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Wear particle-induced osteolysis is the leading cause of aseptic loosening, which is the most common reason for
THA (total hip arthroplasty) failure and revision surgery. Although existing studies suggest that osteoblast apoptosis
induced by wear debris is involved in aseptic loosening, the underlying mechanism linking wear particles to osteoblast
apoptosis remains almost totally unknown. In the present study, we investigated the effect of autophagy on osteoblast
apoptosis induced by CoCrMo metal particles (CoPs) in vitro and in a calvarial resorption animal model. Our study
demonstrated that CoPs stimulated autophagy in osteoblasts and PIO (particle-induced osteolysis) animal models. Both
autophagy inhibitor 3-MA (3-methyladenine) and siRNA of Atg5 could dramatically reduce CoPs-induced apoptosis in
osteoblasts. Further, inhibition of autophagy with 3-MA ameliorated the severity of osteolysis in PIO animal models.
Moreover, 3-MA also prevented osteoblast apoptosis in an antiautophagic way when tested in PIO model. Collectively,
these results suggest that autophagy plays a key role in CoPs-induced osteolysis and that targeting autophagy-related
pathways may represent a potential therapeutic approach for treating particle-induced peri-implant osteolysis.

Introduction

Total hip arthroplasty (THA) is one of the most successful
orthopedic procedures performed for the treatment of rheumatoid
arthritis, severe trauma and other end-stage joint disease.1 How-
ever, periprosthetic osteolysis and consequent aseptic loosening is

the most common reason for total hip arthroplasty failure and sur-
gical revision.2,3 Wear particles, originating from the implant
components, are the main triggering cause of aseptic loosening.4

Various cell types, including osteoclasts, osteoblasts, macrophages,
fibroblasts and lymphocytes, are reportedly involved in the patho-
genesis of particle-induced osteolysis.5-7 Wear particles induce a
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complex adverse local cellular response that disturbs the balance
between bone formation and resorption. Numerous studies have
focused on the increased osteoclastic bone resorption, which has
been mainly related to osteoclasts and macrophages. Although
osteoblasts are one of the first cell lines exposed to wear debris, the
negative impact of particles on osteoblasts has not been closely
investigated.6 Osteoblasts are responsible for bone formation in
vivo. The cells secret extracellular matrix (mainly type I collagen)
and are responsible for the mineralization of the matrix. Wear par-
ticles exhibit adverse effects on osteoblast proliferation, survival
and function changes. Various particles (including titanium,
PMMA [polymethylmethacrylate] and UHMWPE [ultra-high
molecular weight polyethylene]) have been shown to suppress col-
lagen synthesis, inhibit the differentiation of mature osteoblasts
from MSCs (mesenchymal stem cells), decrease osteoblast prolif-
eration and increase the apoptosis of osteoblasts, and these changes
in osteoblasts can lead to decreased bone formation and improper
bone remodeling around the prosthesis site.5,8-11 The disruption
of homeostasis between bone formation and degradation results in
peri-implant osteolysis and consequent aseptic loosening. How-
ever, our knowledge of the mechanism underlying the interaction
of wear debris and osteoblasts remains largely unknown.

Recently, countless studies have demonstrated that macroau-
tophagy (hereafter referred to as “autophagy”), an evolutionarily
conserved process whereby aggregated proteins, intracellular
pathogens, and damaged organelles are degraded and recycled,
plays important roles both for normal cellular quality control
and in the response to environmental or internal stressors. Fur-
thermore, autophagy engages in complex interplay with apopto-
sis; various stress pathways sequentially elicit autophagy and
apoptosis within the same cell. In general, autophagy blocks the
induction of apoptosis, and apoptosis-related caspase activation
inhibits the autophagic process. However, in special cases,
autophagy or autophagy-associated proteins may help induce
apoptosis, and the disruption of the interplay between autophagy
and apoptosis will result in serious pathophysiological conse-
quences.12-14 With respect to wear particle-induced osteolysis,
studies have reported that the exposure of osteoblasts to several
particles can result in apoptosis.15,16 However, the mechanism
remains unclear. Recently a growing number of studies have sug-
gested that some nanomaterials can induce autophagy, which
may be an attempt to degrade material that is perceived by the
cells as foreign or aberrant.15,17-21 In the majority of these stud-
ies, autophagosome accumulation induced by nanomaterials was
associated with cell death. Additionally, metal wear particles
retrieved from patients undergoing aseptic loosening are found
to be as small as 50 nm (range 6 to 834 nm).4,22 However, thus
far, the relationship between autophagy and wear debris-induced
osteolysis remains unclear.

In the present study, we hypothesized that one possible reason
for particle-induced osteolysis was wear debris-induced autoph-
agy in osteoblasts. Autophagy induced by wear particles may trig-
ger apoptosis in osteoblasts, decrease bone formation and
promote subsequent osteolysis. We tested our hypothesis in oste-
oblast cell cultures and a particle-induced calvarial osteolysis
model.

