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a b s t r a c t

Autophagy is a non-selective action in which cells degrade parts of themselves, reusing degraded cellular
components. Among autophagy-related gene (ATG) family members, ATG4 proteins play crucial roles in
the microtubule-associated protein 1 light chain 3 (LC3) phosphatidylethanolamine (PE) systemwhich is
essential for autophagosome maturation. Although autophagy has been shown to be involved in oste-
oclastic bone resorption, the role of ATG4/LC3 in bone resorption remains unclear. When mouse bone
marrow cells were treated with various concentrations of NSC185058 (NSC), a specific inhibitor of
ATG4B, 1 h prior to treatment with receptor activator of NF-kB ligand (RANKL) in the presence of
macrophage colony stimulating factor (M-CSF), NSC inhibited osteoclastogenesis in a dose-dependent
manner. Addition of NSC in the late stages of osteoclast differentiation suppressed multinucleation
and reduced the expression of markers for mature osteoclasts such as Dc-stamp, Mmp9, and Ctsk. NSC
also suppressed actin ring formation and pit formation in mature osteoclasts. When a periodontitis
model involving eight-week-old male mice in which the right maxillary second molar had been ligated
with silk thread was injected with or without NSC, alveolar bone resorption was suppressed by a
decrease in the number of osteoclasts in the NSC-treated group. These results suggest that LC3 is
important for the maturation of osteoclasts and that LC3 inhibition is a new therapeutic strategy for
periodontal disease.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Osteoclasts are differentiated from hematopoietic stem cells and
resorb bone [1,2]. Osteoclastic bone resorption consists of two
steps, osteoclast differentiation and osteoclastic bone resorption.
Osteoclast differentiation is induced by receptor activator of NF-kB
ligand (RANKL) produced by osteoblasts and osteocytes. Once
RANKL binds RANK, a receptor of RANKL expressed on the cell
surface of osteoclast precursors, NF-kB or mitogen-activated

protein kinase (MAPK) is activated and finally induces nuclear
factor of activated T cell 1 (NFATc1) expression, which is a master
regulator of osteoclastogenesis. NFATc1 induces the expression of
osteoclast differentiation markers. Mono- or bi-nuclear osteoclasts
fuse with each other and then become multinucleated osteoclasts
via Dcstamp expression. Those multinucleated osteoclasts then
recognize bone surface and polarize via Src activation and secrete
proton and proteinases, such as cathepsin K (CathK) or matrix
metalloproteinase (MMP9), underneath ruffled border to resorb
bone matrix. Activated osteoclasts form an actin ring structure
correlated with the sealing zone, and its formation reflects bone
resorption activity [1,2].

Autophagy is the basic intracellular degradation system that is
universally conserved in eukaryotes [3,4]. In autophagy, various
cellular components are sequestered in double-membrane vesicles
(vesicles separated by two lipid bilayers) called “autophagosomes”,
transported to lysosomes or vacuoles, and degraded. Autophagy
has two characteristicsda diversity of degradation targets and a
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certain degree of selectivitydand is responsible for maintaining
intracellular homeostasis and various physiological functions, such
as intracellular immunity, development, and differentiation [3,4].
The formation of autophagosomes is carried out by 18 major
autophagy-related gene (ATG) proteins [3,4]. ATG4 proteins are
cysteine proteases that regulate themicrotubule-associated protein
1 light chain 3 (LC3) phosphatidylethanolamine (PE) system, which
is essential for autophagosomematuration [5]. In humans, there are
four ATG4 homologs: ATG4A, ATG4B, ATG4C, and ATG4D; of these
four homologs, ATG4B shows the most effective cleavage for LC3
[6]. ATG4B not only cleaves the initiate produced LC3 into form-I
(LC3-I) and prepares it for conjugating to PE, which is essential
for elongation of the isolation membrane, but also contributes to
the deconjugation of LC3-PE, releasing LC3 for recycling during
autophagosome development [7,8]. Both upregulation and down-
regulation of ATG4B result in abnormal autophagy progression, and
the loss-of-function of ATG4B is involved in the development of
many human diseases [4,9e11].

