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Background: Periodontitis is a bacteria-induced inflam-
matory disease mainly affecting periodontal tissues, leading
to periodontal inflammation, bone breakdown, and loss of
the tooth. The main obstacle for treating periodontitis effec-
tively is the difficulty in finding a target that can inhibit bone
loss and inflammation simultaneously. Recent studies showed
that cathepsin K (CTSK) might have functions in the immune
system besides its role in osteoclasts. Thus, targeting CTSK
would have a potential therapeutic effect in both the bone
system and the immune system during the progression of
periodontitis.

Methods: In the current study, a small molecular inhibitor
(odanacatib [ODN]) is explored to inhibit the function of CTSK
in a bacteria-induced periodontitis mouse model.

Results: The application of ODN decreased the number of
osteoclasts, macrophages, and T cells, as well as the expres-
sion of Toll-like receptors (TLRs) in the periodontitis lesion
area. Furthermore, lack of CTSK inhibited the expression of
TLR4, TLR5, and TLR9 and their downstream cytokine signal-
ing in the gingival epithelial cells in periodontitis lesions, dem-
onstrating that the innate immune response was inhibited in
periodontitis.

Conclusion: The present results show that inhibition of
CTSK can prevent bone loss and the immune response during
the progression of periodontitis, indicating that CTSK is a
promising target for treating inflammatory diseases such
as periodontitis by affecting both osteoclasts and the im-
mune system. J Periodontol 2015;86:972-983.
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P
eriodontitis lesions are caused by
multiple bacterial infections of the
gingival tissue followed by the

periodontal tissue, which induce inflam-
mation and uncontrolled immune re-
sponse from the host in the oral lesion
area.1,2 The pathogens of the bacteria
mainly include lipopolysaccharide (LPS),
flagellin, and CpG DNA, which will cause
an innate immune response and the
subsequent adaptive immune response.3

During this progress, the extensively ac-
tivated T cells and osteoclasts (OCs)
have been implicated to be involved in the
production of proinflammatory cytokines
and the activation of OCs.4

The current strategy in clinics to treat
periodontitis is focused mainly on the
local elimination of bacterial pathogens
and controlling the inflammations, which
still cannot target the bone loss and
bacterial infection-induced periodontal
inflammation and the consequential loss
of alveolar bone and teeth. Cathepsin K
(CTSK) is a peptidase C1 protein family
member that is known to be a lysosomal
cysteine protease.5,6 Furthermore, ca-
thepsin family members are known to
be crucial for the innate immune re-
sponse.7,8 Studies demonstrated that
CTSK is required for Toll-like receptor
(TLR) 9 functions in dendritic cells,
which play an essential role in innate
recognition of microbial products and
activation of defense responses.9 TLRs,
which are an important part of the innate
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and adaptive immune system, have been proposed
as driving the inflammation in the development of
periodontitis.3,10,11 The research also led to the pivotal
realization that CTSK also has significant functions in
the immune system during periapical diseases.12,13

Based on recent research, there are still questions
about whether CTSK has functions in activating an-
tigen presentation cells, such as macrophages, which
will lead to T-cell activation and the subsequent
production of inflammatory cytokines.9,12 Therefore,
the current investigation is applied with respect to the
probability that CTSK has a critical role in the acti-
vation of macrophages and TLR-mediated immune
responses in the pathogenesis of periodontitis lesions.

MATERIALS AND METHODS

Animals
Seven- to 8-week-old female wild-type (WT) BALB/cJ
mice§ were used for introducing a periodontitis
mouse model. Mice were divided into four groups: 1)
a normal group with CTSK inhibitor (no bacterial
infection; 3.606 mg � kg-1 � wk-1; n = 5 mice); 2)
a normal group without CTSK inhibitor (no bacterial
infection; n = 5 mice); 3) a bacterial infection group
treated with CTSK inhibitor (3.606 mg � kg-1 � wk-1;
n = 5mice or 0.7212mg � kg-1 � wk-1; n = 5mice); and
4) a bacterial infection group without CTSK inhibitor
(n = 5 mice). All experiments were repeated on three
independent occasions, making the total 75 mice.
Theanimalsweremaintained in theUniversity ofAlabama
at Birmingham animal facility and were given distilled
water and allowed to feed freely. All experimental pro-
tocols were approved by the Institutional Animal Care and
Use Committee of the University of Alabama at Bir-
mingham (protocol 131209236), Birmingham,Alabama.

Administration of CTSK Inhibitor
Male mice in the normal and periodontitis disease
groups were treated with odanacatib (ODN) and
compared to the untreated normal and disease
groups. Treated mice were orally administered 3.606
or 0.7212 mg � kg-1 � wk-1 (five-fold lower dose) of
pharmacologic grade ODNi in dimethylsulfoxide
(DMSO) from 1 week before the establishment of the
diseasemodel to the end of sample harvest. TheODN
dose was chosen to match the treatment of humans
by converting to an equivalent dose for mice.14 The
control mice were orally administered DMSO.

