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ABSTRACT
Objectives Autophagy has recently been shown to
regulate osteoclast activity and osteoclast differentiation.
Here, we aim to investigate the impact of autophagy
inhibition as a potential therapeutic approach for the
treatment of osteoporosis in preclinical models.
Methods Systemic bone loss was induced in mice by
glucocorticoids and by ovariectomy (OVX). Autophagy
was targeted by conditional inactivation of autophagy-
related gene 7 (Atg7) and by treatment with chloroquine
(CQ). Bone density was evaluated by microCT. The role
of autophagy on osteoclastogenesis was analysed by
osteoclastogenesis and bone resorption assays. The
quantification of receptor activator of nuclear factor κ B
ligand and osteoprotegerin proteins in cocultures was
performed using ELISA whereas that of osteoclast and
osteoblast differentiation markers was by qPCR.
Results Selective deletion of Atg7 in monocytes from
Atg7fl/fl_x_LysM-Cre mice mitigated glucocorticoid-
induced and OVX-induced osteoclast differentiation and
bone loss compared with Atg7fl/fl littermates.
Pharmacological inhibition of autophagy by treatment
with CQ suppressed glucocorticoid-induced
osteoclastogenesis and protected mice from bone loss.
Similarly, inactivation of autophagy shielded mice from
OVX-induced bone loss. Inhibition of autophagy led to
decreased osteoclast differentiation with lower expression
of osteoclast markers such as NFATc1, tartrate-resistant
acid phosphatase, OSCAR and cathepsin K and
attenuated bone resorption in vitro. In contrast,
osteoblast differentiation was not affected by inhibition
of autophagy.
Conclusions Pharmacological or genetic inactivation of
autophagy ameliorated glucocorticoid-induced and OVX-
induced bone loss by inhibiting osteoclastogenesis.
These findings may have direct translational implications
for the treatment of osteoporosis, since inhibitors of
autophagy such as CQ are already in clinical use.

Osteoporosis places a major socioeconomic burden
on modern societies accounting for up to 8.9
million fractures annually worldwide.1 Osteoporotic
fractures are a major cause of age-related morbidity,
and of increased mortality with hip fractures being
associated with a 20–24% mortality within the 1st
year.2 Osteoporosis can be classified based on its
aetiology as primary or secondary osteoporosis,
which results from another predisposing medical
condition. The most common form of primary
osteoporosis is postmenopausal osteoporosis, which
results from decreased oestrogen production after
menopause in women. Among the secondary forms

of osteoporosis, glucocorticoid-induced osteopor-
osis induced by prolonged use of glucocorticoids,
for example, for the treatment of rheumatic dis-
eases, is common.3 Despite the different underlying
aetiologies, glucocorticoid osteoporosis and postme-
nopausal osteoporosis share the activation of
osteoclast-induced bone resorption at the expense
of bone formation as the underlying pathomechan-
ism. Hence, deciphering the cellular and molecular
mechanisms leading to osteoclast activation are of
seminal importance for understanding and tackling
bone loss and the development of osteoporosis.
Autophagy is a molecular process allowing cells to

degrade unnecessary or dysfunctional cellular orga-
nelles.4 Autophagy is initiated by the formation of an
isolation membrane, which elongates in an autop-
hagy related protein 7 (Atg7)-dependent manner to
sequester damaged organelles in autophagosomes.
The structures subsequently fuse with lysosomes to
initiate the degradation of the engulfed material.5

The fusion of autophagosomes with lysosomes can
be inhibited by chloroquine (CQ) or hydroxychloro-
quine, both of which are commonly used as disease-
modifying drugs in autoimmune and rheumatic
diseases.6 Autophagy has been linked to the activated
phenotype of fibroblasts in rheumatoid arthritis and
to chondrocyte dysfunction in osteoarthritis.7–9

Moreover, recent studies identified autophagy and
autophagy-related proteins as important regulators of
osteoclast activity.10 11 Autophagy-related proteins
regulate the fusion of secretory lysosomes with the
ruffled border in a Rab7-dependent manner and are
required for local acidification.10 In inflammatory
arthritis, autophagy is activated in osteoclast precur-
sors by tumour necrosis factor alpha (TNFα) to
stimulate osteoclast differentiation and local bone
resorption in inflamed joints11