Several lines of evidence have shown the importance of auto-
phagy in the osteoclast differentiation and function [12,13].
Expression of autophagy proteins has been shown to be increased
during osteoclast differentiation. For example, the expression of
ATG 5/7/12 and the LC3-II/LC3-I ratio increased with degradation of
p62 (SQSTM1/sequestome1) during RANKL-induced osteoclast
differentiation [14]. Autophagy-associated proteins, including
ATG5, ATG7, ATG4B, LC3, and Beclin-1, a mammalian homolog of
yeast ATG6, were found to be important for osteoclast activity, as
they regulate ruffled border formation, lysosomal trafficking, and
secretion of lysosomal enzymes, both in vitro and in vivo [15].
Autophagy inhibitors and knockdown of autophagy-related pro-
teins have been reported to suppress osteoclast differentiation and
osteoclast activation [12,13,16]. Furthermore, autophagy-associated
protein gene-deficient mice showed an increase in trabecular bone
mass under the inhibition of bone resorption, suggesting that
inhibiting the function of autophagy-associated proteins is a good
therapeutic target for bone destruction-associated diseases, such as
osteoporosis, rheumatoid arthritis and periodontitis [12,13].

Periodontal disease is a chronic inflammatory disease charac-
terized by destruction of periodontal tissue initiated by pathogenic
bacterial infections and interacting with host immune defenses to
cause inflammation and alveolar bone resorption [2,17]. In previous
studies, the autophagy level of periodontal ligaments was increased
in patients with periodontitis compared with healthy controls [18].
Autophagy plays an important role in regulating osteoclast differ-
entiation and its function in alveolar bone resorption, as well as in
regulating host inflammatory and immune responses to peri-
odontal pathogenic bacterial stimulation [19]. Maintaining auto-
phagic homeostasis may be an effective therapeutic approach to
control the host response and alveolar bone resorption in peri-
odontal disease.

In this study, we investigated the effect of a selective inhibitor of
ATG4B among the ATG proteins that regulate autophagy, on oste-
oclastic bone resorption and its potential utility as a therapeutic
agent for bone loss of periodontal disease.

2. Materials and methods

2.1. Reagents

Glutathione S-transferase (GST)-RANKL and NSC185058 were
purchased from Oriental Yeast Company, Ltd. (Shiga, Japan) and
Selleck Chemicals (Houston, TX, USA), respectively. Recombinant
human macrophage-stimulating factor (M-CSF) was purchased
from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).
Anti-LC3A/B (4108s) and anti-b-actin (AC-15) antibodies were

obtained from Cell Signaling Technology (Beverly, MA, USA) and
Sigma-Aldrich (St. Louis, MO, USA), respectively.

2.2. Mice

The handling of the mice and all procedures were approved by
the Animal Care Committee of Kyushu University, according to the
guidelines of the National Research Council's Guide for the Care and
Use of Laboratory Animals, and the Japanese Council on Animal
Care (Approval Number: A30-209-0, A22-203-0).

2.3. Osteoclastogenesis

Bone marrow cells from femurs and tibiae of 8-week-old male
C57BL6/J mice were prepared and cultured for 6 days in the pres-
ence of various concentrations of NSC185058 together with M-CSF
(50 ng/ml) and RANKL (50 ng/ml) in a-minimal essential medium
(a-MEM) containing 10% fetal bovine serum (FBS) and antibiotics
(100 units/ml penicillin, and 100 mg/ml streptomycin) in 48-well
plates. The medium was changed every 2 days and NSC185058
was added 1h before RANKL stimulation. On day 6 of culture, cells
were fixed with 3.7% formaldehyde in phosphate-buffered saline
(PBS) for 10 min. After permeabilization with 0.1% Triton X-100,
cells were stained with tartrate-resistant acid phosphatase (TRAP)
and 0.3 mM Alexa488-labeled phalloidin. Cells were observed un-
der a microscope and TRAP-positive multinucleated cells (MNC)
were counted as osteoclasts. The distribution of F-actin was
detected by fluorescence microscopy using BIOREVO BZ-9000 mi-
croscope (Keyence, Keyence, Osaka, Japan).

2.4. The cell viability assay

To examine the effects of NSC185058 on cell viability, bone
marrow cells were cultured for the indicated period in the presence
of various concentrations of NSC185058 and 10 ml of CCK-8 solution
was added to each well on day 2, 4, 6 of culture, using the CCK-8 kit
(Dojindo Molecular Technologies, Inc., Shiga, Japan), according to
the manufacturer's protocol. The plates were incubated at 37 !C for
4 h, and then, the absorbance was then measured at a wavelength
of 450 nm.

