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A Small Molecule, Odanacatib, Inhibits Inflammation and Bone Loss
Caused by Endodontic Disease
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Periapical disease, an inflammatory disease mainly caused by dental caries, is one of the most prevalent infectious diseases of
humans, affecting both children and adults. The infection travels through the root, leading to inflammation, bone destruction,
and severe pain for the patient. Therefore, the development of a new class of anti-periapical disease therapies is necessary and
critical for treatment and prevention. A small molecule, odanacatib (ODN), which is a cathepsin K (Ctsk) inhibitor, was investi-
gated to determine its ability to treat this disease in a mouse model of periapical disease. While Ctsk was originally found in oste-
oclasts as an osteoclast-specific lysosomal protease, we were surprised to find that ODN can suppress the bacterium-induced
immune response as well as bone destruction in the lesion area. X rays and microcomputed tomography (micro-CT) showed that
ODN treatment had significant bone protection effects at different time points. Inmunohistochemical and immunofluorescent
staining show that ODN treatment dramatically decreased F4/80* macrophages and CD3™" T cells in the lesion areas 42 days af-
ter infection. Consistent with these findings, quantitative real-time PCR (qRT-PCR) and enzyme-linked immunosorbent assay
(ELISA) analysis showed low levels of proinflammatory mRNAs (for tumor necrosis factor alpha, interleukin 6, and interleukin
23a) and corresponding cytokine expression in the ODN-treated disease group. The levels of mRNA for Toll-like receptors 4, 5,
and 9 also largely decreased in the ODN-treated disease group. Our results demonstrated that ODN can inhibit endodontic dis-

ease development, bone erosion, and immune response. These results indicate that application of this small molecule offers a
new opportunity to design effective therapies that could prevent periapical inflammation and revolutionize current treatment

options.

Periapical lesions result from microbial infection of the dental
pulp tissue by members of the autogenous oral microflora,
which induce inflammation in the pulp tissue (1). This inflamma-
tory process, much like periodontitis, increases in magnitude in
the apical region of the root canal system and subsequently in the
periapical area, leading to periapical bone resorption as the infec-
tion spreads throughout the canal system toward the apical fora-
men and into the adjacent bone (2). Furthermore, periapical le-
sions that present with radiographic bone lesions are preceded by
necrotic pulp tissues. Unlike periodontal disease inflammation (3,
4), endodontic lesions exhibit differences in the character of the
immune response (5).

Despite many studies aimed at discovering ways to alleviate the
effects of oral disease, there is still an urgent need to improve the
health of millions with periapical disease who suffer from oral-
bacterial-infection-induced periapical inflammation, oral bone
erosion, and the potential loss of teeth. The discovery of the crit-
ical roles of cathepsin K (Ctsk) in osteoclastic bone resorption is
the fruit of decades of investigation on bone biology and disease
(6, 7). The Ctsk gene is the only gene for which an essential role in
bone resorption has been clearly demonstrated in both mice and
humans, and current research data show that Ctsk is also indis-
pensable in the immune system (8). Recent studies demonstrated
that cathepsins are required for expression of Toll-like receptor 9
in dendritic cells, which plays an essential role in innate recogni-
tion of microbial products and activation of defense responses (9).
Our research led to the surprising and pivotal realization that Ctsk
also has significant functions in the immune system (10, 11), so we
termed the Ctsk gene an “osteoimmune gene.” The study of bone
and the immune system, which is termed osteoimmunology, rep-
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resents a new perspective which takes into account the multiple
advances made in the study of biological events in bone and the
immune system in recent years (12, 13).

The success of the novel treatment of inflammatory diseases
like periodontitis and rheumatoid arthritis (RA) has impressively
demonstrated that a clinical benefit can be gained from therapeu-
tic intervention regarding specific proteins by using small mole-
cules (14). Odanacatib (ODN) is a potent, orally active selective
inhibitor of Ctsk being developed for the treatment of postmeno-
pausal osteoporosis. Treatment with ODN decreases bone resorp-
tion by selectively inhibiting proteolysis of matrix protein by Ctsk
without affecting other osteoclast activities or osteoclast viability
(15). However, there is still no research on the application of Ctsk
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inhibitors to the treatment of oral inflammatory diseases, consid-
ering its dual functions in bone and immune system. In addition,
based on current knowledge gained from recent studies, there are
still questions as to what functions Ctsk has in activating immune
cells, such as macrophages and dendritic cells (antigen-presenting
cells [APCs]), and what leads to T cell activation and autoimmu-
nity, causing the subsequent production of inflammatory cyto-
kines. Therefore, based on the cited research and our previous
results, the current investigation was conducted with respect to
the likelihood that Ctsk has a significant role in the activation of
macrophages and Toll-like receptor (TLR)-mediated innate and
adaptive immune responses in the pathogenesis of periapical le-
sions by using a specific Ctsk small-molecule inhibitor, ODN.