Results

Activation of autophagy by CoPs-stimulated osteoblasts in
murine calvaria resorption models and in vitro

Whether autophagy is involved in wear particle-induced
osteolysis is unknown. In the present study, we performed immu-
nofluorescence analysis of MAP1LC3/LC3 (microtubule-associ-
ated protein 1 light chain 3), a marker of autophagy,23-25 in
sections of CoPs-stimulated calvarias obtained from a commonly
used murine calvaria resorption model. As shown in Figure 1A,
the level of LC3 was significantly increased in osteoblasts com-
pared with that of the control. We further examined the rise of
autophagy in osteoblasts in vitro. Confocal microscopy revealed
that CoPs can induce the accumulation of LC3-positive puncta
(Fig. 1B and C). For western blot analysis, we used LC3-II/
GAPDH ratios as indicators of autophagy instead of LC3-II/
LC3-I or LC3-II/ (LC3-I+ LC3-II) because LC3-II tends to be
more sensitive than LC3-I in immunoblotting.23 We observed a
marked increase in LC3-II induced by CoPs when compared
with the control (Fig. 1D). To further interpret the autophagy
induction by CoPs, we treated cells with CQ (chloroquine), a
lysosomal degradation inhibitor, and observed that CoPs and
chloroquine cotreatment resulted in significantly elevated levels
of LC3-II relative to treatment with either CoPs or chloroquine
alone (Fig. 1E). The accumulation of autophagosomes was also
confirmed using electron microscopy. As presented in Figure 1F,
under normal conditions, autophagosomes were rarely detected,
whereas their levels were elevated upon CoPs treatment. The
autophagy inhibitor 3-MA decreased the accumulation of auto-
phagosomes. These results suggested that osteoblasts underwent
autophagy in response to CoPs.

The ERN1-MAPK8 pathway was involved the activation of
autophagy induced by CoPs

Previous studies have suggested that autophagy can be trig-
gered by members of the endoplasmic reticulum (ER) stress sig-
naling pathway including ERN1/IRE1a (endoplasmic reticulum
to nucleus signaling 1) and EIF2AK3/PERK (eukaryotic transla-
tion initiation factor 2 a kinase 3), and we have also observed
that CoPs can induce ER stress in macrophages.15,26,27 Thus, we
sought to determine which ER stress signaling pathway(s) is/are
involved in CoPs-stimulated autophagy in osteoblasts. CoPs sig-
nificantly increased the expression of ERN1 and phosphorylated
EIF2AK3 (Fig. 2A and B, and Fig. S1A and B). Small interfering
RNA against Ern1 (siErn1) significantly decreased the expression
of LC3-II (Fig. 2C and D), but no obvious differences between
siEif2ak3 and siControl were observed (Fig. S1C to F). Further-
more, we detected the expression of phosphorylated MAPK8/
JNK1 (mitogen-activated protein kinase 8) and XBP1 (X-box
binding protein 1), both of which are downstream signaling
effectors of ERN1.28-30 Interestingly, we observed significantly
increased p-MAPK8 levels in cells treated with CoPs (Fig. 2A
and B), but not XBP1 (Fig. S1A and B). Next, we asked whether
CoPs-induced autophagy was mediated by MAPK8 after activa-
tion by ERN1. Osteoblasts were cotreated with CoPs and
SP600125, a MAPK8 inhibitor. LC3-II was significantly reduced
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in cells treated with MAPK8 inhibitors (Fig. 2E and F). Collec-
tively, these results indicated that CoPs-induced autophagy was
mediated by the ERN1-MAPK8 pathway.

Autophagy mediated the CoPs-induced upregulation
of osteoblast apoptosis in vitro

The upregulation of osteoblast death reduces bone formation in
the periprosthetic region, which is an etiology for wear particles-
induced osteolysis.5,6 To study the role of autophagy in CoPs-
treated cells, we examined the cell viability of osteoblasts treated
with various concentration of CoPs. CoPs treatment sharply
decreased the cell viability (Fig. S2A). The autophagy inhibitor 3-
MA could rescue the cell viability in a dose-dependent manner
(Fig. S2B). Although 3-MA slightly decreased cell viability, there
was no significant effect on cell viability at the dose we used
(Fig. S2C). As senescence may be involved in aseptic loosening, we

measured cell senescence with an SA-GLB1/SA-b-gal (senescence-
associated b-galactosidase staining) staining kit.31 The senescence
of the cells was not significantly changed among the various CoPs
treatment groups (Fig. S3A toD). To determine whether osteoblast
apoptosis is involved in the toxicity of CoPs, we examined the effect
of CoPs treatment on osteoblast apoptosis. Figures 3A and B illus-
trated that CoPs could increase the apoptotic rate of cells in a dose-
dependent manner. The apoptotic rates in cells treated with
100 mg/ml CoPs and control cells were 57% and 9%, respectively.
CASP3/caspase 3, a hallmark of apoptosis, was also assessed by
western blot, and a dose-dependent increase in cleaved CASP3 was
observed after the exposure of cells to increasing concentrations of
CoPs (Fig. 3C). We then investigated the effect of autophagy on
CoPs-induced apoptosis. The elevation of the apoptotic rate was
significantly ameliorated by treatment with 3-MA (Fig. 3D and E).
To further investigate whether upregulation of particle-induced
apoptosis was due to autophagy, siRNA was used to knock down
the expression of ATG5 (Fig. 3F), a member of the autophagy-
related (ATG) protein family that is required for the formation of
autophagosomes. The apoptotic rate was significantly decreased in
the groups treated with siAtg5 (Fig. 3D and G). Thus, autophagy
played a critical role in CoPs-induced osteoblast apoptosis.