2.5. Quantitative real-time polymerase chain reaction (PCR)

Total RNA prepared using the Relia Prep™ RNA Cell Miniprep
system (Promega, Madison, WI, USA) was transcribed to cDNA us-
ing the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). The cDNA was further subjected
to real-time PCR using KOD SYBR qPCR Mix (Toyobo, Osaka, Japan)
and Thermal Cycler Dice Real Time System II (TaKaRa, Shiga, Japan).
The GAPDH expression served as an internal control.

Primer sequences were as follows: Nfatc1, 50-GTTGGTAT-
TAAAATTCTGAAACC-30 (forward) and 50-TTGCTGCCCTTTCACTGATG-
30 (reverse); c-Src, 50- GTTGCTTCGGAGAGGTGTGGAT-30 (forward)
and 50- CACCAGTTTCTCTCGTGCCTCAGT-30 (reverse); Dcstamp, 50-
CCGTGGGCCAGAAGTTGC-30 (forward) and 50-GCCAGTGCTGACTAG-
GATG-30 (reverse); Mmp9, 50-GGACCCGAAGCGGACATTG-30 (for-
ward) and 50- CGTCGTCGAAATGGGGCATC-30 (reverse); Ctsk, 50-
GAAGAAGACTCACCAGAAGC-30 (forward) and 50-GGTTATGGGCAGA-
GATTTGC-30 (reverse); Gapdh, 50-AACTTTGGCATTGTGGAAGG-30

(forward) and 50-ACACATTGGGGGTAGGAACA-30 (reverse).

2.6. Western blot analyses

Total cell lysates were prepared using TNE lysis buffer (10 mM
Tris, pH 7.8, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, and 1 mM
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dithiothreitol) containing proteinase inhibitor cocktail (Promega,
Madison, WI, USA). Each lysate was resolved on 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
gels, and transferred to Immobilon-P membranes (Merck Millipore,
Darmstadt, Germany). After blocking with TBS-T solution contain-
ing 5% skimmed milk, the membrane was immunoblotted with
individual primary antibodies overnight at 4 !C, followed by incu-
bation with horseradish peroxidase-conjugated secondary anti-
bodies (Cell Signaling Technology). The immunoreactive proteins
were visualized using an ImmunoStarLD (FUJIFILM Wako Pure
Chemical), and analyzed with an ImageQuant LAS 4000 mini (GE
Healthcare, Chicago, IL, USA).

2.7. Coculture and pit formation

Primary osteoblasts (POBs) were obtained from the calvariae of
newborn C67BL6/J mice by digestion with 0.1% collagenase (FUJI-
FILM Wako Pure Chemical) and 0.2% dispase (Godo Shusei, Tokyo,
Japan). Bone marrow cells obtained from 8-week-old male C67BL6/
J male mice were cocultured with POBs in a-MEM containing 10%
FBS,1a,25-dihydroxyvitamin D3 [1a,25(OH)2D3] (10"8 M) (FUJIFILM
Wako Pure Chemical) and prostaglandin E2 (10"7 M) (Sigma) in
culture dishes (F100 mm) coated with collagen gel (Nitta Gelatin,
Osaka, Japan). Osteoclasts were removed from the dishes by
treating them with 0.2% collagenase (FUJIFILM Wako Pure Chemi-
cal). Mature osteoclasts were seeded onto dentin slices (F6 mm;
MS Labo System, Kanagawa, Japan) and further cultured for 48 h in
a-MEM containing 10% FBS with or without various concentrations
of NSC185058 in 48-well plates. After cells were removed from the
dentine slices, and the slices were stained with Mayer's hematox-
ylin. The area of each pit was acquired using BIOREVO BZ-9000
microscope (Keyence, Keyence, Osaka, Japan) and measured with
the image analysis software program (BZ-X800 Analyzer; Keyence).
To examine the actin ring formation, formed osteoclasts were
seeded onto dentin slices for 24 h and then stained for TRAP and
0.3 mM Alexa488-labeled phalloidin.