MATERIALS AND METHODS

Animals. One hundred five 7- to 8-week-old male wild-type (WT)
BALB/c] mice, purchased from the Jackson Laboratory, were used for
introducing a periapical mouse model. Mice were divided into 4 groups of
seven mice each at each time point (7, 21, and 42 days): (i) normal group
with Ctsk inhibitor (no bacterial infection) (3.606 mg/kg/week); (ii) nor-
mal group without Ctsk inhibitor (no bacterial infection); (iii) bacterial
infection group treated with Ctsk inhibitor (3.606 mg/kg/week or 0.7212
mg/kg/week); (iv) bacterial infection group without Ctsk inhibitor. The
animals were maintained in the University of Alabama at Birmingham
animal facility and were given distilled water and allowed to feed freely. All
experimental protocols were approved by the NIH and the Institutional
Animal Care and Use Committee of the University of Alabama at Bir-
mingham and completed within 16 weeks after birth. Approval for the
animal protocol related to this study (animal protocol number
131209236) was renewed by the University of Alabama at Birmingham
(UAB) Institutional Animal Care and Use Committee (IACUC) on 27
August 2013.

Administration of cathepsin K (Ctsk) inhibitor. Male mice in the
normal and periapical disease groups were treated with ODN and com-
pared with the untreated normal and disease groups. Treated mice were
administered orally 3.606 mg/kg/week or 0.7212 mg/kg/week (5-fold-
lower dose) of pharmacological-grade ODN (Selleckchem; USA) in di-
methyl sulfoxide (DMSO) (Sigma-Aldrich) from 1 week before the estab-
lishment of the disease model to the end of sample harvest. The proper
ODN dose for mice was chosen to match the conventional treatment of
humans (16). The control mice were administered DMSO orally.

Pulp exposure and bacterial infection. Exposure of the left and right
first molar pulp was performed as described previously (10, 17). In brief,
mice were anesthetized with peritoneal injection of 62.5 mg/kg ketamine
and 12.5 mg/kg xylazine according to body weight. The dental pulps of the
mandibular first molars were exposed with a 1/4 round carbide bur pow-
ered by a variable-speed electric rotary hand piece (Osada Electric, Los
Angeles, CA) under a surgical microscope (model MC-M92; Seiler, St.
Louis, MO). After the roof of the pulp chamber was removed, the size of
the exposure was approximately 0.5 to 1.0 mm in diameter. We used
stainless steel number 8 hand files (Dentsply/Maillefer, Johnson City, TN)
and stainless steel number 15 rotary files (Dentsply/Maillefer, Johnson
City, TN) to establish canal patency. Eradication of infecting microorgan-
isms was not completed in this therapy.

Bacterial culture and infection procedure protocols were conducted as
described previously (10, 17). In brief, exposed pulps were infected with a
mixture of four common human endodontic pathogens, including Pre-
votella intermedia (ATCC 25611; American Type Culture Collection
[ATCC], Manassas, VA), Fusobacterium nucleatum (ATCC 25586), Pep-
tostreptococcus micros (ATCC 33270), and Streptococcus intermedius
(ATCC 27335). All four species of bacteria were cultured under strict
anaerobic conditions (80% N,, 10% H,, and 10% CO,), inoculated into
broth, and cultivated over 7 days. Microbes were harvested, resuspended,
and evaluated for cell concentration of each species via optical density
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reading. The wavelength used for cell number counting was 600 nm (one
OD unit equals 6.67 X 10° particles); the cell density per ml can be ob-
tained by calculation. Then the cell density of each species was adjusted to
10" per ml for bacterial inoculation. The four organisms were then mixed
for a total of 10" cells of each bacterial species/ml phosphate-buffered
saline (PBS) in 3% methylcellulose. Ten microliters of the polymicrobial
solution was placed inside the access opening of each molar and carried to
the periapical tissues using a number 8 endodontic file. After exposed
pulps were infected with the mixture of four common human endodontic
pathogens, access openings were left open to the oral environment for 24
h. All exposure sites were then filled with self-curing composite temporary
filling.

Harvest and preparation of samples. Animals were sacrificed by CO,
inhalation on days 7, 21, and 42 after the initial infection. The mandibles
were removed and hemisected. After removal of soft tissue, the jaw sam-
ples from the left side were fixed in 4% formaldehyde for 24 h and then
stored in 70% ethanol prior to X-ray exposure, micro-computed tomog-
raphy (micro-CT), and measurement of bone loss. The jaw samples from
the right side were fixed in 4% paraformaldehyde and prepared for histo-
logical analysis. The right sections were prepared for histology analysis
according to a standard protocol, with modification for samples that were
prepared for paraffin sectioning. In brief, samples intended for paraffin
sectioning were fixed in 4% formaldehyde for 24 h, washed with PBS, and
decalcified in 10% EDTA for 25 days (EDTA was replenished each day).
For the samples used for RNA and protein extraction, the periapical bone
tissues surrounding the mesial and distal root were extracted from the
mandible together with surrounding bone in a block specimen using a
surgical microscope for total RNA and cytokine enzyme-linked immu-
nosorbent assays (ELISA). For the RNA extraction, periapical tissues were
rinsed in chilled PBS, weighed (3 to 5 mg/tissue), immediately put into
RNAlater ICE (Invitrogen, USA) overnight at 4°C, and then stored at
—80°C until used for RNA extraction. For ELISA, the periapical tissues
were rinsed in chilled PBS, weighed (3 to 5 mg/tissue), and immediately
frozen at —80°C until used for protein extraction.