Infection With Bacterial Strains
The bacteria used in this study are Porphyromonas
gingivalis W50 (American Type Culture Collection
[ATCC] 53978), Treponema denticola (ATCC 35404),
and Tannerella forsythia (ATCC43037). These strains
were grown under anaerobic conditions (80% N2, 10%
H2, and 10% CO2) at 37�C in a anaerobic chamber¶

and were cultured.15,16 P. gingivalis W50was grown for

3 days on CDC anaerobic 5% sheep-blood agar plates,
and bacteria were scraped from the agar surface
using sterile cotton swabs soaked and suspended
in broth supplemented with hemin and vitamin K.
T. forsythia was grown in trypticase soy agar II basal
medium supplemented with yeast extract, phytone
peptone, sheep blood (5%), and N-acetylmuramic
acid (NAM) for 3 days, and bacteria were scraped
from the agar surface and resuspended in NAM broth.
T. denticola was grown in GM-1 broth for 48 to 72
hours, log-phase cultures were harvested by centri-
fugation at 9,000 · g for 15 minutes at 4�C, and the
pellets were resuspended in broth. For oral mixed
microbial infection, P. gingivalisW50 (3 · 1010 cells/mL),
T. denticola (3 · 1010 cells/mL), and T. forsythia (3 ·
1010 cells/mL) were mixed gently for 1 to 2 minutes
and were allowed to interact for an additional 5
minutes for any interactions among these spe-
cies. An equal volume of sterile 2% (weight/
volume) carboxymethyl cellulose was added and
mixed thoroughly, and 100 mL (5 · 109 cells/mL
for P. gingivalis, 5 · 109 cells/mL for T. denticola
and T. forsythia) was administered by oral and
anal topical application eight consecutive times
according to a previously described protocol with
modification.17,18

Harvest and Preparation of Samples
Animals were sacrificed by CO2 inhalation at 56 days
after the initial infection. For bone resorption mea-
surements, maxillae samples from the left side were
defleshed and stained with 1% methylene blue and
mounted on microscope slides for bone loss mea-
surements. Maxillae samples from the right side were
fixed immediately in 4% formaldehyde and prepared for
histologic analysis according to standard protocols.17 In
brief, samples for paraffin sections were fixed in 4%
formaldehyde for 24 hours, washed with 1· phosphate-
buffered saline (PBS), decalcified in 10%EDTA in 0.1 M
Tris solution (pH 7.0) for 20 days (replenished each
day), washed with 1· PBS three times, and embedded
in paraffin after series dehydration. Mandibular samples
from the right side in every independent experiment
were obtained for real-time quantitative reverse
transcription-polymerase chain reaction (qRT-PCR)
analyses, and samples from the left side were obtained
for enzyme-linked immunosorbent assays (ELISAs).

Periodontal Bone Loss Measurement
The protocol for imaging was performed as described
previously.17,19 Briefly, images of molar tooth roots
and alveolar bone were captured using digital mi-
croscopy. The area of periodontal bone loss, including
the cemento-enamel junction (CEJ), the lateral margins
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of the exposed tooth root, and the alveolar ridge, was
determined using image analysis software.# In addition,
the polygonal area was measured using the image
analysis software.** Measurements were expressed in
square millimeters by converting pixels to millimeters.
For the hematoxylin and eosin (H&E) coronal section,
the length between the CEJ to the alveolar ridge has
been measured as described previously.20

Immunofluorescence Analyses
Immunofluorescence (IFC) analysis was performed
as described previously,21-23 with the exception that
rat polyclonal anti-cluster of differentiation 3 (CD3)††

was used as the primary antibody, and observations
were performed by epifluorescence in a microscope.‡‡

Nuclei were visualized with 1 mg/mL 49,6-diamidino-
2-phenylindole (DAPI).§§ The experiments were set in
triplicate on three independent occasions.

Immunohistochemistry Analyses
Immunohistochemistry (IHC) was performed using
corresponding sections of mandibular tissue from the
normal group (with or without inhibitor) and the disease
group (with or without inhibitor), and then the slides
were analyzed by IHC for expression and localization
of proteins of the macrophage marker F4/80ii (rat
monoclonal, 1:200), TLR4¶¶ (goat polyclonal, 1:200),
TLR5## (rabbit polyclonal, 1:200), and TLR9***
(rabbit monoclonal, 1:500). An avidin–biotin complex
kit for anti-rat and rabbit immunoglobulin G peroxi-
dase polymer detection systems along with a 3,39-
diaminobenzidine kit††† as a substrate were used for
the peroxidase-mediated reaction. The experiments
were set in triplicate on three independent occasions.