2.8. Ligature-induced periodontitis model

Eight-week-old male C57BL6/J mice were randomly divided into
3 groups to receive the following treatments: (1) control group
(unligatedþ PBS, n¼ 10), (2) ligated group (ligatedþDMSO, n¼ 9),
and (3) NSC185058 group (ligated þ NSC185058, 1.451 mg/kg,
n ¼ 10). A mouse periodontitis model was performed by tying a 6-
0 silk ligature (AkiyamaMedical Mfg. Co., Ltd., Tokyo, Japan) around
the left maxillary second molar according to Abe et al. [20]. After
ligation, either DMSO or NSC185058 dissolved in DMSO (20 ml) was
injected in two places of the palatal gingiva of the ligated second
maxillary molar using a Hamilton syringe with a 33-gauge needle
(Hamilton Company, Reno, NV, USA). After 7 days, the mice were
euthanized and the maxillae were removed for following
experiments.

2.9. Radiological assessments

All dissected maxillary bones were fixed with 4% para-
formaldehyde in a PBS (pH 7.4) for 24 h, at 4 !C and washed with
PBS several times. The bone mineral densities (BMDs) and three-
dimensional (3D) reconstructed images of the maxillary bone
were acquired using micro-focal computed tomography (mCT;
ScanXmate-L090T, Comscan Co, Kanagawa, Japan).

2.10. Histological preparation and bone histomorphometry

Maxilla were fixed with 4% paraformaldehyde and decalcified

with Osteosoft (Merck, Darmstadt, Germany). Sagittal paraffin
sections (5 mm thick) were cut. Sections were analyzed with TRAP
staining. Sections were analyzed using a BZ-9000 (Keyence). Os-
teoclasts were recognized as TRAPþ MNCs that contained three or
more nuclei on the bone surface. The resorbed area was measured
using an image analysis software program (BZ-X800 Analyzer;
Keyence).

2.11. Statistical analyses

Data are shown as the mean ± standard deviation (SD). Com-
parisons of themeans between two groupswere carried out using a
t-test (vs. control; *P < 0.05, **P < 0.01). When evaluating more
than two groups, statistical comparisons were performed by an
analysis of variance (ANOVA) with Tukey's test for multiple com-
parisons. *P < 0.05, **P < 0.01. Statistical analyses were performed
with the SPSS software package version 27.0 (IBM, Armonk, NY,
USA).

3. Results

3.1. NSC185058, a selective inhibitor of ATG4B suppresses RANKL-
induced osteoclastogenesis

To investigate the physical role of AGT4B in RANKL-induced
osteoclastogensis, we pretreated bone marrow macrophages
(BMMs) with various concentrations of NSC185058, a specific in-
hibitor of AGT4B, and then treated them with RANKL for six days.
NSC185058 inhibited RANKL-induced osteoclastogenesis in a dose-
dependent manner (Fig. 1A and B). ATG4 is involved in the cleavage
of pro-LC3 and the degreasing of LC3-PE [7,8]. Thus, inhibition of
ATG4B leads to the accumulation of lipidated LC3 (LC3-II). RANKL
induced LC3-II expression, and pretreatment with NSC185058
further induced LC3-II accumulation in a dose dependent manner
(Fig.1C). NSC185058 at 10 mMcompletely inhibited RANKL-induced
osteoclastogenesis. Although the number of living cells was not
affected in the presence of up to 5.0 mM of NSC185058, NSC185058
at 10 mM induced cell death (Fig. 1D). Thus, we used NSC185058 at
5 mM to examine the expression of osteoclast differentiation
markers, including Nfatc1, Dcstamp, c-Src, Ctsk, and Mmp9.
NSC185058 hardly suppressed the expression of Nfatc1, which is an
early differentiation marker of osteoclasts, but suppressed the
expression of Dcstamp, c-Src, Ctsk, and Mmp9, which are late dif-
ferentiation markers (Fig. 1E). These results are consistent with the
induction of small osteoclasts without actin rings by pretreatment
with NSC185058 (Fig. 1A).

3.2. NSC185058 suppresses maturation of osteoclasts

The findings concerning the expression of osteoclast differen-
tiation markers suggest that NSC185058 suppresses the late dif-
ferentiation of osteoclastogenesis. Therefore, the osteoclast
differentiation induction period of 6 days was divided into an early
stage, middle stage, and late stage, and NSC185058 was added as
shown in Fig. 2A. Osteoclast differentiation was suppressed by
adding NSC185058 from themiddle stage to the late stage as shown
in Fig. 2B and C, suggesting that NSC185058 suppressed the late
differentiation stage of osteoclasts.

