES (8-fold), iNOS (4-
fold), TNFa (2-fold), IL-B (3-fold), CCL2 (3-fold), and IL-6 (67-fold).
After two more days of titanium particle exposure, the expression of
CCL2 was up-regulated 5-fold, TGFB 2-fold, and IL-6 declined to a
7-fold up-regulation.

GENE EXPRESSION OF MACROPHAGE AND

OSTEOCLAST MARKERS

Differentiation and activation of osteoclasts involves a complex
interplay of gene products. Therefore, several genes were selected
specific to different stages of the macrophage lineage (CD68,
CD163), migrating precursor cells (TRAP, MMP9) as well as the
RANKL-OPG system (RANKL, RANK, OPG) and functional osteo-
clasts (Cathepsin K).

After 1 day of fluid pressure or particle exposure, there was a
slight down-regulation of CD68 mRNA expression compared to
controls (1.5-fold) (Fig. 5). A 8- or 15-fold up-regulation of
Cathepsin K mRNA expression was detected after two more days of
fluid pressure or titanium particles, respectively. In the particle
exposed group, there was a down-regulation of MMP-9 (2-fold), and
TRAP (3-fold) after 1 day, with no significant changes at day 3. After
3 days of particle treatment, RANKL (5-fold), OPG (6-fold), and
RANK (9-fold) were up regulated compared to the controls. No
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Fluid pressure

Controls

Titanium particles

Fig. 2.

Histological sections showing the distribution of Cathepsin K positive osteoclasts in the central (C) and peripheral (P) localization of the bone under and beside the soft

tissue (S) and bone marrow (BM) underneath the pressure piston (a, c, e, g), or the hollow screw confusing delete in samples exposed to titanium particles (b, d, f, h). Controls are
showing areas without any positive osteoclasts after both fluid pressure (a) and titanium particle exposure (b). After 3 days are osteoclasts were recruited mainly to the
peripheral location after fluid pressure (b) and the central location after titanium particle exposure (c). Boxes in (e) and (f) after 5 days of exposure indicate location of higher
magnification of osteoclasts induced by fluid pressure (g) or Titanium particles (h). Arrow indicates numerous Cathepsin K positive osteoclasts. Asterisk indicates the placement
of the edge of the former piston or the hollow screw. BM, bone marrow; C, central location; P, peripheral location, S, soft tissue. [Color figure can be seen in the online version of

this article, available at http://wileyonlinelibrary.com/journalfjcb]

significant change in RANKL, RANK or OPG mRNA expression was
observed at any time point in the fluid pressure group.

CORRELATION BETWEEN EXPRESSION OF INFLAMMATORY

MARKERS AND RANKL
The correlation between RANKL and the inflammatory markers was
compared after fluid pressure or titanium particle exposure (Table II).

RANKL was positively correlated with CCL2, PGES and iNOS after
both fluid pressure or titanium particle exposure. RANKL was highly
or moderately correlated with TGF-B, TNFa, and CX3CL1 after
titanium particle exposure, while there was lack of correlation
between these genes after fluid pressure. After fluid pressure RANKL
was correlated with IL-6, but this link was not observed after

titanium particle exposure.
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Fig. 3. Osteoclast number at the periphery (a) and central zone (b) of the
cortical bone under the piston at 0, 1, 3, and 5 days of fluid pressure (Pr0, Pr1,
Pr3, Pr5) or titanium particle exposure (TiO, Ti1, Ti3, Ti5). The ratio between the
central and peripheral zone (c) illustrate the different location of osteoclasts
induced by fluid pressure or titanium particles. Black bars indicate pressure (Pr)
and dashed bars indicate titanium particles (Ti). #P < 0.05-0.02, **P < 0.01,
P < 0.001, represents the P-value compared to controls.