In this study, we aim to investigate the role of
autophagy and the therapeutic potential of targeting
autophagy in glucocorticoid-induced and postmeno-
pausal osteoporosis. Using genetic and pharmaco-
logical approaches we show that inhibition of
autophagy can rescue ovariectomy (OVX)-induced
and glucocorticoid-induced bone loss. Considering
that well tolerated inhibitors of autophagy such as
CQ are in clinical use, targeting autophagy may offer
therapeutic options for the prevention and treatment
of bone loss and osteoporosis.

MATERIALS AND METHODS
Animals and treatments
Atg7fl/fl mice were crossbred with LysM-Cre mice
to yield Atg7fl/fl_x_LysM-Cre mice with selective
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inactivation of autophagy in monocytes and dendritic cells.12

Since LysM-Cre mice had no bone phenotype per se, Atg7fl/fl

mice were used as controls. All mice were backcrossed with
C57Bl/6 mice for at least 10 generations. For pharmacological
inhibition of autophagy, a dose of 2 mg/kg CQ (Biotrend,
Cologne, Germany) was intraperitoneally administered to
C57BL/6 mice ( Janvier, Le Genest-Saint-Isle, France) every
2 days. These doses have previously been reported to result in
serum levels similar to those obtained in humans after treatment
with standard doses of CQ.13–15 This dosing schedule was used
for all animal models. All animal experiments were approved by
the government of Mittelfranken.

Glucocorticoid-induced bone loss
For glucocorticoid-induced osteoporosis, 8-week-old male
C57BL/6 mice (n=6 per group) ( Janvier, Le Genest-Saint-Isle,
France) were intraperitoneally administered with dexametha-
sone ( Jenapharm GmbH, Jena, Germany) daily at a dose of
1 mg/kg body weight as described.16 17 After 8 weeks of treat-
ment, tibiae were dissected and used for microCT (μCT) and
histomorphometric analysis.

Ovariectomy-induced bone loss
The murine OVX-induced osteoporosis model was performed
in 8-week-old female C57BL/6 mice (n=6 per group) ( Janvier
(Le Genest-Saint-Isle, France) by surgical ovariectomy as
described.18–20 Briefly, mice were weighed and anaesthetised
with 25% of xylazine (20 mg/mL) and 25% of Ketavet (100 mg/
mL) in 60 μL phosphate-buffered saline (PBS) by intraperitoneal
injection. After anaesthesia, the external oblique muscle was dis-
sected and a bilateral ovariectomy was performed to induce
osteoporosis. Sham-operated mice, which underwent laparot-
omy, but in which the ovaries were left intact, served as con-
trols. All groups of mice were kept in identical housing
conditions controlling for the same environment, food, light
and temperature conditions. After 5 weeks, tibiae were dissected
and analysed using μCTand histomorphometric methods.

MicroCT analysis
Tibiae from OVX-induced and glucocorticoid-induced bone loss
groups were analysed by μCT scanner developed at the Institute
of Medical Physics21 using 70 kV and 140 μAs. Data sets were
reconstructed with an isotropic voxel size of 15 μ using 600 pro-
jections. The scanning duration was approximately 1 h per
sample. Three-dimensional morphometric analysis, density and
distance parameters were measured.

Histomorphometric analysis
Decalcified and paraffin-embedded tibiae were cut in 5 μm sec-
tions and stained with haematoxylin and tartrate-resistant acid
phosphatase (TRAP), using a leukocyte acid phosphatase stain-
ing kit (Sigma-Aldrich, St. Louis, Missouri, USA) as described
by the manufacturer. For the analysis of osteoblast covered area
and counts, calcified and methacrylate-embedded tibiae were cut
in serial plastic sections and stained by Goldner’s trichrome
stainings. Local bone erosion, osteoclast numbers and osteoblast
numbers were quantified with a Zeiss Axioskop 2 microscope
(Carl Zeiss, Oberkochen, Germany) equipped with the
OsteoMeasure system (Osteometrics, Decatur, Georgia, USA).11

