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A B S T R A C T

Wear debris particles released from prosthetic bearing surfaces and mechanical instability of implants are two
main causes of periprosthetic osteolysis. While particle-induced loosening has been studied extensively, me-
chanisms through which mechanical factors lead to implant loosening have been less investigated. This study
compares the transcriptional profiles associated with osteolysis in a rat model for aseptic loosening, induced by
either mechanical instability or titanium particles. Rats were exposed to mechanical instability or titanium
particles. After 15 min, 3, 48 or 120 h from start of the stimulation, gene expression changes in periprosthetic
bone tissue was determined by microarray analysis. Microarray data were analyzed by PANTHER Gene List
Analysis tool and Ingenuity Pathway Analysis (IPA). Both types of osteolytic stimulation led to gene regulation in
comparison to unstimulated controls after 3, 48 or 120 h. However, when mechanical instability was compared
to titanium particles, no gene showed a statistically significant difference (fold change ≥ ± 1.5 and adjusted p-
value ≤ 0.05) at any time point. There was a remarkable similarity in numbers and functional classification of
regulated genes. Pathway analysis showed several inflammatory pathways activated by both stimuli, including
Acute Phase Response signaling, IL-6 signaling and Oncostatin M signaling. Quantitative PCR confirmed the
changes in expression of key genes involved in osteolysis observed by global transcriptomics. Inflammatory
mediators including interleukin (IL)-6, IL-1β, chemokine (C-C motif) ligand (CCL)2, prostaglandin-endoperoxide
synthase (Ptgs)2 and leukemia inhibitory factor (LIF) showed strong upregulation, as assessed by both micro-
array and qPCR. By investigating genome-wide expression changes we show that, despite the different nature of
mechanical implant instability and titanium particles, osteolysis seems to be induced through similar biological
and signaling pathways in this rat model for aseptic loosening. Pathways associated to the innate inflammatory
response appear to be a major driver for osteolysis. Our findings implicate early restriction of inflammation to be
critical to prevent or mitigate osteolysis and aseptic loosening of orthopedic implants.

1. Introduction

Despite a high success rate for hip and knee arthroplasty, the
number of patients in need of revision is estimated to increase as a
result of long-term implant failure (Kurtz et al., 2007) primarily due to
aseptic loosening (Ulrich et al., 2008; Aujla and Esler, 2017). Bispho-
sphonates and TNF (Tumor necrosis factor)-blockers have been tested
to alleviate ongoing bone resorption at the bone-implant interface and
the consequent implant loosening, but failed to prove effective. Only
when given intraoperatively, bisphosphonates seem to prevent resorp-
tion and early loosening (Schilcher et al., 2017). For established loos-
ening, surgical intervention is thus the only option to restore function
after aseptic loosening of orthopedic implants.

In the tissue surrounding loosened prostheses, the osteoclast-os-
teoblast balance is disrupted in favor of bone-resorbing osteoclasts.
Higher ratios of osteoclast/osteoblast numbers have been observed in
bone tissue from patients with osteolysis around loosened compared to
well-fixed prostheses (Kadoya et al., 1996). In the tissue surrounding
loosened implants, TNF (Xu et al., 1996), IL (Interleukin)-1β (Kim et al.,
1993), IL-6 (Sabokbar and Rushton, 1995), CCL (Chemokine (C-C
motif) ligand) 2 and CCL3 (Nakashima et al., 1999) and other mediators
are present. Macrophage activating marker CHIT-1 (Chitinase 1), and
IL-8, as well as osteoclast differentiation and function markers like DC-
STAMP (Dendritic cell-specific transmembrane protein), TRAP (Tar-
trate-resistant acid phosphatase) and Cathepsin K were found elevated
in periprosthetic tissue of loosened implants (Koulouvaris et al., 2008).
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In aseptically failed total knee arthroplasty (TKA) and total hip ar-
throplasty (THA), differences in CCL3, NFκB (Nuclear factor kappa-B
ligand) and DC-STAMP levels were found between TKA and THA,
suggesting that different mechanisms might underlie bone degradation
and aseptic loosening depending on location of implant (Tomankova
et al., 2014).

Bone resorption induced by wear debris particles is well char-
acterized. A foreign body response, mediated primarily through pha-
gocytic activity of macrophages, plays a key role along with a plethora
of inflammatory cytokines and chemokines contributing to the immune
reaction and recruitment of inflammatory cells to the site (Ingham and
Fisher, 2005; Veronesi et al., 2017). Inflammatory mediators elevate
RANKL levels which is a crucial osteoclastogenesis inducer (Ingham and
Fisher, 2005). In macrophage cultures, exposure to particles induces
several inflammatory mediators, known to promote osteoclast differ-
entiation (Horowitz and Gonzales, 1997; Garrigues et al., 2005). The
number and function of osteoblasts is also reported to be negatively
affected by different types of particles (Lochner et al., 2011; Queally
et al., 2009; Atkins et al., 2009). Moreover, human mesenchymal stem
cells have shown lower survival rate (Wang et al., 2002) and blunted
osteogenic differentiation capacity (Okafor et al., 2006) after exposure
to titanium particles.