3.3. NSC185058 suppresses the bone resorption by mature
osteoclasts

Since NSC185058 suppressed the late differentiation of osteo-
clasts, we investigated the possibility of suppressing the bone
resorption function bymature osteoclasts. Coculture of mouse bone
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marrow cells and osteoblasts was performed on collagen gel, and
the formed mature osteoclasts were further cultured on dentin
slices in the presence or absence of NSC185058 for 24 h, and
measured the ratio of osteoclasts with actin rings. The resorbed
area was also measured for 48 h.

NSC185058 at 5 mM showed little change in the number of os-
teoclasts, but the ratio of osteoclasts with actin rings was signifi-
cantly reduced (Fig. 3AeC). NSC185058 at 10 mM induced a slight
decrease in the number of osteoclasts and decreased the ratio of
osteoclasts with an actin ring and the area resorbed by mature
osteoclasts (Fig. 3). In the coculture, the effective concentrationwas
different from Fig. 1A, may be due to the short culture period and
the presence of a large number of osteoblasts compared to osteo-
clast formation. NSC185058 reduced the ratio of osteoclasts with an
actin ring and the bone-resorbing activity by mature osteoclasts in
a dose-dependent manner (Fig. 3).

3.4. NSC185058 prevents alveolar bone loss in periodontitis models

Since NSC185058 suppresses both osteoclast differentiation and
the bone-resorbing activity, we next investigated whether or not it
could suppress alveolar bone loss, using a periodontitis model. A
periodontitis model was prepared by ligating a silk thread to the
upper second molar of the maxillary bone of a mouse. After liga-
tion, NSC185058 was locally injected via the buccal gingiva every
three days. The area of resorbed bone was measured after one
week. Three-dimensional mCT images showed less alveolar bone
loss in the NSC185058-treated group than control group (Fig. 4A
and B). The sagittal view of alveolar bone resorption showed that
the destruction of alveolar bone was suppressed by treatment with
NSC185058 (Fig. 4C and D). Consistent with these results, a histo-
logical analysis showed a reduced number of TRAPþ osteoclasts in
the alveolar bone in the NSC185058-treated group (Fig. 4E and F).

Fig. 1. NSC185058 suppresses RANKL-induced osteoclastogenesis. Mouse bone marrow cells were cultured with M-CSF (100 ng/ml) and RANKL (100 ng/ml) for 6 days. Various
concentrations of NSC185058 were added 1h before RANKL stimulation. (A) Cells were stained by TRAP and Alexa488-labeled phalloidin. Scale bar ¼ 100 mm. (B) The number of
TRAPþMNCs was counted. Data are expressed as the mean ± SD (n ¼ 4). (C) AWestern blot analysis was used to determine the expression of LC3A/B, with b-actin used as a loading
control. (D) After 3, 4, and 5 days of culture, the cell viability was analyzed using a CCK-8 kit. Absorbance was measured at a wavelength of 450 nm. Data are expressed as the
mean ± SD (n ¼ 4). *P < 0.05, **P < 0.001. (E) The number of TRAPþMNCs was counted. (E) After 6 days of osteoclast culture, total RNAwas isolated. The mRNA expression of Nfatc1,
c-Src, Dcstamp, Mmp9, Ctsk, and Gapdh was analyzed by real-time polymerase chain reaction. Data are expressed as the mean ± SD (n ¼ 3). *P < 0.05, **P < 0.001. Similar results
were obtained from three independent experiments.
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Fig. 2. Effects of temporal addition of NSC185058 on RANKL-induced osteoclastogenesis. (A) Mouse bone marrow cells were pretreated with or without various concentrations
of NSC185058 for 1h and then stimulated by RANKL (100 ng/ml) for the indicated duration. (B) Cells were stained by TRAP and Alexa488-labeled phalloidin. Scale bar ¼ 100 mm. (C)
The number of TRAPþMNCs was counted. Data are expressed as the mean ± SD (n ¼ 6). *P < 0.05, **P < 0.001. Similar results were obtained from three independent experiments.