Autophagy mediated CoPs-induced upregulation of BAX
Both the antiapoptotic protein BCL2 (B-cell CLL/lymphoma

2) and the pro-apoptotic protein BAX (BCL2-associated X pro-
tein) belong to the BCL2 family. Recently, studies have demon-
strated that these BCL2 family proteins are involved in the
crosstalk between autophagy and apoptosis.14 In the present
study, we first investigated the expression of the BAX and BCL2
proteins in CoPs-stimulated osteoblasts. CoPs treatment
increased the level of BAX protein but had no effect on the
expression of BCL2, thereby raising the BAX/BCL2 ratio
(Fig. 4A to C). To investigate whether autophagy was involved
in the upregulation of BAX, we next performed western blot
analysis in cells cotreated with CoPs and the autophagy inhibitor

Figure 1. Activation of autophagy following exposure to CoPs in murine
calvaria resorption models and osteoblast cells. (A) Immunofluorescence
was performed to examine the expression of LC3 in osteoblasts. Sections
of murine calvaria are presented for animals from each group. Scale bar:
50 mm. Red, LC3; green, osteoblasts (BGLAP); blue, DAPI nuclear staining.
(B) Immunofluorescence was performed to examine the expression of
LC3 in osteoblast cells. Cells were treated with 50 mg/ml CoPs for 12 h.
Scale bar: 10 mm. Red, LC3; blue, DAPI nuclear staining. (C) Quantification
of the percentage of cells with LC3 puncta shown in (B). Data are pre-
sented as the means § S.E.M. from 3 independent experiments. **,
P < 0.01 vs. control. (D) Western blots performed after osteoblast cells
were treated with various concentrations (0, 10, 50, 100 mg/ml) of CoPs
for 12 h. Rap, rapamycin. (E) Western blots performed after osteoblast
cells were cultured in CQ for 3 h prior to being treated with 50 mg/ml
CoPs for 12 h. (F) Transmission electron microscopy of osteoblasts cul-
tured with or without 10 mM 3-MA prior to being treated with 50 mg/ml
CoPs for 12 h. The double-membrane autophagosome (AP) containing
CoPs clusters and the rough endoplasmic reticulum are shown in the
middle and right images of the upper panel. High-magnification view of
an autolysosome containing CoPs clusters, partially degraded ribosomes
and rough endoplasmic reticulum in the middle image of the lower
panel. AVd, degradative autophagic vacuole.

2360 Volume 11 Issue 12Autophagy



3-MA. As shown in Figure 4A to C, the upregulation of BAX
was significantly decreased when osteoblasts were treated with
3-MA. In addition, 3-MA treatment significantly inhibited the
CoPs-induced upregulation of the BAX/BCL2 ratio (Fig. 4A and
C). Autophagy is tightly regulated by a limited number of highly
evolutionarily conserved molecules called ATGs, including
ATG5.32 To further confirm that the upregulation of the BAX/
BCL2 ratio was due to autophagy, we used siRNA against Atg5 to
inhibit autophagy more specifically at the molecular level
(Fig. 3F).33,34 SiAtg5 markedly rescued the CoPs-induced upre-
gulation of the BAX/BCL2 ratio (Fig. 4A and C).

Autophagy inhibition rescued the CoPs-induced decreases in
osteoblast numbers and functional disturbances that lead to
compromised particle-induced osteolysis in animal models

To examine the role of autophagy in vivo, we used a murine
calvaria resorption model, which is a commonly used model for

studying aseptic loosening. HE
(hematoxylin-eosin) staining
analysis revealed that treatment
with 3-MA, an autophagy inhibi-
tor, markedly ameliorated the
reduction in osteoblasts induced
by CoPs (Fig. 5A and B). Calcein
labeling, which permits dynamic
bone histomorphometric analysis
in vivo, was performed in sec-
tions of calvaria to evaluated new
bone formation. CoPs treatment
induced a decrease in the P-MAR
(periosteum mineral apposition
rates) relative to the sham group,
but the decrease was significant
ameliorated in mice cotreated
with 3-MA (Fig. 5C and D). We
further examined the expression
of osteoblast markers in calvaria
samples by real-time PCR analy-
sis. The decreased expression of
Alp (alkaline phosphatase) and
Col1a2/collagen 1a2 caused by
CoPs was largely rescued by 3-
MA (Fig. 5E). Similar trends
were observed in Ibsp (bone sialo-
protein) and Bglap3 (bone
gamma-carboxyglutamate pro-
tein 3), although the increased
level in 3-MA-cotreated mice was
not statistically significant
(Fig. 5E).

The osteolysis induced by
CoPs implantation was examined
by micro-CT (micro-CT) with
3-dimensional reconstruction.
Figure 6A demonstrated that
CoPs-induced osteolysis was sup-

pressed by cotreatment with 3-MA. Quantitative analysis of bone
parameters further confirmed that 3-MA markedly
ameliorated the BV/TV (bone volume/total volume) and
decreased the percentage of total porosity that induced by CoPs
(Fig. 6B and C).

Autophagy mediated the upregulation of osteoblast
apoptosis induced by CoPs in vivo

We first confirmed that autophagy was induced by CoPs in
osteoblasts in an animal model (Fig. S4). CoPs treatment signifi-
cantly increased the expression of LC3 in osteoblasts compared
with that of the control. Cotreatment with 3-MA resulted in a
reduction in LC3 levels in osteoblasts. We then performed
immunofluorescence staining of murine calvaria sections to
examine the level of cleaved CASP3, a protein marker of apopto-
sis, in osteoblasts. Figure 7A indicated that the expression of
cleaved CASP3 was upregulated by CoPs in osteoblasts in vivo.