Apart from wear debris from prosthetic surfaces, mechanical factors
like instability of implants leading to micromotion may induce fluid
pressure changes resulting in fluid flow, which has been associated with
aseptic loosening (Gallo et al., 2013; Sundfeldt et al., 2006). Clinical
case studies have linked fluid flow (Anthony et al., 1990) and fluid
pressure (Walter et al., 2004; Robertsson et al., 1997) to osteolytic le-
sions around orthopedic prostheses. Substantial increases in RANKL/
OPG (Osteoprotegerin) ratio mRNA levels have been reported following
ex vivo loading of human bone cores mimicking the mechanical con-
dition at bone-implant interfaces (Stadelmann et al., 2008). Studies in
animal models for aseptic loosening have highlighted the role of im-
plant micromotion and fluctuating fluid flow in periprosthetic bone
resorption (Aspenberg and Herbertsson, 1996; van der Vis et al., 1998;
Van der Vis et al., 1999; Skripitz and Aspenberg, 2000; Jones et al.,
2001; Skoglund and Aspenberg, 2003; Fahlgren et al., 2010). We pre-
viously (Nilsson et al., 2012) reported that, in a clinically relevant rat
model for aseptic loosening (Skripitz and Aspenberg, 2000; Fahlgren
et al., 2010), titanium particles and mechanical instability of implants
induced a similar extent of osteoclast differentiation assessed by im-
munohistochemistry and osteoclast numbers. Although periprosthetic
osteolysis induced by particles has been investigated extensively, bio-
logical mechanisms through which mechanical instability leads to os-
teolysis are not fully clarified. Here, for the first time, we compared the
in vivo gene expression patterns following exposure to either mechan-
ical instability or titanium particles through global transcriptome pro-
filing in our validated animal model for aseptic loosening.

2. Materials and methods

2.1. Animal model

This study was approved by Linköping animal experiments ethical
committee (ethical # 85-12) and all experiments were carried out in
accordance to guidelines for care and treatment of experimental ani-
mals recommended by the committee. In total, 66 male 11-week-old
Sprague-Dawley rats, weighing approximately 370 g (SD = 17) at the
start of the experiments, were used. Two rats were housed in each
ventilated cage in 12-hour light/dark cycle with access to food and
water ad libitum. A validated animal model for aseptic loosening, de-
scribed in detail previously (Skripitz and Aspenberg, 2000; Fahlgren
et al., 2010), was used to either induce mechanical instability or ad-
minister titanium particles.

Briefly, following general anesthesia induced by 5% isoflurane and
preoperative subcutaneous injection of 20 mg/kg Engemycin and 7 mg/
kg Carprofen, the top surface of the cortical bone on the right proximal
tibia was milled down and a titanium plate was fixed on the bone and
left to osseointegrate. The plate had a central plug that could be re-
moved to allow access to the bone surface. After 5 weeks of osseoin-
tegration a second surgery, with preoperative subcutaneous injections
of 20 mg/kg Engemycin and 0.04 mg/kg Temgesic was performed. And
the plug was removed and replaced with either an instability piston to
induce mechanical instability corresponding to implant micromotion,
or a hollow screw containing titanium particles to simulate wear debris
particles released from prosthetic surfaces (Fig. 1).

With the instability piston in place, there was a 1-mm space be-
tween the piston and the bone. By pressing on the piston manually
through the skin, it could be moved 0.5 mm down to pressurize the
fluid in the 1-mm space. This creates a flow propagating through and
along the underlying bone. The instability piston does not reach the
bone surface during instability episodes (a 0.5-mm gap remains),
avoiding risk of microfractures. To induce mechanical instability, 20
displacement cycles with a force of 8 N at 0.17 Hz, during 2 min
(Fahlgren et al., 2010), were applied twice a day under anesthesia.
Control animals underwent the same surgery and the central plug was
removed from their implants before sample collection but they were not
administered particles or implant displacement.

The moving parts of the piston are isolated from the bone by a si-
licone membrane, and previous histological evaluations of bone tissue
under the implant have shown that induction of mechanical instability
does not release any debris particles from implant surfaces (Skripitz and
Aspenberg, 2000; Fahlgren et al., 2010; Nilsson et al., 2012). When
harvesting, samples from groups exposed to titanium particles were
evaluated macroscopically, confirming that particles were spread over
the bone surface. All animals were in good health throughout the ex-
periments period and no signs of infection were observed at any time.

Fig. 1. Validated rat model for aseptic loosening. The animal model allows for application of particles, representing wear debris particles, or simulation of mechanical instability
corresponding to implant micromotion. The marked area indicates where samples were harvested for RNA isolation.
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2.2. Study design

The animals were randomized into groups of controls, titanium
particles and mechanical instability (Table 1). Rats exposed to titanium
particles or mechanical instability were further divided into three dif-
ferent follow-up time groups and were euthanized 3 h, 48 h and 120 h
after the start of the stimulation. Transcriptome analysis was performed
at 3 time points to assess the inflammatory response and regulation of
transcription factors (3 h) recruitment of precursor cells and osteoclast
differentiation (48 h) and osteoclast maturation and function (120h). In
an additional experiment, to explore possible differences in the earliest
gene expression changes caused by instability and particles, the same
procedure was repeated in a new set of animals. The rats were rando-
mized into groups of control, titanium particles and mechanical in-
stability and euthanized 15 min after stimulation.