Micro-CT analysis. Micro-computed tomography (micro-CT) scans
were evaluated for bone loss as described previously, with modifications
(10, 17). Briefly, the two-dimensional picture that showed the largest tar-
get root canal was selected as the baseline image. For each sample, an
approximate total of 101 microtomographic slices with an increment
of 12 pm were acquired in front of and behind the baseline image.
From the three-dimensional stack of micro-CT images, a “pivot” sec-
tion was the periapical area, including the root area and furcation area,
where the inflammation may cause the bone resorption around the
apex of the tooth. The segmentation parameter is 0.7/1/210.

Histological analysis. Samples were fixed with 4% paraformaldehyde
for 24 h, decalcified by 10% EDTA for 25 days with a new solution each
day, dehydrated by 50%, 70%, 95%, and 100% alcohol for 2 h each,
washed in paraffin acetone for 30 min in a 60°C incubator, washed in
chloroform for 30 min in a 60°C incubator, infiltrated with paraffin in a
60°C incubator three times for 1 h each time, and embedded in paraffin.
To detect bone-resorbing osteoclasts, tartrate-resistant acid phosphatase
(TRAP) staining was performed. Tissue sections were deparaffinized and
hydrated through xylenes and graded alcohol series, preincubated with 50
mM sodium acetate and 40 mM potassium sodium tartrate buffer for 20
min, and incubated with TRAP substrate solution.

Immunofluorescence analysis. We performed immunofluorescence
analysis as we described previously (18), with the exceptions that we used
rat polyclonal anti-CD3 (Abcam, Cambridge, MA) as the primary anti-
bodies and observations were performed by epifluorescence in a Zeiss
Axioplan microscope (Carl Zeiss Microscopy, LLC, USA). Nuclei were
visualized with 1 pg/ml DAPI (4',6-diamidino-2-phenylindole) (Sigma-
Aldrich, USA). The experiments were carried out in triplicate on three
independent occasions.

Immunohistochemistry analysis. We performed immunohisto-
chemistry using corresponding sections of mandibular tissue from the
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normal group (with or without inhibitor) and the disease group (with or
without inhibitor); then the slides were analyzed by immunohistochem-
istry for expression and localization of proteins of the macrophage marker
F4/80 (rat monoclonal antibody, 1:200) (eBioscience, San Diego, CA),
TLR4 (goat polyclonal antibody, 1:200), TLR5 (rabbit polyclonal anti-
body, 1:200) (Santa Cruz, USA), and TLR9 (rabbit monoclonal antibody,
1:500) (Sigma-Aldrich, USA). Vector stain ABC kit anti-rat, -goat, and
-rabbit IgG peroxidase polymer detection systems along with a 3,3’-di-
aminobenzidine kit (Vector Laboratories, Burlingame, CA) as a substrate
were used for the peroxidase-mediated reaction. The experiments were
carried out in triplicate on three independent occasions.

RNA extraction and quantitative real-time PCR (qRT-PCR). For
RNA extraction, the prepared samples were transferred to the tube pre-
filled with beads (Nextadvance Company, USA) and homogenized using
a Bullet blender (Nextadvance Company, USA). The RNA extraction was
performed with the standard procedure using TRIzol reagent (Invitrogen,
USA). The extracted RNA was used for reverse transcription using a Vilo
master kit (Invitrogen). Real-time quantitative PCR (qPCR) was per-
formed as described previously (10, 17) using primers purchased from
Invitrogen as listed (see Table S1 in the supplemental material). Briefly,
cDNA fragments were amplified with Sybr green fast advanced master
mix (Applied Biosystems, Foster City, CA) and detected by a Step-One
real-time PCR system (Applied Biosystems). The mRNA expression level
of the B-actin housekeeping gene was used as an endogenous control and
enabled calculation of specific mRNA expression levels as a ratio to the
B-actin level. Experiments were repeated at least three times.

Protein extraction and cytokines for enzyme-linked immunosor-
bent assay (ELISA). For protein extraction, the frozen periapical tissue
samples were transferred to a tube prefilled with beads (Nextadvance
Company, USA) and homogenized using a Bullet blender (Nextadvance
Company, USA). The tissue fragments were dispersed in 300 pl of lysis
buffer. The mixture was centrifuged at 12,000 rpm for 10 min, and the
supernatant was collected and stored at —80°C until assay. ELISA was
used as described previously (19, 20) to evaluate the effect of inhibition of
Ctsk on the levels of tumor necrosis factor alpha (TNF-a), interleukin 6
(IL-6), and IL-23« in inflammatory periapical tissues extracted from the
normal group (with or without inhibitor) and the disease group (with or
without inhibitor). Briefly, assays for cytokines in extracts employed com-
mercially available ELISA kits that are obtained from the following sourc-
es: TNF-a, eBioscience; IL-6, eBioscience; and IL-23a, BioLegend. All
assays were conducted in accordance with the manufacturer’s instruc-
tions. Results were expressed as pg cytokine/ml tissue.