Figure 2. The ERN1-MAPK8 pathway mediated the activation of autophagy induced by CoPs. (A) Western
blots performed after osteoblast cells were incubated with CoPs (50 mg/ml) for 12 h. (B) The density of the
western blots bands shown in (A) was quantified using ImageJ software. (C) Western blots performed after
osteoblast cells were incubated with siCtrl or siErn1 before being stimulated with CoPs (50 mg/ml) for 12 h.
siCtrl, siControl. (D) The density of the western blots bands shown in (C) was quantified using ImageJ software.
(E) Western blots performed after fibroblast cells were incubated with SP600125 (15 mM) before being stimu-
lated with CoPs (50 mg/ml) for 12 h. (F) The density of the western blots bands shown in (E) was quantified
using ImageJ software. Data are presented as means § S.E.M. from 3 independent experiments. *, P < 0.05
and **, P < 0.01 vs. control; ##, P < 0.01 vs. CoPs group.
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More importantly, the induction of cleaved CASP3 by par-
ticles was markedly inhibited by cotreatment with 3-MA. To
further investigate whether the inhibition of autophagy and
apoptosis were present simultaneously, we detected the coloc-
alization of LC3 and cleaved CASP3 in osteoblasts. As shown
in Figure 7B, CoPs induced the expression of LC3 and
cleaved CASP3 in the same osteo-
blasts, and 3-MA decreased the
expression of LC3, as well as cleaved
CASP3. Osteoclasts play a crucial
role in wear particle-induced osteoly-
sis.1 Thus, we also performed tar-
trate-resistant acidic phosphatase
staining, which detected osteoclasts,
to examine the effect of 3-MA on
osteoclastogenesis. The data demon-
strated that osteoclasts were signifi-
cantly increased by CoPs (Fig. S5).
However, cotreatment with 3-MA
resulted in only slightly decreased
formation of osteoclasts (Fig. S5).
The effects of 3-MA on osteoclasts
were not as notable as the effects on
osteoblasts. Collectively, these data
suggested that autophagy mediated
the increased osteoblast apoptosis in
this particle-stimulated murine cal-
varia resorption model.

Discussion

Total hip arthroplasty is currently thought to be the most
effective surgical procedure for treating severe joint disease and
trauma. However, wear debris-induced peri-implant osteolysis
and subsequent aseptic loosening remains the most common

Figure 3. Autophagy mediated the increase
in osteoblast apoptosis induced by CoPs.
(A) Flow cytometry analysis of ANXA5 and
propidium iodide staining of osteoblast
cells cultured with various concentrations
(0, 10, 50, 100, 200 mg/ml) of CoPs for 24 h.
(B) Quantification analysis of apoptotic cells
in (A) (both upper- and lower-right quad-
rants in representative dot plots as shown).
Data are represented as means § S.D. from
3 independent experiments. *, P < 0.05 and
**, P < 0.01 vs. the control. (C) Western
blots performed after osteoblast cells were
cultured with various concentrations (0, 10,
50, 100, 200 mg/ml) of CoPs for 24 h. (D)
Flow cytometry analysis of ANXA5 and pro-
pidium iodide staining of osteoblast cells
cultured with various concentrations (0, 1,
10 mM) of 3-MA, siCtrl and siAtg5 prior to
being treated with 50 mg/ml of CoPs for
24 h. (E, G) Quantification analysis of apo-
ptotic cells in (D) (both upper- and lower-
right quadrants in representative dot plots
as shown). Data are presented as means §
S.D. from 3 independent experiments. *, P
< 0.05 and **, P < 0.01 vs. control; ##, P <

0.01 vs. CoPs group. (F) Western blots per-
formed after osteoblast cells were cultured
in siCtrl or siAtg5 prior to treatment with
CoPs (50 mg/ml) for 24 h. c-CASP3, cleaved
CASP3; siCtrl, siControl.
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cause of failed total hip arthroplasty. Wear particles, liberated
from the surface of prostheses, interact with multiple cell types in
the peri-implant region, resulting in various cell responses that
are responsible for the imbalance between bone resorption and
formation. Most studies on osteolysis have stressed the stimula-
tion of bone resorption, which is primarily concerned with osteo-
clasts and macrophages.5,6 Once exposed to wear particles, these
cells release various proinflammatory cytokines, including TNF,
IL6, IL1B, IL8 and MMPs (matrix metallopeptidases), leading
directly to bone resorption and indirectly to the activation of
osteoclasts.26,35-37 However, the role of decreased bone forma-
tion, which may be related to osteoblasts, has received relatively
less research attention.6 Osteoblasts play a key role in peripros-
thetic osteolysis, as normal bone metabolism relies on the balance
between bone formation and degradation, and either increased
bone resorption or decreased bone formation can result in the
loss of bone stock around the peri-implant area.6 Wear particles
have been shown to exert a negative influence on osteoblasts in
the osteolytic process. First, wear particles can stimulate osteo-
blasts to produce proinflammatory mediators, such as IL6, IL8
and TNF.6,38,39 Second, the particles can inhibit the ability of
osteoblasts to secret mineralized bone matrix, alkaline phospha-
tase activity and osteoblast proliferate.6,9,40 Apoptosis has also
been demonstrated in primary human osteoblast and osteoblast-
like cells following exposure to titanium and PMMA par-
ticles.6,41 These changes can influence bone remodeling and
ingrowth around the implant area. Although existing studies
have demonstrated the important role of osteoblasts in wear
debris-induced osteolysis, an obvious limitation of the evidence
is the almost exclusive reliance on in vitro studies.6 In our present
study, our results indicated that CoPs can affect osteoblasts
through the upregulation of osteoblast apoptosis and the downre-
gulation of function.