Immediately after euthanasia using CO2 gas, the bone tissue under
the implant was harvested using a trephine with an internal diameter of
4.5 mm. The harvested bone tissue from under the implants has pre-
viously been confirmed to undergo osteolysis after 5 days of exposure to
titanium particle or instability (Fahlgren et al., 2010; Nilsson et al.,
2012). The harvested bone tissue was rinsed with cold saline, and the
underlying bone marrow was carefully removed from the bone speci-
mens. No periosteum was present as the implants were osseointegrated.
Two rats were excluded due to technical problems during sample har-
vest. Samples were immediately snap-frozen in liquid nitrogen and kept
at −80 °C before RNA isolation and quality control prior to microarray
analysis. The study design is summarized in a flow chart (Fig. 2).

2.3. Preparation of titanium particles

Pure titanium and titanium alloy particles are the most frequently
used type of particles to investigate gene expression changes in particle-
induced osteolysis although with a large variability in size range
(0.1–20 μm) and concentration (Veronesi et al., 2017). Here commer-
cially pure titanium particles (Alfa Aesar, Karlsruhe, Germany) with
93% of the particles< 20 μm and 90% of them< 3.6 μm in size were
used (Nilsson et al., 2012). Particles were suspended in 95% ethanol for
30 min and subsequently heated at 200 °C for 3 h and confirmed to be
LPS (Lipopolysaccharide)-free by Limulus Amebocyte Lysate (LAL) assay
for endotoxin (Pierce, IL, USA). Using normal saline, a 400 mg/ml
particle suspension was prepared under sterile conditions and sonicated
for 10 min. The particle stock was vortexed vigorously just before use
and a volume of 10 μl, enough to cover the bone surface, was placed
inside the hollow screws and applied adjacent to the bone tissue under
the implants. No particles were administered to the mechanical in-
stability groups.

2.4. Sample homogenization and RNA isolation

A combination of TRIzol method and RNeasy Mini Kit (QIAGEN,
Sollentuna, Sweden) were used to isolate RNA from bone samples (Reno
et al., 1997). Frozen bone samples were pulverized by tungsten balls,
inside vials cooled by liquid Nitrogen, in a Retsch mixer mill MM 200
(Retsch, Haan, Germany). Samples were kept frozen during the whole
homogenization procedure. Immediately after pulverization, TRIzol
(Invitrogen) was added to samples and left to thaw at room tempera-
ture. Next, chloroform wad added followed by centrifugation and the
aqueous phase was then transferred to new tubes and mixed gently with
70% ethanol. RNA samples were purified according to the RNeasy Mini
Kit instructions. RNase-free DNase Set (QIAGEN, Sollentuna, Sweden)
was used to exclude possible DNA contamination. Quality of RNA
samples including concentration and RIN (RNA Integrity Number)
value were checked by Nanodrop ND-1000 (NanoDrop Technologies,
Wilmington, DE) and Agilent RNA 6000 Nano Kit (Agilent Technolo-
gies, Böblingen, Germany). Samples were kept at −80 °C before mi-
croarray analysis.

2.5. Microarray hybridization and data normalization

RNA samples (n = 3–4/group) chosen based on RNA integrity
number (RIN) were analyzed using RaGene-2.1-st array (Affymetrix,
Santa Clara, CA). The microarray hybridization and normalization of
raw data were performed using Affymetrix Expression Console
(method: med-polish (rma-bg, quant-norm, sketch = −1, bioc = true,
lowprecision = false, usepm = true, target = 0, doavg = false)) by the
Bioinformatics and Expression Analysis (BEA) core facility at the
Karolinska Institute. Fold changes were calculated from the mean of
log2-transformed data and p-values generated by Student's t-test were
FDR (false discovery rate)-adjusted (q-values).

2.6. Microarray data analysis and differentially expressed genes

Genes with a minimum fold change of± 1.5 compared to un-
stimulated controls and q-value ≤ 0.05 were considered differentially

Table 1
Number of animals/group used for microarray and qPCR analysis at each time point.

Group na (microarray) n (qPCR)

Control 4 6
Ti 3 h 4 6
Ti 48 h 3 5
Ti 120 h 3 5
Me 3 h 4 7
Me 48 h 3 6
Me 120 h 3 6
Control (15 min) 4 7
Ti 15 min 4 8
Me 15 min 4 8

Ti: titanium particles; Me: mechanical instability.
a From each group of animals (n = 5–8), 3–4 samples were chosen for microarray

analysis based on the quality of RNA.

Fig. 2. Flow chart describing the work flow and study design.
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expressed and used for further analysis. PANTHER classification tool
(Mi et al., 2013) was used for functional classification of regulated
genes and QIAGEN's Ingenuity® Pathway Analysis (IPA®, QIAGEN
Redwood City, www.qiagen.com/ingenuity) was used to analyze mole-
cular and cellular functions and regulated pathways. GeneSpring was
used for hierarchical clustering and principal component analysis
(PCA).

After applying the cut-off for fold change and q-value, if the number
of regulated genes was> 1000, only the top 1000 genes with the
highest fold change were uploaded to IPA for analysis. Comparison
analysis in IPA was performed to contrast data analysis outputs from
mechanical instability and titanium particles against each other.
Pathways with activation z-score ≥ ± 2 and p-value < 0.05 de-
termined by IPA were considered significantly regulated. When filtering
microarray data based on fold change and q-value, in cases where no
significantly changed genes were detected, a less strict filtering criteria
(FC ≥ ± 1.2 and q-value ≤ 0.1) was also tested to determine type II
errors.