Cell culture
For osteoclastogenesis assays, bone marrow cells derived from
Atg7fl/fl_x_LysM-Cre mice and bone marrow cells derived from
wild type mice were incubated with receptor activator of

nuclear factor κ B ligand (RANKL) (20 ng/mL) and macrophage
colony-stimulating factor (20 ng/mL) as previously described
and were treated with dexamethasone (0.1 mM) and/or CQ
(10 mM).11 For isolation of bone marrow cells, long bones were
flushed with prewarmed serum-free Minimum Essential
Medium Eagle Alpha Modifications (α-MEM), cells were pel-
leted and the cell suspension was plated and incubated in
α-MEM supplemented with 10% fetal bovine serum (FBS)
(Thermo Fisher, Waltham, Massachusetts, USA), 2 mM glutam-
ine, 100 U/mL penicillin, 100 mg/mL streptomycin (Lonza,
Basel, Switzerland). TRAP staining was performed after 5 days
and osteoclasts were identified as TRAP-positive cells with
≥three nuclei.

In addition, cocultures of osteoblasts and osteoclasts were per-
formed as described.18 Osteoblastic MC3T3-E1 cells (5×104 per
well) were cultured with bone marrow cells (1×106 per well) for
9 days with and without calcitriol (1,25(OH)2D3) (10 nM) and
dexamethasone (0.1 mM) (Sigma-Aldrich), in 24-well plates
(n=3 independent experiments with three replicates each).

In vitro bone resorption assay
Dexamethasone-treated bone marrow cells derived from Atg7fl/
fl_x_LysM-Cre and dexamethasone/CQ-treated bone marrow
cells derived from wild type mice were plated on bone slices
(IDS, London, UK) at a density of 5×104 cells/slice in 96-well
culture plates with 200 mL culture medium per well. Culture
medium was exchanged every 3rd day. After 14 days, resorption
pit formation was visualised by toluidine blue (1%,
Sigma-Aldrich) staining after removal of cells via ultrasonifica-
tion (in 70% isopropanol for 15 min). Bone resorption was
visualised by toluidine blue staining and calculated as resorption
area per total area using the Osteomeasure Analysis System
(Osteometrics, Decatur, Georgia, USA) (n=3 independent
experiments with three replicates each).

Western blot analysis
Whole-cell lysates from dexamethasone (0.1 mM) or CQ
(10 mM) treated bone marrow cells isolated from wild type mice
and from MC3T3-E1 osteoblastic cells treated with calcitriol
(1,25(OH)2D3) (10 nM) and dexamethasone (0.1 mM) were
prepared. Polyvinylidene fluoride membranes were incubated
with anti-Atg7 (AnaSpec), Beclin1 (Abcam, Cambridge, UK),
SQSTM1/ p62 (Abcam, Cambridge, UK) or LC3 (Novus, Jena,
Germany) antibodies. Horseradish peroxidase-conjugated poly-
clonal goat antirabbit or monoclonal rabbit antimouse anti-
bodies (DAKO, Hamburg, Germany) were used as secondary
antibodies. Equal loading of proteins was confirmed by quantifi-
cation of β-actin (using antibodies from Sigma-Aldrich) (n=3
independent experiments with three replicates each).

ELISA
Osteoblastic MC3T3-E1 cells (5×104 per well) were cocultured
with bone marrow cells (1×106 per well) with and without 1,25
(OH)2D3 (10 nM) and dexamethasone (0.1 mM), (Sigma-Aldrich)
in 24-well plates. The concentrations of RANKL and osteoprote-
gerin (OPG) in the culture supernatant collected from cocultures
of osteoblasts and osteoclasts were determined by ELISA according
to the instructions of the manufacturer (R&D Systems,
Wiesbaden, Germany) and performed as described22 (n=3 inde-
pendent experiments with three replicates each).