Several mechanisms of autophagy induction by nanomaterials
have been reported, including the induction of endoplasmic
reticulum stress or mitochondrial damage, the suppression of
AKT (v-akt murine thymoma viral oncogene homolog)-MTOR

(mechanistic target of rapamycin
[serine/threonine kinase]) signal-
ing, and the alteration of autoph-
agy-related gene and protein
expression.15,21 CoPs are classic
metal particles that can be taken up
by osteoblasts; however, CoPs can-
not be digested by cells and thus
may induce intracellular
stress.15,21,26 This intracellular
stress (such as oxidative stress and
ER stress) potently further induces
autophagy, which is important for
organisms to adapt to or overcome
harmful conditions.15 The molecu-
lar mechanisms linking the stress
response to autophagy vary across
cell types and organisms and
depend on the specific stress condi-

tions.15,21 The involvement of oxidative stress in the induction of
autophagy by nanomaterials was evidenced by a study in which
fullerene-induced autophagy in HeLa cells is dependent upon
photoactivation and is suppressed by the antioxidants N-acetyl-
L-cysteine, reduced glutathione, and L-ascorbic acid.15,42 The
EIF2AK3 and ERN1 signaling pathways have been implicated as
mediators of ER stress-induced autophagy in mammalian cells.27

The EIF2AK3-EIF2S1/eIF2a (eukaryotic translation initiation
factor 2, subunit 1 a) signaling pathway is required for the poly-
glutamine 72 repeat-induced ATG12 upregulation and LC3 con-
version in C2C5 cells.43 The ERN1-TRAF2-MAPK8 pathway is
essential for the induction of autophagy in mouse embryonic
fibroblasts challenged with ER stressors.44 In the present study,
we tested both the EIF2AK3 and ERN1 signaling pathways in
CoPs-treated osteoblasts and found that ERN1 but not EIF2AK3
mediated the activation of autophagy by CoPs in osteoblasts.
These results further confirmed the key role of ERN1 signaling
in the crosstalk between autophagy and ER stress.

Recently, autophagy has been recognized as a toxicity mecha-
nism triggered by nanomaterials.15,45,46 Polyamidoamine den-
drimer nanoparticles trigger cell death and acute lung injury in
mice, both of which can be rescued by autophagy inhibitors.16

Cerium dioxide nanoparticle-induced cell death also can be par-
tially reversed by inhibition of autophagy.47 In our experiment, the
CoPs used to stimulate osteoblasts represented a type of metal
nanoparticles. Inhibition of autophagy efficiently rescued cell viabil-
ity and apoptosis in CoPs-treated osteoblasts. The data further con-
firmed the role of autophagy as a contributor to nanoparticle-
induced cell death. Various signaling pathways or proteins are
involved in the prodeath mechanisms of autophagy.12,16,47-49 Poly-
amidoamine dendrimer nanoparticles induce autophagic cell death
through the AKT-TSC2-MTOR signaling pathway.16 Autophago-
some formation has been implicated in the activation of CASP8/
caspase-8.50 In our present study, both the chemical and specific
inhibitors of autophagy (3-MA and siAtg5) were able to decrease
CoPs-induced BAX expression, which suggested that autophagy
mediated the increase in osteoblast apoptosis by BAX. BAX was

Figure 4. Autophagy mediated the upregulation of BAX induced by CoPs. (A) Western blots performed after
osteoblast cells were incubated with 3-MA (10 mM), siAtg5 and siCtrl before being stimulated with CoPs (50
mg/ml) for 24 h. (B, C) The density of the western blots bands shown in (A) was quantified using ImageJ
software. siCtrl, siControl. Data are presented as means § S.E.M. from 3 independent experiments. *,
P < 0.05 and **, P < 0.01 vs. control; ##, P< 0.01 vs. CoPs group.
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identified as a BCL2-interacting
protein that opposed BCL2 and
promoted cell death.51 Further-
more, BAX plays an important role
in the crosstalk between autophagy
and apoptosis.12,3,52-54 DRAM1
(DNA-damage regulated auto-
phagy modulator 1)-mediated acti-
vation of autophagy results in the
upregulation of BAX protein
expression.52 Autophagy inhibitor
was also reported to inhibit the
expression of BAX.55 Furthermore,
BAX can play opposite roles in the
regulation of autophagy under dif-
ferent stimuli.53,54,56,57 Rubinsz-
tein et al. report that BAX reduces
autophagy by inducing BECN1/
Beclin 1 degradation in Hela
cells.53 However, TP53/p53-
inducible BH3-only protein-
induced autophagy is dependent
on BAX-BAK1 and can be repro-
duced by the overexpression of
BAX in U2OS cells.54 Autophagy
engages in complex interactions
with apoptosis and is able to play
both prosurvival and prodeath roles
in cells.12 In our present study,
autophagy played a prodeath role
in CoPs-treated osteoblasts,
although studies have reported that
autophagy plays a cytoprotective
role in hydrogen peroxide- and
fluoride-treated osteoblasts.58,59

The different roles that autophagy
plays in apoptosis may due to the
different inducing factors.12,21,60-62