2.7. Quantitative real time polymerase chain reaction

To validate our findings from microarray, RNA samples (n = 5–8/
group) were converted to cDNA using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) and qPCR was carried out using
standard curve methodology. Selection of genes was based on their role
in osteoclast differentiation and function and the fold change detected
in the data from microarray. Primers (Applied Biosystems) for IL-1α
(Rn00566700_m1), IL-1β (Rn00580432_m1), IL-6 (Rn01410330_m1),
CCL2 (Rn00580555_m1), Ptgs2 (Rn01483828_m1), LIF
(Rn00573491_g1), CD14 (Rn00572656_g1), Csf1 (Rn01522726_m1),
RANKL (Rn00589289_m1), OPG (Rn00563499_m1), Acp5
(Rn00569608_m1) and Ctsk (Rn00580723_m1) were used and ampli-
fication was performed in duplicate using TaqMan Fast PCR Master mix
(Applied Biosystems). Expression levels in samples were normalized to
beta-2 microglobulin (Rn00560865_m1) which was expressed steadily
between groups.

2.8. Statistics

The qPCR data were analyzed by Kruskal-Wallis test. Differences
induced by each stimulus compared to the controls as well as difference
between mechanical instability versus titanium particles at each time
point were determined by Mann-Whitney U test. A p-value < 0.05 was
considered statistically significant.

3. Results

3.1. Temporal dynamics of transcriptional activity during osteolysis

Similar numbers of genes were differentially regulated at 3, 48 and
120 h by mechanical instability compared to controls (344, 1909 and
973) and titanium particles (302, 1884 and 864) compared to controls,
after filtering microarray data based on minimum fold change of± 1.5
and q-value ≤ 0.05 (Fig. 3A,B). When mechanical instability and tita-
nium particles were compared, there were no genes with a statistically

significant difference at any time point (Fig. 3C). A cut-off of fold
change ≥ ± 1.2 and q-value ≤ 0.1 did not change this pattern.

The distribution of differentially expressed genes induced by me-
chanical instability or titanium particles compared to unstimulated
controls over time was then depicted in Venn diagrams. Of all differ-
entially regulated genes, both stimuli showed a similar distribution over
time (Fig. S1). Hierarchical clustering of the samples indicated similar
gene expression patterns between mechanical instability and titanium
particles, particularly at 3 h, with a distinct change in clustering of up-
and down-regulated genes at 48 and 120 h compared to samples at 3 h
and controls (Fig. S2A). The principal component analysis (PCA) also
visualized clustering of the samples by time point rather than by
treatment (Fig. S2B). Top 10 up- and down-regulated genes by titanium
particles and mechanical instability with highest fold change at 3, 48
and 120 h are presented in Supplementary materials (Tables S1A,B).

3.2. Functional classification of regulated genes

Genes regulated by mechanical instability and titanium particles
versus controls after 3, 48 and 120 h showed apparent similarity in
function. Almost the same proportion of genes involved in different bio-
functions were induced by the two stimuli; including “cellular process”,
“apoptotic process”, “immune system process”, “biological adhesion”,
“localization” and “response to stimulus” among others (Fig. 4; Table
S2). The same similarity was found when the top 5 molecular and
cellular functions and the correlated number of genes were analyzed
over time and treatment using IPA (Table S3).

3.3. Pathway analysis

A wide range of inflammatory pathways associated to osteolysis
were regulated by mechanical instability and titanium particles at all
time points. These include Acute Phase Response signaling, IL-6 sig-
naling, Oncostatin M signaling and HMGB1 (High mobility group-B1)
signaling among others (Fig. 5). Differences in the regulated pathways
within treatments at different time points were noticeable. Initially, it
appeared that there were differences between some pathways regulated
by instability and particles (e.g. Oncostatin M signaling at 48 h, IL-6
signaling at 120 h). However, after comparing fold changes and sig-
nificance levels of genes regulating each pathway, it was evident that in
all cases the difference was due to fold changes and/or q-values that
override our cut-off point only slightly, and consequently were filtered
out; therefore they were not considered true differences.

Apart from ongoing inflammatory responses at all time points, a
simplified classification showed that pathways involved in regulation of
cell death and survival were notable at 3 h; processes involved in cell
proliferation and differentiation were prominent at 3 and 48 h; and
pathways related to cytoskeletal reorganization, cell adhesion and mi-
gration were predominant at 120 h (Fig. 5). Categories and top func-
tions of regulated signaling pathways by instability and particles are
presented in the Supplementary materials (Table S4).