Quantitative real-time PCR
Total RNA was isolated using NucleoSpin RNA isolation kit
(Machery-Nagel, Düren, Germany). Gene expression was
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quantified by SYBR Green real-time PCR as previously
described.23 24 β-actin was used to normalise for the amounts of
cDNA within each sample and all primers are listed in the
online supplementary table (n=3 independent experiments with
three replicates each).

Immunofluorescence staining
Tibial sections from Atg7fl/fl and Atg7fl/fl_x_LysM-Cre mice or
CQ treated mice were incubated with polyclonal rabbit anti-Atg7
(AnaSpec, San Jose, California, USA) and polyclonal mouse
anti-SQSTM1/p62 antibody (Abcam, Cambridge, UK). Irrelevant
isotype antibodies (Abcam, Cambridge, UK) were used as nega-
tive controls. Polyclonal goat antirabbit antibodies labelled with
Alexa Fluor 488 (Invitrogen, Darmstadt, Germany) were used as
secondary antibodies. Quantification was performed with ImageJ
software (National Institutes of Health) and the intensity of
immunofluorescence was analysed with equal conditions for all
samples within the respective experiments.

Statistical analysis
All results were tested for normal distribution using the
D’Agostino & Pearson omnibus normality test. In case of
normal distribution, results were further evaluated using the stu-
dent’s t test. For not normally distributed samples, a
Mann-Whitney U test was performed. Data are represented as
box blots with median and IQR (for in vitro studies) or as dot

blots (for mouse experiments) using GraphPad Prism V.4.0
Software (GraphPad Software, San Diego, California, USA).

RESULTS
Deletion of Atg7 in monocytes prevents
glucocorticoid-induced bone loss in mice
We first demonstrated that incubation with dexamethasone pro-
motes autophagy in osteoclasts as shown by higher mRNA and
protein levels of the autophagy marker genes Beclin-1 and Atg7
and by increased ratios of microtubule-associated protein1 light
chains 3-like protein 2 (LCII) to microtubule-associated
protein1 light chains 3-like protein 1 (LCI) (see online supple-
mentary figure S1A). Of note, opposite effects were observed in
MC3T3-E1 osteoblasts (see online supplementary figure S1B),
thus demonstrating cell0type specific effects of glucocorticoids
on autophagy.

We inactivated autophagy selectively in monocytic cells such as
osteoclasts and dendritic cells, but not in other cell types in the
bone by crossbreeding Atg7fl/fl mice with LysM-Cre mice. To evalu-
ate the effect of selective inactivation of autophagy on experimental
osteoporosis, we first employed a model of glucocorticoid-induced
osteoporosis. Knockdown of Atg7 effectively inhibited autophagy
in monocytic cells (see online supplementary figure S2). No bone
phenotype was observed in vehicle-treated Atg7fl/fl_x_LysM-Cre
mice. However, glucocorticoid-induced bone loss was less severe in
Atg7fl/fl_x_LysM-Cre mice than in Atg7fl/fl control mice with

Figure 1 Selective knockout of Atg7 in monocytes ameliorates glucocorticoid-induced bone loss. (A) Representative two dimensional and three
dimensional mCT images of tibiae from Atg7fl/fl and Atg7fl/fl_x_LysM-Cre mice and Atg7fl/fl controls (n=6 per group) receiving either dexamethasone
or vehicle (scale bars, 1 mm). (B and C) Three dimensional morphometric analysis of bone parameters: (B) bone volume per trabecular volume (BV/
TV) and (C) trabecular number/mm2 (D). Representative tartrate-resistant acid phosphatase (TRAP) staining of sections from tibiae at 200×
magnification. Histomorphometric quantification of the osteoclast number within epiphysial plate area is shown below. (E) Representative Goldner’s
staining of sections within trabecular perimeter at 200× magnification. Histomorphometric quantifications of the osteoblast number (N. Ob/BS) and
osteoblast covered surface (Ob. S/BS) are shown below. *Indicates statistically significant differences with p<0.05.
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functional autophagy in monocytes (figure 1A). Bone volume to
total volume and trabecular number were significantly higher in
Atg7fl/fl_x_LysM-Cre mice treated with glucocorticoids compared
with Atg7fl/fl control mice treated with glucocorticoids
(figure 1B, C). Moreover, the number of osteoclasts was reduced in
Atg7fl/fl_x_LysM-Cre mice treated with glucocorticoids (figure
1D). In contrast to the findings for osteoclasts, Goldner’s trichrome
staining and bone histomorphometric analysis demonstrated no
decrease in osteoblast counts, osteoblast covered bone surface or
osteoblast number per bone surface in Atg7fl/fl_x_LysM-Cre mice
compared with controls (figure 1E). These findings suggested that
selective inhibition of autophagy in the monocyte lineage amelio-
rates glucocorticoid-induced bone loss by inhibition of osteoclast
formation.