RNA Extraction and Real-Time qRT-PCR
For RNA extraction, the samples were transferred to
the tube prefilled with beads‡‡‡ and homogenized
using a blender.§§§ The RNA extraction was then
applied to the standard procedure using a reagent.iii

The extracted RNA was reversed using a synthesis
kit.¶¶¶ Real-time qPCR was performed as described
previously12,13 using primers as listed in supple-
mentary Table 1 in online Journal of Periodontology.
Briefly, cDNA fragments were amplified by PCR
master mix### and detected by a real-time PCR
system.**** The mRNA expression level of the
housekeeping gene b-actin was used as an endog-
enous control and enabled the calculation of specific
mRNA expression levels as a ratio of b-actin. Ex-
periments were repeated at least three times.

Protein Extraction and Cytokine for ELISA
For protein extraction, the frozen periodontitis tissue
samples were transferred to a tube prefilled with
beads†††† and homogenized using a blender.‡‡‡‡ The
tissue fragments were dispersed in 300 mL lysis
buffer. Themixture was centrifuged at 12,000 rpm for

10 minutes, and the supernatant was collected and
stored at -80�C until the assay. An ELISA was used
as described previously24,25 to evaluate the effect of
inhibition of CTSK on the levels of tumor necrosis
factor (TNF)-a, interleukin (IL)-6, and IL-23 in in-
flammatory periodontitis tissues extracted from the
normal group (with or without inhibitor) and the
disease group (with or without inhibitor). Briefly,
assays for cytokines in extracts used commercially
available ELISA kits: TNF-a,§§§§ IL-6,iiii and IL-
23.¶¶¶¶ All assays were conducted in accordance
with the instructions of the manufacturers. Results
were expressed as picograms of cytokine per milli-
liters of tissue.

Statistical and Data Quantification Analyses
Experimental data are reported as mean – SD of
triplicate independent samples. All experiments were
performed in triplicate on three independent occa-
sions. The figures are representative of the data. Data
were analyzed with the two-tailed Student t test.
Mann-Whitney U test was used for the non-parametric
test. P values <0.05 or U values >1.96 were considered
significant. Data quantification analyses were per-
formed using an imaging analysis program#### as de-
scribed previously.12,17,26

RESULTS

Inhibition of CTSK by a Specific Small-Molecule
Inhibitor Showed Promising Bone-Protective
Effects
The periodontitis mouse model established by
a previous study was used.17 Vertical observation of
methylene blue stain showed that there was no ob-
vious vertical bone resorption in theWT and inhibitor-
treated negative control groups. Bone resorption was
significant in theWT periodontitis group but not in the
inhibitor-treated periodontitis group (Fig. 1A, red

# Adobe Photoshop, San Jose, CA.
** NIH ImageJ, National Institutes of Health, Bethesda, MD
†† Abcam, Cambridge, MA.
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Laboratories, Burlingame, CA.
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arrows). In the horizontal view of Figure 1A, the quan-
tified data showed that bone resorption was obvious
in the WT periodontitis group compared to the
inhibitor-treated periodontitis group (Fig. 1B, white
dotted area). The H&E histologic analysis showed
that the alveolar bone resorption, alveolar bone loss
between the CEJ and the bone crest, and the width of
the periodontal ligament (PDL) revealed that each
measurement was significantly higher in the WT
periodontitis group than in the inhibitor-treated peri-
odontitis group (Fig. 1C). The results showed that
the inhibition of CTSK can protect the periodontitis
group from bone loss (Figs. 1D and 1E). The dif-
ferent doses of CTSK inhibitor, 3.606 mg � kg-1 � wk-1
or five-fold lower at 0.7212 mg � kg-1 � wk-1, had

a dose dependent bone-protective effect by methy-
lene blue analysis (see supplementary Fig. 1 in online
Journal of Periodontology).

Inhibition of CTSK Decreased OC Numbers and
May Be Involved in the Immune Response in the
Periodontitis Lesion Area
It was found that the number of OCs decreased in the
disease group with inhibitor (3.606 mg � kg-1 � wk-1)
compared to the disease group without inhibitor by
applying tartrate-resistant acid phosphatase (TRAP)
staining (Fig. 2). The distribution of OCs in the WT
periodontitis group was around the tooth in alveolar
bone and PDL area (red arrows). In the inhibitor-
treated group, visible OCs can hardly be found in