Statistical analysis and data quantification analysis. Experimental
data are reported as means * standard deviations (SD) for triplicate in-
dependent samples. All experiments were performed in triplicate on three
independent occasions. The figures show representative data. Data were
analyzed with the two-tailed Student ¢ test. The Mann-Whitney U test was
used for the nonparametric test. P values of <<0.05 and U values of >1.96
were considered significant. Data quantification analyses were performed
using the NIH Image J program as described previously (10, 17).

RESULTS

Inhibition of Ctsk exhibits bone-protective effects of the end-
odontic lesion area at different time points. Our previous study
on adeno-associated virus (AAV)-mediated Ctsk inhibition in our
periapical lesion mouse model revealed that Ctsk is important for
bone resorption and inflammation in periapical lesions but is not
useful for exploring the possible mechanisms of these events (10).
Thus, it is important to determine the changes in the trends of the
cells (number change) and the inflammation (more severe or not)
in the periapical lesion area by inhibition of Ctsk and its possible
mechanism at different time points. To test the possible role dur-
ing the progress of periapical lesions mediated by Ctsk, we applied
the periapical mouse model established by our previous study (10,
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17). Samples from the normal group with or without inhibitor
(only images of day 42 are shown in Fig. 1) and from the bacteri-
um-infected group with or without inhibitor (3.606 mg/kg/week)
were analyzed by X ray and micro-CT at days 7, 21, and 42 after
infection (Fig. 1). X-ray imaging of the first molar tooth of the
normal group with and without inhibitor at different time points
showed that there was no area with reduced bone density (see Fig.
S1in the supplemental material). The X ray and the micro-CT test
showed a low-bone-density area at the furcation and the periapi-
cal area in the bacterial-infection group without inhibitor at 7, 21,
and 42 days (Fig. 1B to D). As the time increased, the low density
of bone regions in the disease group without inhibitor widened
(red arrows). In contrast, there was no obvious reduced bone den-
sity area in the infected disease group with inhibitor (3.606 mg/
kg/week) at different time points (Fig. 1B to D). To further quan-
tify the bone resorption in the periapical lesion area, we used
quantification of micro-CT to determine the differences between
groups (Fig. 1E). The quantification analysis showed a significant
difference in the disease groups with and without inhibitor at 7,
21,and 42 days (Fig. 1E). The Ctsk inhibitor (3.606 mg/kg/week or
0.7212 mg/kg/week [5-fold lower]) seemed to have a dose-depen-
dent bone protective effect, as shown by micro-CT analysis (see
Fig. S2 in the supplemental material). We also conducted histo-
logical analysis by hematoxylin-and-eosin (H&E) staining for the
periapical lesion area for the different groups (Fig. 2). The H&E
stain showed that the remaining bone area in mesial, distal, and
furcation areas in the disease group with inhibitor (3.606 mg/kg/
week) was much greater than that in the disease group without
inhibitor at 7, 21, and 42 days (Fig. 2A and B). We also found that
the distribution of mononuclear inflammatory cells was evident in
the disease group without inhibitor at different time points (red
arrows in Fig. 2A). Although the bone area decreased in the disease
group without inhibitor, there was no significant change at the
first 21 days. However, the remaining bone area in the disease
group without inhibitor was still significantly less than that in the
inhibitor-treated group at 42 days (Fig. 2C). There was no signif-
icant change in the normal group with or without inhibitor (see
Fig. S3A and C in the supplemental material). Above all, the re-
sults showed that Ctsk is critical for bone resorption during the
progression of periapical lesions.

Inhibition of Ctsk exhibits decreased osteoclast numbers at
endodontic and furcation areas at different time points. By ap-
plying TRAP staining, we found that the number of osteoclasts
decreased in the disease group with inhibitor (3.606 mg/kg/week)
compared to the disease group without inhibitor at different time
points (Fig. 3A and B). We also noticed that the number of oste-
oclasts increased significantly in the disease group without inhib-
itor compared to the number in the inhibitor group at 7 days (Fig.
3C), and the osteoclast numbers remained high during the prog-
ress of periapical lesion formation. There was no significant dif-
ference of osteoclast number in the normal group with or without
inhibitors at 42 days (see Fig. S3B and D in the supplemental
material).