The stimulus in our research was a
type of metal nanoparticle. The
nanomaterials exhibit unique phys-
ical and chemical properties, which
are thought to act as determinants
of biologic activity.21 The interac-
tions of nanomaterials with cells
and subcellular structures and their
biokinetics are likely to be very dif-
ferent from the above-mentioned
stimuli (such as hydrogen perox-
ide).21,58,59,63 Additionally, the
intensity of autophagy may be
another possible explanation for
the different effects of autophagy
on apoptosis.12,47,64

To date, strategies for the treatment of wear debris-induced
osteolysis have focused on the inhibition of inflammation and

target osteoclasts.2,36 However, these strategies have been shown
to be ineffective in humans and may cause adverse effects on
other organs. Inhibition of TNF/TNFa may lead to blunted

Figure 5. The autophagy inhibitor 3-MA rescued osteoblast numbers and functional disturbance induced by
CoPs. (A) Representative HE staining images of calvaria from each group. Osteoblasts are indicated by black
arrowheads. Scale bar: 100 mm. EO, endosteum; PO, periosteum. (B) Osteoblast numbers/bone perimeter
(mm¡1) of endosteum and periosteum in (A). (C) Representative images of new bone formation of calvaria
sections from each group were determined by calcein double labeling. Scale bar: 100 mm. (D) P-MAR and E-
MAR in (C). (E) Real-time PCR of Alp, Ibsp, Col1a2 and Bglap3 of calvarial bone extracts from each group. Val-
ues are expressed as means § S.E.M. n D 7 mice per group. *P < 0.05, **P < 0.01 vs. sham; #P < 0.05 vs.
CoPs group.
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reactions to harmful agents, including bacteria and other infective
agents. Inhibition of osteoclast-mediated bone resorption with
bisphosphonates may result in mandibular lesions, the
impairment of fracture healing, pathologic femoral fractures and
other adverse events.2 Thus, new strategies and biologics for wear
particle-induced osteolysis are urgently needed. Considering the
important role of osteoblasts in the pathogenesis of wear debris-
induced peri-implant osteolysis, osteoblasts may represent a
potential therapeutic target in the treatment of this disease.
Because all results discussed in the present study have suggested
the key role of autophagy in osteoblast apoptosis and osteolysis
induced by CoPs, we aim to further investigate the possibility of
alleviating particle-induced osteoblast apoptosis by inhibiting
autophagy in osteoblasts and adopting this as a strategy to treat
particle-induced osteolysis. In the present study, we demon-
strated that inhibition of autophagy could attenuate osteoblast
apoptosis, rescue osteoblast function and compromise bone
resorption induced by CoPs. Although osteoclasts play a crucial
role in wear particle-induced osteolysis, we did not observe an
obvious effect of autophagy inhibition on osteoclastogenesis
under the in vivo experimental conditions.1 Thus, we attributed
the decreased osteolysis in vivo to the inhibition of autophagy in
osteoblasts instead of osteoclasts. However, considering that both
positive and negative effects of autophagy in modulating osteo-
clast function and formation have been described previously, sys-
tematic dissection of autophagy in wear particle-stimulated

osteoclasts in vitro and in vivo is required to fully understand the
role of autophagy in aseptic loosening.65-69

In summary, the present study demonstrated that autophagy
mediated osteoblast apoptosis and promoted particle-induced
osteolysis. Marked upregulation of autophagy was observed in
osteoblasts both in vitro and in an animal model of wear debris-
induced osteolysis. More importantly, autophagy was involved in
the upregulation of apoptosis in osteoblasts in vitro and in vivo.
Furthermore, blocking autophagy with 3-MA resulted in signifi-
cantly amelioration of the osteolysis induced by the implanted par-
ticles. Our findings suggested a possible mechanism underlying
wear debris-induced osteolysis and identified autophagy inhibition
as a potential therapeutic approach for treating aseptic loosening.

Material and Methods

Reagents
BSA (Bovine serum albumin, A4161), 3-MA (M9281), CQ

(C6628), rapamycin (R117), SP600125 (S5567) and protease
inhibitor cocktail (P8340) were purchased from Sigma-Aldrich.
Minimum essential medium a (11900–024) and fetal bovine
serum (10099–141) were obtained from Gibco. RIPA lysis buffer
(P0013B) was purchased from Beyotime.

Particle preparation
CoCrMo particles, a gift from Dr. Zhenzhong Zhang (The

College of Materials Science and Engineering of Nanjing Univer-
sity of Technology), had a mean diameter of 51.7 nm. For
decontamination from endotoxins, the particles were autoclaved
for 15 min at 121�C and 15 psi. This treatment resulted in nega-
tive testing for endotoxin using a quantitative Limulus Amebo-
cyte Lysate (LAL) Assay (Charles River, R13025) at a detection
level of <0.25% EU/ml. The particles were suspended in phos-
phate-buffered saline (PBS; Boster Biological Technology Co.,
Ltd., AR0030, pH 7.2 to 7.4) at a concentration of 50 mg/ml as
stock solutions. For in vitro experiments, the particles were fur-
ther diluted in cell culture medium to attain concentrations rang-
ing from 10 to 200 mg/ml and ultrasonicated for 20 min before
exposing them to cells.

Cell culture
The mouse osteoblastic cell line MC3T3-E1, obtained from

the China Center for Type Culture Collection, was cultured in
minimum essential medium a containing 10% fetal bovine
serum, 1% penicillin and streptomycin and maintained at 37�C
and 5% CO2 in a humidified incubator.

