
RANKL in greater quantities than osteoblasts and have a
much greater capacity to induce osteoclast formation
from precursor cells. Osteocyte activities result in
mineralization of osteoids laid down by osteoblasts. In
particular, the production of SOST/sclerostin in bone
exclusively by osteocytes has gained attention because of
its strong association with bone formation and bone
mass [4]. Loss of function of SOST, which occursin
sclerosteosis, is characterized by high bone mass [36].
The discovery that osteocytes play a key role in regula-

tion of osteoblasts and osteoclasts provided a new way
to study the mechanism of periprosthetic osteolysis.
Lohmann et al. [24] reported that the addition of
UHMWPE(Ultra-High Molecular Weight Polyethylene
Particles) to MLO-Y4 osteocytes in culture significantly
increased levels of prostaglandin E2 and nitric oxide.
Kanaji et al. [20] showed that metal particles also signifi-
cantly triggered apoptosis of osteocytes, and was par-
tially dependent on TNF-α. Zhang et al. [41]found that
tricalciumphosphate wear particles could cause dysfunc-
tion in MLO-Y4 osteocytes, mediated by apoptosis and
Akt inactivation. However, only a limited number of
studies [20, 26] have been performed on the effects of
wear debris on osteocytes, and further research is
necessary.
In this study, we challenged MLO-Y4 osteocytes with

commercial titanium (Ti) particles, and investigated their
direct biological effects on osteocytes. Furthermore, we
studied the effects of osteocyte alterations on MC3T3-
E1 osteoblasts using a co-culture system.

Materials and methods
Ti particle preparation
Commercial pure Ti particles were obtained from
Johnson Matthey (catalog #00681; Ward Hill, MA). The
average diameter of the Ti particles was 5.34 μm and
90% of the particles were < 10.0 μm in size, according to
the manufacturer. Such commercially available particles
have been shown to effectively mimic wear particles re-
trieved from periprosthetic tissue when used in cell cul-
ture experiments. The occurrence of osteolysis around
the prosthesis is closely related to the composition,
number, size, distribution and physical and chemical
properties of the wear particles. Willert et al. [39] found
that osteolysis has a clear correlation with the number of
particles. Only when the number of particles in the
boundary membrane tissue exceeds 1 × 10 / g, osteolysis
will occur. Yan etal’s [40] research on the extraction and
analysis of wear particles in the osteolytic tissue around
the prosthesis showed that wear particles with a diam-
eter of less than 10 um can be phagocytosed by phago-
cytic cells to produce osteolytic media; particles with a
diameter of more than 10um cannot be phagocytic cells.

Phagocytosis can only be encapsulated by multinuclear
foreign body macrophages.
The particles were prepared as previously described

[10]. Briefly, the absence of endotoxin was confirmed
using a commercial detection kit (QCL-1000; Biowhit-
taker, Walkersville, MD). The concentration of the
endotoxin-free Ti particles was10 mg/mL, and the parti-
cles were stored at 4 °C in PBS. For experiments, the
particle stock solution was sonicated and diluted with
medium to 0.1 mg/mL or 1.0 mg/mL.

Cell culture and treatments
MLO-Y4 osteocytes and MC3T3-E1 subclone 14 osteo-
blasts were purchased from the Chinese Academy of Sci-
ences Cell Bank (Shanghai, China). MLO-Y4 cells were
cultured on collagen-coated dishes (rat tail collagen type
I, 0.15 mg/mL, Collaborative Biomedical Products,
Bedford, MA) and maintained in modified essential
medium (α-MEM) supplemented with 10% fetal bovine
serum (FBS, Gibco, Gaithersburg, MD) and 1% penicillin
and streptomycin, in a humidified 5% CO2 atmosphere
at 37 °C [10]. After 24 h of incubation, the MLO-Y4 cells
were treated with Ti particles at concentrations of 0
(control), 0.1 mg/mL, or 1.0 mg/mL; fresh medium was
supplied every 3 days. The time at which the Ti particles
were added was designated as day 0.
The in vitro model for co-culture of osteocytes and os-

teoblasts was established using a Millicell-6 Cell Culture
Insert Plate (Millipore, Billerica, MA) comprised of a
polyethylene terephthalate (PET) membrane perforated
with 1-μm pores, as previously described [13]. Basal
medium for co-culture experiments was comprised of α-
MEM supplemented with 10% FBS, 1% penicillin, and
1% streptomycin. The osteogenic differentiation medium
consisted of 10% FBS, 50 μg/mL ascorbic acid, and 10
mM β-glycerophosphate (Sigma-Aldrich, St. Louis, MO).
In the “Cell Contact” co-culture model, inserts were

inverted, and the basal side of the membrane (bottom
side of insert) was seeded with 5 × 104 MC3T3-E1 osteo-
blasts in 500 μL of basal medium and incubated for 6 h
at 37 °C to permit cellular adhesion. Inserts were then
inserted into 6-well tissue culture plates containing 1 mL
of basal medium. Then, 1 × 104 MLO-Y4 osteocytes
were seeded on the apical side of the membrane (top
side of insert) with 1mL of basal medium and incubated
overnight (Fig. 1a). The MLO-Y4 cells on the upper side
were treated with Ti particles at concentrations of 0
(control), 0.1 mg/mL, or 1.0 mg/mL, diluted with basal
medium. The time at which the Ti particles were added
was designated as day 0. The medium was replaced with
osteogenic medium after 3 days and was subsequently
changed every 3 days.
For the “No Cell Contact” model, 5 × 104 MC3T3-E1

osteoblasts were seeded directly on the bottom of the
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