Ctsk may have effects on immune response and have func-
tions in immune cells at the periapical lesion area. The macro-
phage is important for the host immune response during the pe-
riapical bacterial infection (2). In order to determine whether
inhibition of Ctsk has effects on the expression of macrophages,
we conducted immunohistochemistry (IHC) analysis for F4/80, a
specific marker of macrophages (Fig. 4). The results showed that
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FIG 1 Inhibition of Ctsk by specific inhibitor reduced infection-stimulated
endodontic bone resorption by micro-computed tomography (micro-CT)
analysis. (A) X-ray and micro-CT analysis of endodontic lesion areas of the
normal groups over the natural course of infection with and without inhibitor
(3.606 mg/kg/week) at 42 days. (B to D) X-ray and micro-CT analysis of end-
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the F4/80-positive macrophages increased significantly in the dis-
ease group without inhibitor (Fig. 4C). We also conducted immu-
nofluorescence analysis for the periapical lesion area for the CD3-
positive T cells in different groups (Fig. 5). We then merged each
set of images for comparison and location (Fig. 5A). These images
showed significantly fewer visible CD3-positive T cells (Fig. 5A,
white arrows) in the disease group with inhibitor (3.606 mg/kg/
week) than in the disease group without inhibitor, which indi-
cated that inhibition of Ctsk decreased the number of T cells in
the periapical lesion area (Fig. 5C).

Inhibition of Ctsk reduced the expression of proinflamma-
tory and osteoclast marker genes as well as TLRs and cytokines
in the periapical lesion at different time points. To evaluate the
effect of Ctsk inhibition on the mRNA levels of the genes for
TNF-a, IL-6, IL-23a, and Ctsk, which are related to inflammatory
and osteoclast status in periapical tissues, QRT-PCR was used as
described previously (10, 17, 19). The relative mRNA expression
levels showed that the expression of Ctsk was inhibited at different
time points in the inhibitor (3.606 mg/kg/week)-treated disease
group but not in the untreated disease group (Fig. 6A). Proinflam-
matory-gene expression also increased in the disease group at 7,
21, and 42 days (Fig. 6A). The results of TLR expression analysis
showed that TLR9 expression increased significantly starting from
day 21 in the disease group (Fig. 6A). The expression of TLR4 and
TLR5 was also detected at different time points, since TLR4 and
TLR5 are responsible for recognition of lipopolysaccharide (LPS)
and flagellin of bacteria pathogens (21). Although TLR4 increased
in the disease group without inhibitor at 7 and 21 days, there was
no significant difference between the disease group and the inhib-
itor-treated group at 42 days (Fig. 6A). The IHC stain confirmed
the qRT-PCR result (see Fig. S4 in the supplemental material).
The expression of TLR5 decreased significantly in the inhibitor-
treated disease group starting from 21 days (Fig. 6A). IHC staining
of TLR5 showed that TLR5 expression decreased significantly in
the inhibitor-treated disease group at 42 days (see Fig. S5 in the
supplemental material), which was consistent with the qRT-PCR
result. Although the gene expression levels of IL-6 and IL-23«
decreased in the untreated disease group and the disease group
treated with inhibitor (3.606 mg/kg/week) at 42 days, cytokine
expression was still higher than that in the normal group. The
ELISA result showed that TNF-a, IL-6, and IL-23a reached the
highest levels in the disease group without inhibitor at 42 days
(Fig. 6B). Since Ctsk has been shown to possibly play a critical role
in the TLR9-related pathway (9), we also conducted IHC analysis
of TLRY to explore whether Ctsk affects the TLR9 expression in
periapical disease at 42 days after infection. The results showed
that TLR9 was expressed abundantly in the periapical lesion area
in the disease group without inhibitor but not in the inhibitor-
treated group (Fig. 7).

odontic lesion areas of the bacterium-infected groups with and without inhib-
itor (3.606 mg/kg/week) at 7, 21, and 42 days. There was an obvious reduced
bone density area compared to the inhibitor-treated disease group at different
time points (arrows). The X-ray and micro-CT analysis showed increased
low-bone-density areas in the furcation and periapical areas at 42 days com-
pared with 7 days and 21 days. (E) Quantification of bone volume/tissue vol-
ume measured for periapical lesion areas in different groups. *, P < 0.05; **,
P < 0.01; ***, P < 0.001. Each experiment was repeated three times (n = 3).
N.S, no significance. The left columns of panels A to D are X-ray images, the
middle columns are typical slice two-dimensional micro-CT images, and the
right columns are three-dimensional reconstituted images.
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FIG 2 Inhibition of Ctsk by specific inhibitor showed bone protection effects at different time points by histology analysis. (A) H&E staining of the periapical
mesial and distal root sections and furcation area sections from the bacterium-infected groups with and without inhibitor (3.606 mg/kg/week) at 7, 21, and 42
days. Red arrows indicate the inflammatory monocyte infiltration. The dotted red outline indicates the remaining bone in the lesion area. (B) Quantification of
remaining bone area in these three areas at 7, 21, and 42 days. (C) Time course analysis of the bone resorption in the bacterium-infected groups with and without
inhibitor (3.606 mg/kg/week). *, P < 0.05; **, P < 0.01; ***, P < 0.001. N.S, no significance. Each experiment was repeated three times (n = 3).