3.4. Regulation of genes associated to osteolysis and osteogenesis

According to the microarray data, there was no significant

Fig. 3. Number of differentially regulated
genes by each stimuli. Regulated genes by ti-
tanium particles (Ti) and mechanical in-
stability (Me) with fold change ≥ ± 1.5 and
q-value ≤ 0.05, after 3, 48 and 120 h com-
pared to unstimulated controls. A) Titanium
particles versus controls; B) Mechanical in-
stability versus controls; C) Mechanical in-
stability versus titanium particles.
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difference between the two stimuli regarding genes known to be in-
volved in osteoclast and osteoblast differentiation and function.
Transcription factors like FOS (FBJ osteosarcoma oncogene) and NFκB1
showed the highest levels at 3 h and matrix metalloproteinases at
120 h. Most inflammatory mediators, including IL-6, IL-1β, CCL2,
Oncostatin M, LIF (Leukemia inhibitory factor) and Ptgs2
(Prostaglandin-endoperoxide synthase 2), showed their peak levels at
3 h. The up-regulation of monocyte/macrophage markers CD14 and
Csf1 (Colony stimulating factor 1) started at 3 h while CD68, MSR1
(Macrophage scavenger receptor 1) and CD11b were up-regulated at
later time points. Genes involved in osteoblast differentiation and bone
formation were predominantly down-regulated. Bglap, BMP-4 and
BMP-7 were decreased at 48 and 120 h compared to controls while
BMP-2 was up-regulated at 3 h. Runx2 showed highest levels at 48 h
while ALP started to elevate at 48 h and remained up-regulated at
120 h. Wnt (Wingless-related integration site) signaling agonists, like
Wnt5a, Wnt16, Fzd (Frizzled family receptor) 1 and Fzd2, showed
highest levels at 48 h while Wnt signaling inhibitors such as Sclerostin,
Dkk1 (Dickkopf Wnt signaling pathway inhibitor 1) and Sfrp2 (Secreted
frizzled-related protein 2) were down-regulated. A table with fold
changes and statistical significance levels induced by instability and
particles compared to unstimulated controls based on microarray ana-
lysis is available in the Supplementary materials (Table S5).

3.5. Microarray analysis at 15 min

Despite the entirely different nature of these two osteolytic stimuli,
a remarkable similarity between gene expression patterns induced by
instability and particles was observed after 3, 48 and 120 h. We
speculated that differences between responses to mechanical instability
and titanium particles lie in the initiation stage of the osteolytic process;
hence could be detected at an earlier time point. We repeated the ex-
periments and assessed data from samples harvested 15 min after sti-
mulation and found no differentially regulated genes compared to
controls based on a minimum fold change of± 1.5 and q-value cut-off
of 0.05. A filtering criterion of fold change ≥ ± 1.2 and q-value≤ 0.1
showed the same pattern.

Although at 15 min we did not detect any genes differentially
regulated based on the q-value threshold, genes with fold change
above± 1.2 and (unadjusted) p-value < 0.05 (307 genes for me-
chanical instability and 994 genes for titanium particles) were assessed
for functional classification and the similarity between mechanical in-
stability and particles was again evident (Fig. S3).

3.6. qPCR validation

Validation of expression changes in 12 key genes involved in os-
teoclast differentiation and function by qPCR, revealed the same pat-
tern as observed in the microarray data. Comparing the fold difference
and relative changes by the two stimuli in the analyzed genes detected
by qPCR and microarray (Table 2) showed a substantial overlap.

After 3 h, inflammatory mediators were up-regulated by both par-
ticles and instability with their peak levels at 3 h. Similar to our mi-
croarray findings, the most substantial changes were observed in IL-6
levels at 3 h, with 100-fold (p = 0.02) and 185-fold (p = 0.01) increase
by titanium particles and mechanical instability respectively (Fig. 6A)
as well as in Ptgs2 which was also remarkably increased after 3 h (Ti:
28-fold, p = 0.01; Me: 37-fold, p = 0.01) (Fig. 6D). A significant dif-
ference was found between IL-6 levels induced by titanium particles
and mechanical instability at 48 h (p = 0.02) as well as in Ptgs2 levels
at 120 h (p = 0.01).

IL-1β mRNA levels showed a significant rise after 3 h induced by
both stimuli (Ti: 4.3-fold, p = 0.01; Me: 5.6-fold, p = 0.01) in com-
parison to controls but declined at later time points (Fig. 6B). CCL2 and
LIF were up-regulated in response to both particles and instability at 3,
48 and 120 h although with a descending pattern over time (Fig. 6E,F).
IL-1α was increased by both stimuli with no significant difference be-
tween them (Fig. 6C).

Monocyte/macrophage markers CD14 and Csf1 both showed rapid
up-regulation induced by particles and instability at 3 h with CD14
remaining significantly high at 48 and 120 h (Fig. 6G,H). A significant
difference between Csf1 mRNA levels induced by titanium particles
(1.7-fold vs controls) and mechanical instability (2.4-fold vs controls) at
3 h was detected.

Fig. 4. Functional classification of regulated genes. Comparison of functional classification of differentially regulated genes (FC ≥ ± 1.5 and q-value ≤ 0.05) by titanium particles (Ti)
and mechanical instability (Me) after 3, 48 and 120 h, using PANTHER Gene List Analysis tool, indicating the percentage of genes involved in different functions.
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Regarding genes involved in osteoclast differentiation and activity,
RANKL mRNA levels peaked at 48 h in response to both stimuli (Ti: 6.5-
fold, p = 0.01; Me: 4.7-fold, p = 0.01) remaining significantly elevated
until 120 h (Fig. 6I). OPG expression on the other hand was increased
already after 3 h by both particles (4.2-fold, p = 0.01) and instability
(8.9-fold, p = 0.01). While OPG mRNA levels were still significantly
elevated in response to mechanical instability (5.2-fold, p = 0.02), at
48 h they declined with titanium particles (1.7-fold, p = 0.07)
(Fig. 6J).