Fig. 3. NSC185058 suppresses the bone-resorbing activity of mature osteoclasts. (A) Bone marrow cells and primary osteoblasts were cocultured on a collagen gel to differentiate
into osteoclasts for 7 days, and mature osteoclasts were then cultured on dentin slices with or without various concentrations of NSC185058 to evaluate the bone resorption
function. Cells were stained by TRAP and Alexa488-labeled phalloidin. Scale bar ¼ 200 mm. (B) The number of TRAPþMNCs (B) and TRAPþMNCs with actin rings (C) was counted.
Data are expressed as the mean ± SD (n ¼ 5). (D) Cells were removed from dentin slices, and the slices were stained with Mayer's hematoxylin to evaluate resorption pits. Scale
bar ¼ 200 mm. (E) The resorption pit areas were quantified using the image analysis software program. Data are expressed as the mean ± SD (n ¼ 8). *P < 0.05, **P < 0.001. Similar
results were obtained from three independent experiments.
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4. Discussion

Previous studies have shown that 18 ATG proteins are involved
in autophagosome formation. Among the eight types of ATG pro-
teins, about half form two ubiquitin-like binding forms: the Atg8
binding form and the ATG12 binding form [3,4]. ATG protein is
involved in bone resorption by osteoclasts according to the results
of functional inhibition experiments on ATG protein [12,13]. For
example, osteoclast-specific Atg5-deficient mice have been shown
that Atg5 is important for the ruffled border formation of osteoclast
without affecting osteoclast differentiation [15]. Atg7-deficient
mice have impaired cathepsin K secretion and reduced bone
resorption [21]. In contrast, Beclin-1 was shown to be upregulated
during osteoclast differentiation, and Beclin-1 siRNA inhibits oste-
oclast differentiation by suppressing RANKL-induced activation of
p38 and JNK [22]. Furthermore, the osteoclast-specific deletion of
Beclin-1 increased bone mass due to decreased number of osteo-
clasts [23]. As described above, since each ATG protein has its own
function, some ATG proteins are involved in regulation of osteoclast
differentiation, and some are involved in the bone resorption
function [12,13]. In the present study using NSC185058 [24], a se-
lective inhibitor of AGT4B that plays an important role in LC3 lip-
idation and recycling to LC3, we demonstrated that the AGT4B/LC3
axis was important for osteoclast differentiation and bone resorp-
tion both in vitro and in vivo.

LC3 exists in two forms (cytosolic LC3-I and lipidated-LC3-II),
and the presence of LC3-II indicates activation of autophagy [3,4].
Similar to previous studies, the present study also found an in-
crease in the LC3-II type in RANKL-induced osteoclastogenesis [16].
Previous experiments with LC3 siRNA showed that knockdown of
LC3 had little effect on osteoclastogenesis, suggesting that LC3
contributes to actin ring organization downstream of microtubules
in a Cdc42-specific manner and is involved in bone resorption [16].
ATG4B not only plays an important role in the LC3-PE system that is
essential for autophagosome maturation but also contributes to
LC3-PE uncoupling and releases LC3 for recycling [7,8]. NSC185058
used in the present study induced the accumulation of lipidated-
LC3 as well as other ATG4B inhibitors [25,26]. Although LC3
knockdown did not affect RNAKL-induced osteoclastogenesis [16],
NSC185058 inhibited the late stage of osteoclast differentiation by
accumulating lipidated-LC3. These results suggest that the balance
between lipidation and recycling of LC3 may be important for
osteoclast maturation.

We also examined the effect of NSC185058 on the bone
resorption activity of mature osteoclasts. This experiment used
coculture of osteoblasts and bone marrow cells on collagen gel to
prepare mature osteoclasts as a cell suspension and seed them onto
dentin slices [27]. In mature osteoclasts with osteoblasts, 5 mM of
NSC185058, which suppresses osteoclast differentiation, tended to
suppress actin ring formation and pit formation, but 10 mM of
NSC185058 showed a significant the inhibitory effects. The differ-
ence in the concentration of NSC185058 showing an inhibitory
effect between osteoclastogenesis and bone resorption by mature
osteoclasts may be due to the fact that osteoblasts support the
osteoclast survival [28]; alternatively, higher concentrations of
NSC185058may be required to suppress autophagosome formation
in mature osteoclasts. Using the same experimental system, we
previously reported that wortmannin, an inhibitor of PI3K, which is
important for the conversion of LC3-1 to LC3-II [29], suppressed
osteoclast actin ring formation and resorption pit formation
[30,31]. These results suggest that ATG4B-induced changes in the
ratio of LC3-II/LC3-1 are involved in the formation of actin rings and
resorption pits in osteoclasts.