DISCUSSION

Periapical lesions result from pulp necrosis induced by bacterial
infection. The infection produces an inflammatory reaction first
within the pulp and subsequently in the periapical region after
egress of microorganisms, their by-products, and/or altered pulp
tissues from the infected root canal. The periapical lesion is char-
acterized by the presence of numerous inflammatory cells, which
then lead to immune inflammation of periapical tissue. Generally,
the body’s immune defense system gradually removes the patho-
gens after the removal of bacterial infections, but during the pro-
cess of obliterating foreign microorganisms, inflammatory factors
produced by the body can also damage the surrounding normal
tissue and cause periapical bone tissue absorption. If this process
continues, teeth will eventually become loose or fall out. Bone
resorption is mediated by bone-resorptive cytokines produced by
the inflammatory response. Consequently, the question of how to
control an excessive inflammatory response in the inflammatory
process while inhibiting corresponding bone resorption is partic-
ularly important.

Cathepsin K, a lysosomal cysteine protease, is abundantly ex-
pressed in osteoclasts. This fact, as well as its enzymatic properties,
implies that it is a key factor in normal bone remodeling and in
pathological processes, such as osteoporosis, osteoarthritis, and
inflammatory response-mediated bone resorption disease such as
periapical disease (10, 11). Recent studies showed that Ctsk also
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has important functions in immune responses (9, 22, 23). Our
previous study demonstrated that knocking down Ctsk by AAV
gene therapy can significantly reduce bone resorption and inflam-
mation (10). However, the main drawback of using AAV as a
vector is that the small size of the genome significantly limits the
amount of genetic material it can carry (24). Small molecules
overcome this by means of several advantages: a greater range of
treatable diseases, lower cost with greater ease of manufacturing,
and oral availability, which corresponds to patient preference (14,
25). ODN is a highly selective, potent, and reversible inhibitor of
Ctsk and inhibits osteoclast-mediated bone resorption in vitro but
does not reduce the number of osteoclasts and appears to reduce
bone resorption while preserving bone formation (26, 27). ODN
is currently being developed as an orally bioavailable therapeutic
for the treatment of postmenopausal osteoporosis. In a clinical
trial, 36 months of once-weekly ODN treatment increased lumbar
spine and total hip bone mineral density (BMD) and reduced
bone turnover markers in postmenopausal women with low BMD
(15).

Since Ctsk has been shown to have functions in both oste-
oclasts and immune cells, such as macrophages and dendritic cells
(9, 11, 28), whether inhibition of Ctsk can affect not only oste-
oclasts but also immune responses is still unclear. This study pro-
poses a novel role for Ctsk in endodontic inflammation lesions.
Patients with endodontic disease suffer from both inflammation-
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(n=3).

induced tissue damage and bone loss (2); a single target that can be
treated to dramatically improve both conditions is ideal. In the
current study, we tested the inhibition of Ctsk using the specific
small-molecule inhibitor ODN by oral administration in a peria-
pical lesion mouse model to determine whether Ctsk plays dual
roles in periapical disease to reduce both inflammation and bone
resorption at different time points.

Due to the nature and progression of endodontic infection,
changing microenvironmental conditions select for more anaer-
obic and virulent species of bacteria (29). We induced periapical
disease by inoculating the root canal system of the mandibular
first molar with a mixture of four common endodontic pathogens:
Prevotella intermedia (ATCC 25611), Fusobacterium nucleatum
(ATCC 25586), Peptostreptococcus micros (ATCC 33270), and
Streptococcus intermedius (ATCC 27335), as described previously
(10, 17). Our results showed that bone resorption at different time
points was much more advanced in the periapical periodontitis
group without inhibitor than in the periapical periodontitis group
with inhibitor, and meanwhile, we found that bone resorption
increased over time in different groups, but this trend was more
obvious in the periapical disease group without inhibitor (Fig. 1).
Further quantitative analysis by micro-CT confirmed the bone-
protective effects at 7, 21, and 42 days by inhibition of Ctsk (Fig. 1,
arrows). To determine the trends of bone resorption and the in-
filtration of inflammatory cells in the periapical lesion area, we
also conducted H&E staining to detect the changes of bone resorp-
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tion in different groupsat 7, 21, and 42 days after infection (Fig. 2),
which was consistent with the results of X-ray analysis and micro-
CT. We also wanted to explore the proper dose used for treatment
of periapical disease in mice, so we chose two different doses, 3.606
mg/kg/week and 0.7212 mg/kg/week, which were calculated from
the dose used for clinical trials in humans by considering the dif-
ference in body surface area between humans and mice (16). The
result showed that the 3.606-mg/kg/week dose had a better bone
protection effect at 42 days after infection (see Fig. S2 in the sup-
plemental material). These results showed that the bone resorp-
tion was more notable in the periapical disease group without
inhibitor than in the inhibitor-treated disease group at different
time points. Inflammatory-cell infiltration in the periapical dis-
ease group without inhibitor was increasingly more serious at 7,
21, and 42 days; a large number of blue-stained monocytes were
distributed in the apical, mesial/distal, and furcation areas (Fig.
2A, red arrows). In the inhibitor-treated periapical disease group,
the trabecular bone area was basically unchanged and infiltration
of inflammatory cells was significantly reduced. Above all, inhibi-
tion of Ctsk had significant bone protection effects and prevented
inflammatory-cell infiltration.