CORRELATION BETWEEN EXPRESSION OF INFLAMMATORY
MARKERS AND CATHEPSIN K
The correlation between Cathepsin K and the inflammatory markers was
compared after fluid pressure or titanium particle exposure (Table III).
Cathepsin K was positively correlated with CX3CL1, CCL2, IL-1,
and iNOS after fluid pressure or titanium particle exposure.
Cathepsin K was highly or moderately correlated to TGF-3, TNFa
and PGES after titanium particle exposure while there was lack of
significant correlation between these genes after fluid pressure.

OSTEOCLAST NUMBER AFTER TREATMENT WITH
DEXAMETHASONE AND ENBREL
TNFa has been shown to be critical for osteoclastogenesis
induced by wear particles in several in vivo [Schwarz et al.,
2000; Childs et al., 2001] and in vitro models [Merkel et al., 1999].
To determine if the innate immune system by itself or more
specifically if TNFa would be able to control fluid pressure
induced osteolysis we treated animals with dexamethasone or a
TNFa receptor antagonist (Enbrel), and additionally saline treated
pressurized controls.

Dexamethasone clearly suppressed the osteoclast number after
5 days of pressure compared to controls (P=0.00). With Enbrel
treatment, a trend of suppression was seen, but this was not
significant (P=0.13) (Fig. 6).

Present and previous studies demonstrate that forces generated
around the implant contribute to bone loss [Fahlgren et al., 2010;
Aspenberg et al., 2011]. We were able to show that fluid pressure-
induced osteoclastogenesis is of the same magnitude as that
generated by the presence of titanium particles. One important
difference, however, is that the former outcome is accompanied by
only a moderate expression of important regulators of the innate
inflammatory pathway, most notably TNFa. Surprisingly the
presence of the well-documented TNFa inhibitor Enbrel, failed to
generate statistically less osteoclast generation and bone loss while
dexamethasone, a known inhibitor of the innate inflammatory
system, was more potent in this regard. This observation suggests
strongly that targeting other mediators of osteoclast activation may
be a reasonable approach to inhibit pressure-induced osteoclasto-
genesis.

Compared to titanium particle exposure, fluid pressure resulted in
an overall lower level of expression of innate inflammatory response
genes but also showed a different pattern of osteoclast locations.
Osteoclasts stimulated by fluid pressure appeared at localizations
inside the bone compared to those stimulated by particles,
which were seen at the surface. Osteoclasts were also found
mainly in the peripheral area beside the piston [Fahlgren et al., 2010]
while osteoclast stimulated by titanium particles was present just
below the pressure piston. This might suggests that fluid pressure
recruited cells mainly from the bone marrow meanwhile titanium
particles seemed to recruit cells from the soft tissue beneath
the piston.

We corroborated that titanium particle-induced osteolysis dis-
plays an up-regulation of a pro-inflammatory response and
subsequent osteoclast activation as previously described in both
animal models [Taki et al., 2005] and in vitro studies [Gordon et al.,
2010]. TNFaq, IL-1, and IL-6 were all up regulated at the mRNA level
after 24 h, which might be related to osteoblastic and/or macro-
phage-driven stimulation of osteoclastogenesis. Up-regulation of
several cytokines and chemokines, as described in the present study,
has been demonstrated to correlate with periprosthetic osteolysis
[Wang et al., 2010] and increased risk for revision [Gallo et al.,
2009]. Other factors upregulated by pressure were prostaglandin E
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Fig. 4.

Box plots show the expression of selected inflammatory genes, which showed significant differences within groups. The vertical axis shows the ratio to a housekeeping

gene (18s rRNA). The horizontal axis shows time of exposure (1 or 3 days) after fluid pressure (Pr), titanium particles (Ti) or untreated controls (Co). Pressure (Pr) has white boxes
and titanium (Ti) has hatched boxes. #P< 0.051, *P< 0.02, **P< 0.009, represents the P-value compared to controls.