TRAP mRNA did not show any significant changes (Fig. 6K) while

Cathepsin K, a more selective marker for osteoclasts, was up-regulated
by titanium particles (2.2-fold, p = 0.01) after 48 h and by both stimuli
at 120 h (Ti: 2-fold, p = 0.04; Me: 2.3-fold, p = 0.01) (Fig. 6L).

Our analyses by qPCR showed that after 15 min 10 out of 12 in-
vestigated genes were not significantly regulated by particles or in-
stability (Fig. S4). However, Ptgs2 (2.2-fold, p = 0.01) and IL-1β (1.8-
fold, p = 0.01) mRNA were up-regulated significantly compared to
controls by mechanical instability but not by titanium particles
(Fig. 7A,B). The change in Ptgs2 mRNA levels induced by mechanical
instability was also significant compared to that of titanium particles
(p = 0.04) (Fig. 7A).

4. Discussion

This is the first in vivo study comparing gene expression profiles
during osteolysis induced by mechanical instability and titanium par-
ticles separately. We previously observed that titanium particles and
mechanical instability induced similar rates of osteoclast differentiation
in our validated animal model for aseptic loosening (Nilsson et al.,
2012). Here we examined the transcriptome changes in bone tissue
exposed to either mechanical instability or titanium particles for dif-
ferent time periods and found that already 3 h after each individual
stimulus, there were similar biological processes and signaling path-
ways involved.

The similar gene expression patterns caused by the two stimuli after
3, 48 and 120 h, became apparent after an overall assessment of the
microarray data. Most notably, comparison of differentially regulated
genes by mechanical instability versus titanium particles did not iden-
tify any genes with statistically significant difference in expression
between instability and particles.

Changes in certain modulated signaling pathways suggest a role of
an innate immune response in the course of aseptic loosening induced
by implant instability. Microarray as well as confirmatory qPCR ana-
lysis indicated increased expression of several inflammatory mediators

Fig. 5. Comparison analysis of regulated pathways. Heatmap of pathways regulated by
titanium particles (Ti) and mechanical instability (Me) after 3, 48 and 120 h. Numbers on
the heatmap indicate activation z-scores. Pathways with z-score≥ ± 2 and a p-value
cut-off of − log10 of 1.3 were considered significantly regulated in the comparison ana-
lysis by IPA. CXCR4: Chemokine (C-X-C motif) Receptor-4, ERK5: Extracellular signal
regulated kinase 5, GDNF: Glial cell-derived neurotrophic factor, HGF: Hepatocyte
growth factor, HMGB1: High mobility group-B1, IGF-1: Insulin-like growth factor-1, IL-6:
Interleukin 6, IL-8: Interleukin 8, ILK: Integrin-linked kinase, iNOS: Nitric oxide synthase
2 (inducible), LXR/RXR: Liver X receptor/Retinoid X receptor, MIF: Macrophage migra-
tion inhibitory factor, PAK: p21 activated protein kinases, PCP: Planar cell polarity,
PDGF: Platelet-derived growth factor, PPAR: Peroxisome proliferator-activated receptor.

Table 2
Comparison of fold changes induced by titanium particles (Ti) and mechanical instability
(Me) compared to controls detected by qPCR (n = 5–8/group) and microarray (n = 3–4/
group).