Pharmacological inhibition of autophagy by CQ ameliorates
glucocorticoid-induced bone loss
To evaluate the therapeutic potential of targeting autophagy and
to confirm the findings in Atg7fl/fl_x_LysM-Cre mice on an add-
itional experimental level, we inhibited autophagy pharmacologic-
ally using CQ. We first confirmed that treatment with CQ inhibited
autophagy with accumulation of SQSTM1/ p62 (see online supple-
mentary figure S3). Consistent with the findings in Atg7fl/
fl_x_LysM-Cre mice, treatment with CQ mitigated
glucocorticoid-induced bone loss resulting in significantly higher
bone density and trabecular numbers compared with vehicle-treated

animals (figure 2A–C). TRAP staining showed that CQ reduced
osteoclast numbers in the tibiae bone of glucocorticoid-challenged,
CQ-treated mice compared with glucocorticoid-challenged, vehicle-
treated controls (figure 2D). In contrast to the inhibitory effects on
osteoclastogenesis, treatment with CQ did not affect parameters
linked to osteoblasts and bone formation (figure 2E).

Deletion of Atg7 prevents OVX-induced bone loss
We next aimed to analyse the role of autophagy in
OVX-induced bone loss as a standard model for postmenopau-
sal osteoporosis. We observed significant differences in bone
density and trabecular numbers between Atg7fl/fl_x_LysM-Cre
mice and littermate controls upon OVX (figure 3A).
OVX-induced decrease in bone volume and trabecular numbers
were significantly ameliorated (p=0.028 and 0.038, respect-
ively) in Atg7fl/fl_x_LysM-Cre mice compared with Atg7fl/fl mice
with OVX that served as controls (figure 3B, C). Consistent
with the findings in glucocorticoid-induced osteoporosis, osteo-
clast counts were significantly decreased in the tibiae bone of
ovariectomised Atg7fl/fl_x_LysM-Cre mice (figure 3D). No dif-
ferences in osteoblast counts, osteoblast covered bone surface or
osteoblast number per bone surface were observed (figure 3E).

CQ ameliorates OVX-induced bone loss
As observed for glucocorticoid-induced bone loss, treatment
with CQ inhibited OVX-induced bone loss. Mice treated with

Figure 2 Pharmacological inhibition of autophagy prevents glucocorticoid-induced bone loss. (A) Representative mCT images of tibiae from vehicle
and chloroquine (CQ) treated mice (n=6 per group) that received either dexamethasone or vehicle (scale bars, 1 mm). (B and C) Three dimensional
morphometric analysis of bone parameters: (B) bone volume per tissue trabecular volume (BV/TV); (C) trabecular number/mm2 (D) Representative
tartrate-resistant acid phosphatase (TRAP) staining of sections from tibiae at 200× magnification. Histomorphometric quantification of the osteoclast
number within epiphysial plate area is shown below. (E) Representative Goldner’s staining of sections within trabecular perimeter at 200×
magnification. Histomorphometric quantifications of the osteoblast number (N. Ob/BS) and osteoblast covered surface (Ob. S/BS) are shown below.
*Indicates statistically significant differences with p<0.05.
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CQ demonstrated a significantly higher bone density and tra-
becular numbers compared with vehicle-treated mice. Osteoclast
numbers in the tibiae bones of CQ-treated, ovariectomised mice
were significantly lower than in vehicle-treated ovariectomised
mice. Treatment with CQ did not affect osteoblast counts or
size in this model (see online supplementary figures S4A–E).