To investigate the mechanism of the effect of Ctsk inhibition in
vivo, TRAP staining and immunohistochemistry (IHC) staining
were carried out. Studies showed that periapical inflammatory
cells play an important role in the development of periapical peri-
odontitis, as they secrete a variety of cytokines (IL-1a, TNF-q,
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FIG 4 Inhibition of Ctsk by the specific inhibitor showed reduced F4/80™ cells in periapical lesions at 42 days by immunohistological analysis. (A) Immuno-
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group with and without inhibitor (3.606 mg/kg/week) at 42 days. **, P < 0.01; ***, P < 0.001. Each experiment was repeated three times (n = 3).

IL-6, and IL-11) and are involved in the adjustment of the activa-
tion and apoptosis of corresponding effector cells, such as oste-
oclasts, thus controlling bone resorption (30-32). In our previous
study, we showed that Ctsk knockdown can abolish the extracel-
lular acidification and then inhibit bone resorption, while oste-
oclast differentiation is only slightly affected in vitro (10, 11).
ODN has also been shown not to affect the osteoclast numbers in
vivo (33). Therefore, the number of osteoclasts of various groups
in vivo at different time points was determined in this experiment
to clarify the possible mechanism. We found that the number of
osteoclasts did not change in the normal control group (see Fig. S3
in the supplemental material) but was significantly reduced at
different time points in the lesion area of the inhibitor-treated
periapical periodontitis group compared to that of the untreated
periapical disease group (Fig. 3). This indicated that the immune
response may also be affected by inhibition of Ctsk, since preos-
teoclast activation is due to RANKL, which is secreted by osteo-
blasts, T cells, and B cells, and these cells can be activated by pro-
inflammatory cytokines and chemokines, such as IL-1, IL-6,
TNF-a, and IL-17 (34). Studies indicated that activated macro-
phages are the source of bone-resorbing cytokines in periapical
disease (35), which can be activated by T-lymphocytes or by bac-
terial endotoxin, as part of innate immunity. In order to fully
demonstrate the function of Ctsk in the immune response to pe-
riapical disease, the present study also examined whether inhibi-
tion of Ctsk affects the expression of macrophages by detecting the
macrophage marker F4/80 (Fig. 4). The results showed that the
number of macrophages increased significantly in the periapical
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disease group without inhibitor at 42 days but not in the inhibitor-
treated group (Fig. 4), which indicated that Ctsk may play an
important role in both osteoclasts and immune responses (Fig. 3
and 4).

Since macrophage expression decreased in the inhibitor-
treated disease group, and to further investigate the effect of Ctsk
function in adaptive immune response, immune fluorescence
analysis was carried out. We determined the number of CD3-
positive T cells in the periapical disease area from different groups
at 42 days (Fig. 5). The results showed that the CD3-positive T
cells decreased significantly in the inhibitor-treated infection
group, which indicated that the adaptive immune response was
impaired by inhibition of Ctsk. As the effector cell of inflamma-
tion, T cells can produce a variety of effector molecules (36, 37).
Therefore, the number of T cells is an important indicator of the
severity of the local inflammatory response. As a T-cell surface
marker, CD3 is commonly used to detect T cell populations, in-
cluding a3 T cells and yd T cells. The results showed that the
number of CD3™ T cells was significantly reduced in the inhibitor-
treated periapical disease group than in the disease group (Fig.
5A). T cells showed aggregated distribution in the periapical peri-
odontitis group, while the inhibitor-treated periapical periodon-
titis group showed only minor T cell distribution, which indicated
that the immune system-mediated inflammatory reaction is sup-
pressed in Ctsk-inhibited disease groups. This result could explain
the reduction of the number of osteoclasts from another aspect
(Fig. 3). T cells and macrophages decreased, which might result in
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at 42 days. ***, P < 0.001. Each experiment was repeated three times (n = 3).

a lower proinflammatory-cytokine production, which might fi-
nally cause lower osteoclast activation and differentiation.