Gene Method Ti 3 Me 3 Ti 48 Me 48 Ti 120 Me 120

IL-6 qPCR 99.7† 185† 27† 9.8† 2.7 6.1†

Microarray 74.6⁎ 75.3⁎ 26.2⁎ 7⁎ 3.7⁎ 9.6
IL-1β qPCR 4.3† 5.6† 1.6 1.4 0.97 2.9

Microarray 3.7⁎ 3.5 1.17 1.02 1.1 4.1
IL-1α qPCR 2.9† 5.6† 2.3† 1.4 1.5† 9†

Microarray 2.9⁎ 4.2 2⁎ 0.99 1.4 11.7
Ptgs2 qPCR 28.3† 37.2† 6† 7.3† 1.8† 6.6†

Microarray 18.6⁎ 17.1 5⁎ 5.9⁎ 2.1⁎ 7.4
CCL2 qPCR 9.7† 15.9† 5.6† 3.8† 3.2† 2.9†

Microarray 6.9⁎ 7.1⁎ 5.4⁎ 3.5⁎ 3.3 3.7⁎

LIF qPCR 5.2† 11.6† 4.6† 2.9† 2.6† 3.2†

Microarray 5.5⁎ 6.4 5.4⁎ 2.5⁎ 2.7⁎ 4.1⁎

CD14 qPCR 4.1† 4.7† 2.6† 4.3† 1.9† 2.4†

Microarray 3.5⁎ 3.4⁎ 2.6⁎ 3.4⁎ 2⁎ 2.9
Csf1 qPCR 1.7† 2.4† 1.6 2 1.3 1.6†

Microarray 2.1 2.2⁎ 1.9⁎ 2⁎ 1.6⁎ 2⁎

RANKL qPCR 1.3 1.9† 6.5† 4.7† 2.6† 4.2†

Microarray 1.3 1.3 5.8⁎ 3.5⁎ 2.5⁎ 4.6
OPG qPCR 4.2† 8.9† 1.7 5.2† 1.5 1.7

Microarray 2.6⁎ 3.8⁎ 1.8⁎ 3.4⁎ 1.5 1.4
Ctsk qPCR 0.7 1.02 2.2† 1.2 2† 2.3†

Microarray 0.91 0.98 1.3⁎ 0.99 1.2 1.3⁎

CCL2: Chemokine (C-C motif) ligand 2, CD14: CD14 molecule, Csf1: Colony stimulating
factor 1 (macrophage), Ctsk: Cathepsin K, IL-1α: Interleukin 1 alpha, IL-1β: Interleukin 1
beta, IL-6: Interleukin 6, LIF: Leukemia inhibitory factor, OPG: Osteoprotegerin, Ptgs2:
Prostaglandin-endoperoxide synthase 2, RANKL: Receptor activator of nuclear factor κ B
ligand

⁎ q-Value < 0.05.
† p-Value < 0.05.
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induced by both stimuli. As a general pattern, the inflammatory re-
sponse was strongest at 3 h, although it persisted until 120 h.

The role of the IL-6 family of cytokines in osteoclast differentiation
has been highlighted previously (Sims and Walsh, 2010). IL-6 and LIF
mRNA levels were elevated by both particles and instability as in-
vestigated by qPCR, and IL-6 has been linked to increased RANKL/OPG
ratio levels (Sims and Walsh, 2010). Overexpression of IL-6 in trans-
genic mice increases osteoclastogenesis and dampens osteoblast func-
tion (De Benedetti et al., 2006). The increase in expression of in-
flammatory mediators in our data is in agreement with our previous,
less comprehensive findings, where iNOS, prostaglandin E synthase
(PGES) and IL-6 were up-regulated after 24 h by both mechanical in-
stability and titanium particles (Nilsson et al., 2012).

CD14 and Csf1 were up-regulated already at 3 h by both stimuli.
This indicates a rapid activation of the monocyte/macrophage lineage
within few hours of stimulation which in turn contributes to enhanced
production of inflammatory cytokines.

Regarding osteoclastogenesis, RANKL mRNA expression displayed
their peak levels at 48 h in both groups and remained high until 120 h.
Although instability seemed to cause a faster rise in RANKL mRNA
compared to controls, observed at 3 h, there was no significant differ-
ence between the two stimuli at any time point. Positive correlations
between inflammatory cytokines and RANKL levels in patients with
loosening of total hip arthroplasty have been reported (Wang et al.,
2010). OPG showed the highest up-regulation at 3 h in both groups.
OPG has been associated to cell survival and prevention of apoptosis
(Weinstein et al., 2011; Chamoux et al., 2008; Holen and Shipman,
2006). On the other hand, pro-inflammatory effects by OPG (Nahidi
et al., 2013) and induction of OPG in response to inflammatory cyto-
kines (De Voogd et al., 2016; Pantouli et al., 2005) have been reported.
This has been suggested to have a modulatory role in restricting in-
flammation (De Voogd et al., 2016).

Our data suggest that titanium particles induced a faster osteo-
clastogenic response compared to mechanical instability. This can be

Fig. 6. mRNA expression changes following exposure to titanium particles (Ti) or mechanical instability (Me) at 3, 48 and 120 h investigated by qPCR. *: Significantly different from
controls (p < 0.05). ‡: Significant difference between mechanical instability and titanium particles (p < 0.05). #: Samples with Ct value > 35 were excluded.

Fig. 7. mRNA expression changes 15 min after
exposure to titanium particles (Ti) or mechanical
instability (Me) investigated by qPCR. *:
Significantly different from controls (p < 0.05).
‡: Significant difference between mechanical in-
stability and titanium particles (p < 0.05).
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observed in RANKL and OPG changes at 48 h where RANKL levels were
higher with particles while instability induced higher OPG levels
compared to particles. A similar pattern is evident with Cathepsin K
which showed significant increase after 48 h with particles while both
stimuli induced same increase rate at 120 h compared to controls.
Similarly TRAP, although not showing any significant changes, was
higher in the particle group at 48 h and exhibited similar levels at 120 h
in both groups. The qPCR analysis indicated a clear pattern of early
macrophage activation and cytokine production which could lead to
regulation of osteoclastogenesis and osteolysis through changes in
RANKL and Cathepsin K at later time points.

Microarray analysis after 15 min yielded no significant changes
compared to unstimulated controls. However, confirmatory qPCR with
more samples was done. No changes were detected by the two stimuli
using qPCR either, except an up-regulation of Ptgs2 and IL-1β caused by
mechanical instability compared to controls. Ptgs2 and IL-1β are both
expressed by macrophages in association to mechanical forces.
Preventing mechanical loading by joint immobilization was reported to
reduce IL-1β levels in mice with osteoarthritis (Burleigh et al., 2012).
Applying mechanical load on synovial-like membranes collected from
the interface of aseptically failed total hip arthroplasties led to high IL-
1β and prostaglandin E2 expression (Bosetti et al., 2001). Induction of
Ptgs2 by mechanical strains in MLO-Y4 cells (Govey et al., 2015; Liu
et al., 2015) and human tendon fibroblasts (Yang et al., 2005) have
been reported. The quick rise in mRNA levels of Ptgs2 and IL-1β trig-
gered by instability implicates them as early responders to implant
micromotion. This might be associated to the fact that a mechanical
force is likely to spread through tissue and reach cells faster compared
to particles. However, after 3 h both stimuli elicited similar mRNA le-
vels of cytokines.