Inhibition of autophagy inhibits osteoclastogenesis and
bone erosion
To further dissect the mechanisms by which inactivation of autop-
hagy ameliorates glucocorticoid-induced bone loss, we inhibited
autophagy in cultured osteoclasts and osteoblasts. We first con-
firmed that treatment with CQ potently inhibited autophagy and
demonstrated effective knockdown of Atg7 in monocytic cells
isolated from Atg7fl/fl_x_LysM-Cre mice (see online supplemen-
tary figure S2). Dexamethasone significantly increased osteoclast
differentiation and bone resorption in vitro. Glucocorticoid-
induced osteoclastogenesis was reduced in dexamethasone-treated
bone marrow cells derived from Atg7fl/fl_x_LysM-Cre mice with a
74% decrease in osteoclast numbers as compared with
dexamethasone-treated controls expressing Atg7 (p=0.002)
(figure 4A). Incubation of wild type bone marrow cells with CQ
also effectively inhibited dexamethasone-induced osteoclastogen-
esis (figure 4B). Consistent with these findings, CQ also blocked
osteoclastogenesis in osteoblast/osteoclast coculture assays
(figure 5A). Quantification of the levels of OPG and RANKL in

coculture supernatants demonstrated that treatment with CQ
reduced the secretion of RANKL, while stimulating OPG release
(figure 5B). Treatment with CQ also significantly decreased the
mRNA levels of NFATc1, OSCAR, TRAP and cathepsin K
(figure 5C). However, treatment with CQ did not modulate the
effects of dexamethasone on the mRNA expression of
osteoblast-associated genes, such as Col1a1, Ocn and Runx2
(figure 5D). Consistent with the effects on osteoclast formation,
genetic or pharmacological inhibition of autophagy strongly
reduced bone resorption in vitro (figure 4C, D). In contrast to the
inhibitory effects on osteoclasts, inactivation of autophagy did not
impair osteoblast function in vitro.

DISCUSSION
Our data show that autophagy is required for osteoclast activa-
tion and bone resorption during glucocorticoid-induced and
postmenopausal bone loss. We also show in murine models that
pharmacological inhibition of autophagy by CQ might be a
promising strategy to mitigate pathological bone loss in
glucocorticoid-induced and postmenopausal osteoporosis.

Autophagy appears to regulate glucocorticoid-induced and
OVX-induced bone loss primarily by its effects on osteoclast
activation and differentiation, as selective inactivation of
autophagy in monocytic cells using Atg7fl/fl_x_LysM-Cre mice
strongly ameliorated experimental osteoporosis in both
models. However, a limitation of our genetic approach is that

Figure 3 Deletion of Atg7 in osteoclast precursors reduces ovariectomy-induced bone loss. (A) Representative two dimensional and three
dimensional mCT images of tibiae from Atg7fl/fl and Atg7fl/fl_x_LysM-Cre mice and Atg7fl/fl controls (n=6 per group) either with ovariectomy (OVX)
or sham surgery (scale bars, 1 mm). (B and C) Three dimensional morphometric analysis of bone parameters: (B) bone volume per trabecular volume
(BV/TV) and (C) trabecular number/mm2 (D) Representative tartrate-resistant acid phosphatase (TRAP) staining of sections from tibiae at 200×
magnification. Histomorphometric quantification of the osteoclast number within epiphysial plate area is shown below. (E) Representative Goldner’s
staining of sections within trabecular perimeter at 200× magnification. Histomorphometric quantifications of the osteoblast number (N. Ob/BS) and
osteoblast covered surface (Ob. S/BS) are shown below. *Indicates statistically significant differences with p<0.05.
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LysM-Cre, as all other available Cre lines, is not entirely
selective for monocytes, but induces recombination in den-
dritic cells also. This is of importance as dendritic cells may
modulate osteoclast-induced bone loss.25–28 Another limita-
tion is that we used rather young mice that have not yet
reached their peak bone mass for OVX-induced osteoporosis.
In contrast to the prominent effects on osteoclasts, inactiva-
tion of autophagy did neither affect the expression of osteo-
blast marker genes nor osteoblast numbers. Two recent studies
also analysed the role of autophagy on osteoblast activity with
seemingly conflicting conclusions. Expression of truncated
autophagy receptor Nbr1 enhanced osteoblast differentiation,
whereas targeted deletion of FIP200, which is required for
initiation of autophagy, impaired the activation of osteoblasts
and resulted in severe osteopenia.29 30 However, targeting of
Nbr1 or FIP200 may not selectively and completely inactivate
autophagy. Although Nbr1 is one of at least four mammalian
autophagy receptors, recent studies highlight that Nbr1 pre-
dominantly regulates the degradation of peroxisomes and that
autophagy can also occur in the absence of Nbr1.31