Since NSC185058 inhibits osteoclast differentiation and the
bone resorption function, we investigated the possibility that

Fig. 4. NSC185058 treatment suppresses trabecular bone loss in a periodontitis
model in vivo. A 5-0 silk ligature was ligated around the maxillary second molar of
C57BL/6 mice, and from the same day, control group (DMSO) and NSC185058 were
administered once every two days for 7 days. (A) Representative three-dimensional
mCT images of the maxilla in each treatment group 7 days after ligature placement.
Scale bar ¼ 1 mm. (B) The area from the cement-enamel junction (CEJ) to the apex of
alveolar bone (AB) on mCT images was measured using the image analysis software
program. Data are expressed as the mean ± SD (n ¼ 9e10). (C) Representative three-
dimensional mCT images of the sagittal view of alveolar bone resorption. Scale
bar ¼ 1 mm. (D) The remaining the alveolar bone between the first and second molars
and between the second and third molars (arrow heads) was measured using the
image analysis software program. (E) TRAP staining for the presence of osteoclasts
from periodontal tissue. Bone resorptionwas confirmed by the detection of osteoclasts.
Scale bar ¼ 300 mm. (F) The number of TRAP-positive osteoclasts per area (mm2) was
counted. TRAP-positive MNCs were counted from her two random coronal sections of
ligated molars of five male mice in each group. Data are expressed as the mean ± SD
(n ¼ 10). *p < 0.05, **p < 0.01. Similar results were obtained from three independent
experiments.
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NSC185058 inhibits bone resorption in periodontal disease models.
Autophagy plays an important role in the differentiation and
function of not only osteoclasts but also other osteoblasts, osteo-
cytes, and chondrocytes, so various side effects must be considered
during systemic administrations [13]. Therefore, we selected a
periodontal disease model as a bone destruction model that allows
local administration, which is considered to be associated with
fewer side effects than systemic administration. Autophagy in
periodontal tissue is reportedly involved in the onset of periodontal
disease and alveolar bone destruction [17], and indeed, conven-
tional autophagy inhibitors chloroquine (CQ) and 3-methyladenine
(3-MA) inhibited alveolar bone resorption by inhibiting osteoclas-
togenesis in a mouse periodontitis model [32]. The administration
of NSC185058 inhibited alveolar bone resorption and significantly
inhibited bone loss in the inter-root septum in a periodontitis
model. A histological analysis also showed a significant reduction in
osteoclast numbers. Taken together, these findings suggest that
NSC185058 may become a viable option for treating periodontal
disease, in addition to CQ and 3-MA.

To clarify the role of the ATG4B/LC3 axis in osteoclast differen-
tiation and bone resorption, we further needed to investigate
Atg4b- or LC3-deficient mice. Conventional Atg4b-deficient mice
had significantly reduced autophagy activity systemically [33].
Mouse embryonic fibroblasts derived from Atg4b-deficient mice
failed to form LC3-II and inhibited autophagosome maturation.
Atg4b-deficient mice showed impaired equilibrioception due to
defects in the development of otoconia [33]. In contrast,Map1lc3a-
deficient mice developed normally despite a total lack of LC3, and
no obvious abnormalities were observed compared to wild-type
mice, suggesting the existence of a new compensatory mecha-
nism for the loss of LC3 [34]. The bone phenotype in Atg4b- or
Map1lc3a-deficient mice has not been described, but the genera-
tion of osteoclast-specific Atg4b- or Map1lc3a-deficient mice may
help clarify the physiological and pathological roles of the ATG4B/
LC3 axis in osteoclastic bone resorption.

Our findings showed that the ATG4B inhibitor NSC185058
suppressed both RANKL-induced osteoclastogenesis and the bone-
resorbing activity. Furthermore, local injection of NSC185058 sup-
pressed bone loss by suppressing the osteoclast development
induced by the ligature-induced periodontitis model. These find-
ings, together with those fromprevious studies, suggest that ATG4B
inhibitors may be a viable option for the treatment of periodontitis.
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