In order to confirm this hypothesis, the relative mRNA level
was quantified by Sybr green-based qRT-PCR by using the primer
set listed in Table S1 in the supplemental material. Our results
showed that the Ctsk gene reached the highest level at 42 days in
the periapical disease group i1 vivo but not in the inhibitor-treated
disease group, which showed no obvious change of Ctsk expres-
sion (Fig. 6A). To further investigate the mechanism of the pro-
tective effect of inhibition of Ctsk in the mouse model of periapical
disease, we tested the expression level of proinflammatory-cyto-
kine genes, including TNF-a, IL-6, and IL-23a.. The TNF-o and
IL-6 expression levels increased significantly in the periapical dis-
ease group at day 7 compared to the inhibitor-treated disease
group (Fig. 6A). The expression of IL-23a reached the highest
level at day 21. The expression levels of cytokines, including
TNF-a, IL-6, and 1L-23, all increased in the periapical disease
group at different time points. Although the proinflammatory cy-
tokines also increased in the inhibitor-treated disease group, the
level was much lower than that in the disease group (Fig. 6B).
Cytokines such as TNF-a, IL-6, and IL-23a are soluble mediators
and are released from immunocompetent cells in the periapical
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inflammatory processes. These cytokines can stimulate bone re-
sorption in periapical lesion areas (38). Proinflammatory cyto-
kines, such as TNF-a, have been reported to have a key role in
regulating the inflammatory response (39). IL-6 is produced at the
site of inflammation and also plays a key role in the acute-phase
response, which is also shown by our qRT-PCR results (Fig. 6A)
(40). As receptors recognize several major bacterial pathogens,
Toll-like receptors (TLRs) are important in immune responses.
Currently, 12 TLR family members have been found in humans
and other mammals, but not all TLRs are expressed in mammals.
For example, TLR11 and -12 are expressed in mice but not in
humans (41). TLR4, -5, and -9 can specifically identify different
types of bacterial antigens, which play an important role in bacte-
rial infection. The study from Beklen et al. showed that except for
TLR7 and TLRS, expression levels of TLR1 to TLR10 in the human
gingival surface are higher in periodontitis patients than healthy
people (42), suggesting that TLRs play a significant role in the
activation and development of periodontitis. Therefore, TLR4, -5,
and -9 were selected as the research subject in this experiment to
detect the changes in the inhibition of Ctsk in the periapical dis-
ease model. The relationship between Ctsk and TLRs has not been
fully clarified yet. Recent studies demonstrate that Ctsk has a crit-
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FIG 6 Inhibition of Ctsk by the specific inhibitor reduced the expression of proinflammatory genes as well as TLR and cytokine genes in the periapical lesion at
different time points. (A) QRT-PCR of osteoclast genes (i.e., Ctsk) and proinflammatory genes (i.e., TNF-a, IL-6, and IL-23a) as well as TLR genes (i.e., TLR4,
-5,and -9) in the periapical lesion from the normal group and the bacterium-infected group with and without inhibitor (3.606 mg/kg/week) at 7, 21, and 42 days.
-actin was used as an endogenous control. (B) Expression of TNF-a, IL-6, and IL-23a in the periapical lesion at 7, 21, and 42 days detected by ELISA.
Significance was compared between disease groups with and without inhibitor at different time points. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Each experiment
was repeated three times (n = 4).

ical role in TLRs functions (9, 43, 44). Asagiri et al. demonstrated — dependent Ctsk expression in human fibroblasts in vitro (43). Ctsk
that in rheumatoid arthritis, Ctsk might have an effect on dendrit-  has also been shown to be involved in development of psoriasis-
ic-cell (DC) cytokine expression through TLRY in vitro (9). Hi- like skin lesions through TLR7 activation (44). In the current
rabara et al. showed that the Ctsk inhibitor might inhibit TLR4-  study, we showed that TLR5 and -9 decreased in the inhibitor-

A Mesio Root Area B
g ©
e
<
Q.
]
@
=
©
[
<
s
c 2
E g
‘g w
o
¥s) =
= <
= s
==
]
S o

Infection

Percentage of TLR9 Positive (e}
Cells in lesion Area

A S e 0N e Ilptﬁgtlltg? ol i

FIG 7 Inhibition of Ctsk by the specific inhibitor shows reduced expression of TLR9 in periapical lesions at 42 days by immunohistological analysis. (A) Immunohis-
tochemistry stains of TLR9 ™ (brown) cell areas in the normal group and the bacterium-infected group with and without inhibitor (3.606 mg/kg/week) at 42 days. Normal
serum served as a negative control. (B) Higher-magnification view of the images from the infection disease group at 42 days. Red arrows indicate TLR9™ cells. (C)
Quantification of TLR9™ cells in furcation, mesial, and distal periapical area of the normal group and the bacterium-infected group with and without inhibitor (3.606
mg/kg/week) at 42 days. *, P < 0.05; **, P < 0.01; ***, P < 0.001. N.S, no significance. Each experiment was repeated three times (1 = 3).

April 2015 Volume 83 Number 4 Infection and Immunity iai.asm.org 1243


http://iai.asm.org

Hao et al.

treated disease group compared to the disease group at different
time points (Fig. 6A). The IHC staining of TLR5 and -9 confirmed
the qQRT-PCR result (Fig. 7; also, see Fig. S5 in supplemental ma-
terial). TLR4 expression increased in the disease group at 7 and 21
days; however, it decreased at 42 days. There was no significant
difference at 42 days between the disease group and the inhibitor-
treated disease group (Fig. 6; also, see Fig. S4 in supplemental
material).

In summary, we investigated the possible mechanism of the
effect of Ctsk, which simultaneously targets osteoclasts and im-
mune cells. The inhibition of Ctsk by the specific small molecule
ODN reduced bone resorption by inhibition of the osteoclast
function and inflammation simultaneously and in turn decreased
osteoclast activation and differentiation, which exhibits a prom-
ising possibility for therapy for periapical inflammatory disease.
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