Cell viability assay
Cells were seeded in 96-well plates and were cultured with or

without various concentrations of 3-MA for 3 h before being
stimulated with CoPs for 20 h. Subsequently, cell viability was
determined using WST-8 staining with a CCK8 (Cell Counting
Kit-8) according to the manufacturer’s instructions (Dojindo,
CK04). Optical density was determined at 450 nm with a plate
reader (Thermo Scientific, Multiskan FC, Waltham, MA, USA).

Figure 6. The autophagy inhibitor 3-MA ameliorates CoPs-induced
mouse calvarial osteolysis assessed by micro-CT. (A) Representative
images of micro-CT with 3-dimensional reconstructed images from each
group (left). Cross-sectional views of the reconstructed images were indi-
cated by the white horizontal line in the left panel, and the bone osteoly-
sis sites are indicated by white arrows (right). (B) BV/TV and percentage
of total porosity of each sample were measured. Values are expressed as
means § S.E.M. n D 7 mice per group. *, P < 0.05, vs. sham; #,
P < 0.05 vs. CoPs group.
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Flow cytometry analysis
Cells were seeded into 6-well plates at a

density of 1 £ 106 cells/well and cultured
with or without various concentrations of
3-MA for 3 h, or either siAtg5 or siControl
for 24 h before being stimulated with
CoPs for another 24 h. Subsequently, the
cells were collected and stained with the
ANXA5 (Annexin V)-FITC apoptosis
detection kit (4A Biotech Co. Ltd.,
FXP018–100) according to the man-
ufacturer’s instructions and analyzed by
flow cytometry (FACSCalibur, BD. Bio-
science, San Jose, CA, USA).

SA-GLB1/SA-b-gal staining
Cells were seeded in 24-well plates

and cultured with or without various
concentrations of 3-MA for 3 h before
being stimulated with CoPs for 24 h.
Subsequently, cells were incubated with
GLB1/b-galactosidase staining solution
overnight at 37�C without CO2 accord-
ing to the manufacturer’s instructions
(Beyotime, C0602). The reaction was
stopped by the addition of PBS. The
cells were then observed and photo-
graphed with a light microscope (C2+,
Nikon, Tokyo, Japan).

In vivo calvarial resorption model
The wear particle-induced calvarial

osteolysis model has been described pre-
viously, and all animals received humane
care according to the Chinese legal
requirements.26 Briefly, 42 6- to 8-wk-
old C57BL/J6 mice were assigned ran-
domly into 3 groups: group I, sham-
operated PBS mice; group II, CoPs-
treated mice; and group III, CoPs
cotreatment with 3-MA mice. The mice
were anesthetized, and the cranial perios-
teum was separated from the calvarium
by sharp dissection. Forty microliters (30 mg/ml) of the CoPs
suspensions was embedded under the periosteum around the
middle suture of the calvaria. Group I, which received 40 ml
PBS, was used as a sham control group. For group III, 3-MA was
administered intraperitoneally at 40 mg/kg/day to inhibit
autophagy induction in vivo. 3-MA was injected daily for 2 wk
until the animals were sacrificed, and the calvarial caps were
removed by dissecting the bone free from the underlying brain
tissue. For in vivo fluorescent labeling, 7 mice from each group
were injected with calcein (20 mg/kg body weight; Sigma-
Aldrich, C0875) intraperitoneally at d 12 and 2 d before sacrifice.

Micro-CT scanning
The mouse calvaria were analyzed using a high-resolution

micro-CT (SkyScan1176; SkyScan, Kontich, Belgium) at a reso-
lution of 18 mm and X-ray energy settings of 45 kV and 550
mA. A square region of interest around the midline suture was
selected for further qualitative and quantitative analysis after
reconstruction. The BV/TV and percentage of total porosity of
each sample were measured as reported previously.70

Histologic and histomorphometric analysis
After micro-CT analysis, the calvaria samples were decalcified

in 15% EDTA-PBS for 3 wk and embedded in paraffin. The
embedded tissues were cut in the coronal plane centered over the

Figure 7. Autophagy mediated the upregulation of CoPs-induced osteoblast apoptosis in vivo. (A)
Immunofluorescence was performed to determine the expression of cleaved CASP3 in osteoblasts.
Sections of murine calvaria are presented for the animals from each group. Scale bar: 50 mm. Red,
cleaved CASP3 (C-CASP3); green, osteoblasts (BGLAP); blue, DAPI nuclear staining. (B) Immunofluores-
cence was performed to determine the colocalization of LC3 and cleaved CASP3 in osteoblasts. Sec-
tions of murine calvaria are presented for the animals from each group. Scale bar: 50 mm. Red, LC3;
green, cleaved CASP3 (C-CASP3); blue, DAPI nuclear staining.
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area of particle deposition. The sections were stained with HE
and tartrate-resistant acidic phosphatase (Sigma-Aldrich, 386A)
by standard methods. The specimens were then observed and
photographed with a light microscope (C2+, Nikon, Tokyo,
Japan). The number of osteoblasts was reported counted in each
sample as previously described.71

For Calcein labeling analysis, a histomorphometric measure-
ment of osteoblast activity in vivo, undecalcified sections embed-
ded in plastic were sectioned. The average distance between
double-labeled areas was calculated with ImageJ analysis. MAR
was calculated by dividing the average double-labeled distance
(mm) by the inter-label time of 10 d.