Moreover, Nbr1 is a negative regulator of ligand-induced
degradation of receptor tyrosine kinases, which may also

have influenced the results.32 FIP200 is not specifically
regulating autophagy, but modulates numerous other signal-
ling pathways to control key cellular functions.30 Thus, the
different outcomes of targeting Nbr1 and FIP200 may
be explained by incomplete inactivation of autophagy
and additional regulatory effects on autophagy-independent
pathways.

The potent antiresorptive effects in conjunction with
targeting of autophagy in two models of osteoporosis and the
inhibitory effects of targeted inactivation of Atg7 in monocyte-
derived cells suggest that autophagy is generally required
for enhanced osteoclastogenesis during the development of
osteoporosis. Indeed, previous studies demonstrated that
autophagy-related proteins including Atg7 are important for
generating the ruffled border of osteoclasts and thus participate
in polarised secretion of lysosomal contents from osteoclasts.31

Moreover, autophagy may also promote the differentiation of
osteoclast precursors into osteoclasts.11 33 The impaired osteo-
clastogenesis upon inactivation of autophagy is mediated by
reduced degradation of TRAF3, which blocks osteoclast differ-
entiation by suppressing canonical and non-canonical NF-κB
signalling.33

Figure 4 Inhibition of autophagy reduces osteoclast differentiation and function in vitro. (A and B) Representative images of tartrate-resistant acid
phosphatase (TRAP) staining from in vitro differentiated osteoclasts derived from bone marrow cells (BMCs) isolated from Atg7fl/fl_x_LysM-Cre mice
and Atg7fl/fl littermate controls or BMCs isolated from wild type mice treated with either dexamethasone, CQ or vehicle (100× magnification). The
relative number of osteoclasts defined as TRAP positive cells with more than three nuclei in each setting is shown in the graphs on the right. (C and
D) Representative images of in vitro bone resorption assays with osteoclasts derived from BMCs isolated from Atg7fl/fl_x_LysM-Cre mice or Atg7fl/fl

littermates or BMCs isolated from wild type mice treated with either dexamethasone, or CQ or vehicle (100× magnification). The relative area of
bone resorption is shown in the graphs on the right. (n=3 independent experiments with three replicates each, *indicates p<0.05,
**indicates p<0.01).
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We were intrigued to find that inhibition of autophagy by
treatment with CQ also ameliorated glucocorticoid-induced and
postmenopausal osteoporosis. CQ has previously been demon-
strated to inhibit parathyroid hormone induced osteoporosis.33

These findings are supported by two observational studies in
patients with systemic lupus erythematosus (SLE).34 35 In search
for factors associated with low bone mineral density in SLE,
Lakshminarayanan et al reported that treatment with hydroxy
CQ was associated with a higher bone mineral density at the hip
and the spine in patients with SLE.35 A subsequent study in
Chinese patients with SLE confirmed that the current or past
use of hydroxy CQ was associated with a higher bone mineral
density at the spine.35

Taken together, the consistent antiresorptive effects of autop-
hagy inhibition in glucocorticoid-induced and postmenopausal
osteoporosis indicate that pharmacological inhibition of autop-
hagy maybe an interesting approach for the prevention and
treatment of osteoporosis.
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