synthase (PGES) and iNOS [Sanchez et al., 2009]. The products of
these enzymes have been suggested to be involved in the response of
osteocytes to mechanical stimulation [Klein-Nulend et al., 1998; Lau
et al., 2010]. PGE,, synthesized by PGES is of particular interest as a
direct osteoclast regulator, through modulation of B-catenin and
OPG-levels [Kitase et al., 2010]. Low B-catenin level in osteocytes
results in low secretion of OPG and hence increased osteoclast
activation. Consistent with these findings, there is a marked increase
in the number of empty osteocyte lacuna in response to fluid
pressure [Van der Vis et al, 1999; De Man et al., 2005]. Our
observations are also in line with previous in vivo studies in which
mechanical regulation and bone trauma led to osteocyte apoptosis
preceding osteoclast activation, seen after osteotomy [Clark et al.,
2005], tooth movement [Sakai et al., 2009], and in response to bone
fatigue [Cardoso et al., 2009]. Moreover, iNOS and PGE, are as well
expressed in the prosthesis interface membrane in patients with
aseptic loosening [Hukkanen et al., 1997].

CCL2 is expressed both in the membrane around loose prosthesis
and at the pressure side during periodontal movement [Garlet et al.,

2008; Wang et al., 2010]. CX3CL1, on the other hand, is induced by
RANKIL, stimulates osteoclast differentiation, and is a novel target
for bone destruction diseases such as rheumatoid arthritis and bone
metastasis [Ha et al., 2010]. CX3CL1 and CCL2 were highly
correlated with RANKL and Cathepsin K in response to fluid pressure
or titanium particles, suggesting that these chemoattractants are
important for homing of precursors in response to both stimuli.
Moreover pressure- and wear particle-stimulated osteolysis is
induced rapidly, re-enforcing the important role of progenitor
recruitment. Bone marrow precursor cells can be differentiated
rapidly depending of the degree of commitment [de Souza Faloni
et al,, 2010], as demonstrated by identification of cycle-arrested
quiescent osteoclast precursors in vivo. These cells were localized at
bone surfaces in the vicinity of osteoblasts and were shown to
survive for several weeks [Mizoguchi et al., 2009].

We have previously found that bone resorption induced by fluid
pressure was completely inhibited by OPG-Fc [Aspenberg et al.,
2011]. Thus, we were surprised to find that despite massive and rapid
increases in osteoclastogenesis and increased Cathepsin K levels
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Fig. 5. Box plots show the expression of osteoclast and macrophage related genes, which was shown significant differences within groups. The vertical axis shows the ratio to a
housekeeping gene (18s rRNA). The horizontal axis shows time of exposure (1 or 3 days) after fluid pressure (Pr), titanium particles (Ti) or untreated controls (Co). Pressure (Pr)
has white boxes and titanium (Ti) has hatched boxes. *P< 0.051, *P< 0.02, **P< 0.009, represents the p-value compared to controls.

compared to controls there was no change in genes defining the
RANKL/OPG pathway. One possible explanation is based on the fact
that osteoclastogenesis can be induced by the actions of
inflammatory cytokines, working synergistically with the RANKL/
RANK pathway [Masui et al., 2005]. In particular, TNFa in the

TABLE II. Correlation Between mRNA Expressions of Inflammatory
Related Genes and RANKL

presence of M-CSF can stimulate osteoclast differentiation in vitro,
but need IL-1 for full potency [Sabokbar et al., 2003]. IL-1 can
mediate the osteoclastogenic effect of TNFa by enhancing RANKL
expression in bone stromal cells [Wei et al., 2005]. It was sufficient
to use less than one percent of RANKL for priming of osteoclast

TABLE III. Correlation Between mRNA Expressions of Inflammatory
Related Genes and Cathepsin K

Fluid pressure
(n=14)

Titanium particles
(n=12)

Correlation to Correlation to

Fluid pressure
(h=14)

Titanium particles
(h=12)