Real-time PCR
Total RNA from calvarial bone was prepared using TRIzol

reagent (Invitrogen, 15596–018) according to the manufacturer’s
instructions. Five micrograms total RNA was reverse transcribed
to cDNA with the first-strand cDNA synthesis kit (Invitrogen,
18080–051). Real-time PCR was performed using 2 x SYBR
Green qPCR Mix (Zoonbio Biotechnology Co., PC01) accord-
ing to the manufacturer’s protocol. Primers for Actb/b-actin were
used as internal controls. The following primers were used: Alp,
sense: 50-GGACAGGACACACACACACA-30 and antisense: 50-
CAAACAGGAGAGCCACTTCA- 30; Ibsp, sense: 50-
ACAATCCGTGCCACTCACT-30 and antisense:
50- TTTCATCGAGAAAGCACAGG- 30; Col1a2, sense: 50-
GAGCTGGTGTAATGGGTCCT-30 and antisense: 50-
GAGACCCAGGAAGACCTCTG- 30; Bglap3, sense:
50- CAGACACCATGAGGACCCTC -30 and antisense: 50-
GGGCGTGGCATCTGTGAGGT- 30; and Actb, sense:
50- ATGTGGATCAGCAAGCAGGA-30 and antisense: 50-
AAGGGTGTAAAACGCAGCTCA-30 .

Immunofluorescence staining
To detect autophagy in osteoblasts, the cells were stained with

an anti-LC3 antibody (Sigma-Aldrich, L7543) at 4�C overnight.
For detecting autophagy and apoptosis in calvarias, the sections
described above (hematoxylin-eosin staining) were incubated
with anti-LC3 (Sigma-Aldrich, L7543), anti-cleaved CASP3
(Cell Signaling Technology, 9664) and anti-BGLAP/OCN
(Santa Cruz Biotechnology, sc-390877) antibodies at 4�C over-
night as previously reported.26 The secondary antibody, Alexa
Fluor 546 donkey anti-rabbit IgG (Molecular Probes, A10040)
or Alexa Fluor 488 donkey anti-mouse IgG (Molecular Probes,
A21202), was applied at 37�C for 1 h followed by staining of the
nuclei with 4, 6-diamidino-2-phenylindole (DAPI, Beyotime,
C1005). Cells and sections were photographed using a Nikon
confocal microscope (C2+, Nikon, Tokyo, Japan).

Cell interfering experiment
Control siRNA (non-targeting; siControl), siRNA specific for

mouse Atg5 (ON-TARGETplus SMARTpool, L-064838–00–
0005), Ern1 (ON-TARGETplus SMARTpool, L-041030–00–
0005) and siEif2ak3 (ON-TARGETplus SMARTpool, L-
044901–00–0005) were obtained from Dharmacon. 20 nM
siRNA was transfected into osteoblasts using Lipofectamine 2000

(Invitrogen, 11668027), as reported previously.72 The cells were
left to stand for 24 h after transfection before being used for
experiments.

Transmission electron microscopy
Cells were seeded in 6-well plates at 1 £ 106 cells/well. CoPs

(50 mg/ml) were added to the wells on the following day. After
24 h, the cells were collected and fixed with 2.5% glutaraldehyde
in 0.1 M sodium dihydrogen phosphate (pH 7.4). The samples
were then fixed in 1% OsO4 for 1 h, dehydrated by graded etha-
nol solutions, and gradually infiltrated with epoxy resin
(GENMED, GMS11012). Ultra-thin sections were obtained
and stained with uranyl acetate and lead citrate and observed in a
transmission electron microscope (JEM-200CX, JEOL, Japan).

Western blotting
The cells were lysed in RIPA lysis buffer with a protein inhibi-

tor cocktail for 30 min on ice, and the lysates were centrifuged at
12,000 g for 10 min at 4�C. The supernatants were collected,
and the protein concentrations were measured using a BCA pro-
tein assay kit (Biocolor Bioscience and Technology Co.,
PP1002). Thirty micrograms of each protein was separated by
12% or 15% SDS-PAGE before being transferred to polyvinyli-
dene fluoride membranes (Bio-Rad, 162–0177). Western blot-
ting was performed using the following primary antibodies:
anti-LC3 (Sigma-Aldrich, L7543), anti-ERN1 (Cell Signaling
Technology, 3294), anti-ATG5 (Cell Signaling Technology,
12994), anti-p-MAPK8 (Cell Signaling Technology, 9255),
anti-MAPK8 (Cell Signaling Technology, 9252), anti-BAX (Cell
Signaling Technology, 14796), anti-cleaved CASP3 (Cell Signal-
ing Technology, 9664), anti-BCL2 (Cell Signaling Technology,
2876), anti-p-EIF2AK3 (Santa Cruz, sc-32577) and anti-XBP1
(Santa Cruz Biotechnology, sc-7160). The following secondary
antibodies were used: horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG (Cell Signaling Technology, 7074) and HRP-
conjugated anti-mouse IgG antibodies (Santa Cruz Biotechnol-
ogy, sc-2005). After probing with specific primary antibodies
and a HRP-conjugated secondary antibody, the protein bands
were detected, and the band density was analyzed using ImageJ
1.41 (National Institutes of Health).

Statistical analysis
Results are expressed as means § standard error of the means

(S.E.M.). Data concerning apoptotic cells analyzed by flow
cytometry are expressed as means § standard deviation (S.D.).
The differences between groups were analyzed by the Brown-For-
sythe test and, if appropriate, by one-way ANOVA followed by
Dunnett’s test or Bonferroni test. A P value of less than 0.05 was
considered significant.
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