The role of the Wnt signaling pathway in bone remodeling has been
studied broadly. The Wnt/β-catenin signaling pathway (48 h) and non-
canonical Wnt-planar cell polarity (PCP) signaling pathway (48 and
120 h) were activated according to pathway analysis. Bone anabolic
effects of Wnt/β-catenin signaling through enhanced osteoblastogenesis
have been confirmed previously (Westendorf et al., 2004; Kim et al.,
2013). However, Wnt signaling also affects osteoclast differentiation.
Wnt/β-catenin signaling has been shown to inhibit osteoclastogenesis
(Wei et al., 2011; Weivoda et al., 2016). On the other hand, non-ca-
nonical Wnt signaling, specifically Wnt5a, is reported to induce dif-
ferentiation of osteoclasts (Weivoda et al., 2016; Maeda et al., 2012).
Activation of both canonical and non-canonical Wnt signaling pathways
observed here, suggests compensatory bone anabolic processes occur-
ring in parallel to osteoclast differentiation in the periprosthetic tissue.

Cytoskeletal reorganization, starting at 48 h with ILK (Integrin-
linked kinase) and PAK (p21 activated protein kinases) signaling, was
most notable at 120 h. In order to resorb bone, osteoclasts need to
adhere to and migrate along bone surfaces where cytoskeletal re-
arrangement is crucial. Integrins and Paxillin are adhesion proteins
taking part in podosome formation in the sealing zone of osteoclasts
(Novack and Faccio, 2011). Rho family GTPases signaling, activated at
48 h, was indicated to be involved in podosome formation/disruption
in osteoclasts (Ory et al., 2008). Another cytoskeleton-dependent pro-
cess regulated at 120 h is Macropinocytosis signaling, involved in en-
docytosis. However, it should be remembered that our data is derived
from tissues comprising different cell types; therefore associating
functions to specific cell populations should be done with caution.

The pivotal role of the innate immune response, particularly mac-
rophages, has been carefully elucidated in aseptic loosening induced by
particles (Nich and Goodman, 2014; Ren et al., 2011). The similar de-
pendence on innate immunity between particle- and instability-induced
mechanisms is further supported by our previous observation that the
glucocorticoid agonist dexamethasone, an inhibitor of immune system
and inflammation in general, blunted instability-induced resorption in
the same model (Nilsson et al., 2012). These findings suggest that
mechanical instability regulates aseptic loosening through

inflammatory processes previously shown to be relevant for wear debris
particles.

An inflammatory response following mechanical loading has been
reported previously in a rat forelimb model where a transient activation
of inflammatory pathways prior to the load-induced bone anabolic re-
sponse was observed (McKenzie et al., 2011). However, in our animal
model, a pathological condition induced by implant instability and
micromotion led to a persistent inflammatory response similar to that
caused by particles. Presumably, magnitude and duration determines
how and to what extent inflammation affects bone structure.

The high number of genes regulated at later time points of our study
makes analyzing and unfolding possible subtleties in the data compli-
cated. Other factors regulating expression of genes like DNA methyla-
tion or histone modifications could also play roles, not assessed here.
Another point is to be aware of the intricate issue of translating num-
bers and expression values of one or a set of genes into biological ef-
fects.

Most microarray data on the etiology of bone loss caused by parti-
cles or mechanical forces are generated from in vitro studies. The main
downside of assessing cell cultures with a homogenous cell population
is the absence of communication and signal transduction between dif-
ferent cell types as it occurs in the periprosthetic tissue. In this study,
we used an animal model which was previously validated to induce
similar rates of osteoclast differentiation with titanium particles and
mechanical instability (Nilsson et al., 2012) giving us the opportunity to
study and compare the gene expression changes caused by particles and
instability of implants independently.

Given the different characteristics of the two stimuli, it could be
speculated that the very first steps in the processes leading to peri-
prosthetic osteolysis are different. Here, through qPCR, we detected
increased levels of Ptgs2 and IL-1β caused by mechanical instability as
early as 15 min after induction of implant micromotion. This suggests
that mechanical stimulation is capable of eliciting a rapid inflammatory
response. However, it appears that already few hours after induction of
instability or exposure to particles, inflammatory processes ensue and
act as the main driving force behind osteolysis in response to me-
chanical instability and titanium particles in our animal model. This
might explain the difficulty to restrain aseptic loosening using anti-in-
flammatory drugs, since various inflammatory pathways and mediators
seem to work simultaneously towards osteoclast differentiation.
Considering the complexity of the signaling system, it might seem
practical to focus preventive measures to the osteoclasts, which are the
final target for all signaling. Recent randomized trials and epidemio-
logical studies suggest that this could bring down the need for later
revision surgery (Schilcher et al., 2017).

Taken together, these data show that osteolysis induced by me-
chanical instability of implants and titanium particles are principally
choreographed through the same signaling pathways. Our findings
underscore the role of inflammation and innate immune response in
aseptic loosening of implants even in the absence of wear debris par-
ticles.
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