Correlation to Correlation to

RANKL (R¥)  P-value  RANKL (R?)  P-value Cathepsin K (R*) P-value Cathepsin K (R?) P-value
CX3CL1 0.44 0.05 0.15 0.16 CX3CL1 0.48 0.05 0.49 0.01
CCL2 0.64 0.01 0.94 0.01 CCL2 0.78 0.01 0.40 0.05
TGF8 0.74 0.01 —0.06 0.42 TGFR 0.72 0.01 0.58 0.09
PGES 034 0.05 0.45 0.01 PGES 0.41 0.05 0.26 0.06
iNOS 0.58 0.01 031 0.05 iNOS 0.74 0.01 0.29 0.05
TNFa 0.69 0.01 0.00 0.83 TNFa 0.76 0.01 0.14 0.19
IL1B 0.00 0.96 0.10 0.26 IL1g 0.32 0.05 0.40 0.05
IL6 0.02 0.66 034 0.01 IL6 0.00 0.81 0.22 0.09

JOURNAL OF CELLULAR BIOCHEMISTRY

1231

PRESSURE INDUCED OSTEOCLAST DIFFERENTIATION



@ 150
W
i}
B *
[=]
2
8
1007
2
2
g_ o
2 I
f— 501 o
@
g
=
z o

Sallirm Delxa ErlI;reI

Fig. 6. Box plot shows suppression of osteoclasts by dexamethasone
(P=0.002) and Enbrel (P=0.13) after 5 days of fluid pressure exposure.

precursor cells to synergize with TNFa to promote osteoclastogen-
esis [Lam et al., 2000]. With priming, also a lower concentration of
the cytokine is needed to activate stromal cells for induction of
osteoclast formation [Kitaura et al., 2004]. In vitro bone stromal cells
[Kim et al, 2009] and osteocytes [You et al., 2008] respond to
mechanical loading such as fluid flow and pressure by release of
RANKL and OPG within 2 h. Thus, we propose that in the current study,
the expression of RANKL, if occurring at an earlier time point than
24 h, might be sufficient to synergize with even a low concentration of
other cytokines, including but not restricted to TNFa.

We examined the role of both TNFa and other inflammatory
cytokines in augmenting fluid-pressure-induced osteoclastogenesis
using well-documented antagonists. Nevertheless, even with a low
mRNA expression of TNFa and other important regulators of the
innate inflammatory system we found that dexamethasone inhibited
osteoclastogenesis. Although dexmethasone has a dual role in
osteoclastogenesis we used dexamethasone as a positive control to
suppress the majority of the T-cell- and macrophage-mediated
inflammatory system. However, since dexamethasone also has been
shown to affect the osteoclasts both indirectly by influencing
osteoclastogenesis through osteoblast differentiation [Rauch et al.,
2010], and directly by influencing the osteoclast bone degrading
capacity mainly through disruption of organization of the
cytoskeleton [Kim et al., 2006], we cannot unequivocally conclude
that the suppression of osteoclast number was solely due to
inhibition of the inflammatory cascade. On the contrary, we were
able to see a strong upregulation of osteoclast stimulating factors
such as IL-6, PGES, and iNOS by fluid pressure, which was most
likely suppressed by dexamethasone.

Unexpectedly the TNFa receptor antagonist Enbrel, failed to
provide a statistically significant decrease in the process, but merely
a trend. Alternatively, it could also open up possibilities that
presence of other inflammatory factors such as IL-6, which was
highly expressed in the current study may have an important role in
pressure induced osteoclastogenesis.

In summary, additional mechanisms leading to the fluid pressure-
induced osteoclastogenesis are unidentified, but may include
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Fig. 7. Flow chart proposing additional mechanisms for pressure induced
osteolysis comparing to wear-particle induced osteolysis. Fluid pressure may
include an osteoblast and/or osteocyte driven osteoclastogenesis compared to
the predominantly macrophage driven process induced by wear particles.

osteocyte apoptosis driven osteoclastogenesis (Fig. 7). There is
support for the osteocyte hypothesis by increased RANKL/OPG ratio
in osteocytes in response to increased pressure in vitro or following
bone fatigue in vivo [Lau et al., 2010; Cheung et al., 2011], which
was further shown to be diminished by specific inhibitors of
apoptosis [Cardoso et al., 2009]. However, further studies are
required to target this pathway, but also other mediators that might
be crucial for pressure induced osteolysis.
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