Figure 1.
Inhibition of CTSKbya small-molecule inhibitor showedbone-protective effects in the periodontitis lesion area.A)Methylene blue staining of themaxilla tooth
of the normal and disease groups with and without ODN (3.606 mg � kg-1 � wk-1) treatment. Red arrows indicate vertical bone resorption. White dotted
areas indicate horizontal bone resorption. B) Quantification of the alveolar bone resorption area in the horizontal view of A. C) H&E staining of the
periodontal tissue of different groups. The H&E stain showed increased bone breakdown in theWT disease group (red arrows). Columns 2 to 4 are enlarged
images of the boxed areas in column 1 (magnification ·20). D and E) Quantification of bone resorption length and PDL width of C. W/ = with; W/O =
without; Inf = infection; N.S. = not significant. * P <0.01,† P <0.001. n = 5, repeated three times. Scale bars = 100 mm.
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the periodontitis lesion area, which also indicates
that CTSK has an important function in the immune
system. To prove the hypothesis, the effect of bi-
sphosphonate (alendronate [Aln]) and the CTSK-
specific small-molecule inhibitor ODNwas compared
in the same periodontitis mouse model (Figs. 3A and
3B). The results showed that bone loss cannot be
inhibited by Aln, but administration of ODN can
significantly protect against bone loss (Fig. 3C). The
TRAP stain results showed that the OC numbers in
the Aln-treated disease group increased significantly
compared to the ODN-treated group (see supple-
mentary Fig. 2 in online Journal of Periodontology).

This indicated strongly that CTSK has critical func-
tions not only in OCs but also in immune cell–me-
diated OC activation.

CTSK May Have Effects on Innate Immune
Responses and Immune Cells at the Periodontitis
Lesion Area
TLRs are important for the innate immune response.
As a first line of defense against bacterial infections,
TLRs have naturally become the most important
candidate targets. In bacterial-mediated inflam-
mation, TLR4 recognizes LPS, TLR5 recognizes
flagellin, and TLR9 recognizes bacterial DNA and

Figure 2.
Inhibition of CTSK showed reduced TRAP-positive cells in the periodontitis lesion area. A) TRAP staining of the periodontal tissue area sections in different
groups with and without ODN treatment. Columns 2 to 4 are enlarged images of the boxed areas in column 1 (magnification ·20). Red arrows indicate
TRAP-positive cells.B)Quantification of TRAP-positive cell numbers in the lesion areas of different groups.W/=with;W/O=without; Inf= infection;N.S.= not
significant. * P <0.01. n = 5, repeated three times. Scale bars = 100 mm.
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CpG oligodeoxynucleotide, which are critical anti-
gens that cause an immune response.3 To explore
whether these TLRs are involved in the development
of periodontitis and to determine whether CTSK has
an effect on the immune response during the
progression of periodontitis, IHC staining was

performed on the periodontitis lesion areas of dif-
ferent groups at 56 days (Fig. 4). A significant in-
crease of TLR4-positive, TLR5-positive, and TLR9-
positive cells was observed in the periodontitis
group compared to the inhibitor-treated disease
group (Figs. 4B, 4D, and 4F). More interestingly,

Figure 3.
Inhibition of CTSK by different inhibitors (Aln andODN) demonstrated different bone-protective effects in the periodontitis lesion area.A)Methylene blue staining of
themaxilla toothof uninfectedWTmicewithorwithoutbisphosphonate (Aln; 0.219mg � kg-1 �wk-1)orODN(3.606mg � kg-1 �wk-1) treatmentat8weeks.Red
dotted areas indicate horizontal bone loss. B) Methylene blue staining of the maxilla tooth from infected WT mice with or without bisphosphonate
(0.219 mg � kg-1 � wk-1) or ODN (3.606 mg � kg-1 � wk-1) treatment at 8 weeks. Red arrows indicate vertical bone resorption. C) Quantification of bone
resorption area in different groups. Inf= infection; Inh= inhibitor; N.S.= not significant.*P<0.05,† P<0.001. n= 5, repeated three times. Scale bars= 500mm.
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the IHC stain of F4/80-positive macrophages
decreased significantly in the inhibitor-treated
periodontitis group. To further confirm the find-
ings, CD3 IFC stain was applied to examine T-cell
activation. T lymphocytes are important immune
effector cells that can be divided into cytotoxic T
lymphocytes, helper T lymphocytes, and suppressor
T lymphocytes. The cosurface marker of lympho-
cytes, CD3, can be used to detect activated T
lymphocytes in inflammation.27 The results showed
that CD3-positive T cells decreased significantly in

the lesion areas in the inhibitor-treated periodontitis
group. These results indicated that inhibition of CTSK
may affect the immune response that occurs in
periodontitis lesion areas (Figs. 4 and 5).

Inhibition of CTSK Reduced the Expression of
Proinflammatory Genes and TLRs and Cytokines
in the Periodontitis Lesion
The expression of CTSK was determined to confirm
whether OC function had been affected. To evaluate the
effect of CTSK inhibition on the mRNA levels of TNF-a,

Figure 4.
InhibitionofCTSK reducedTLR4-, TLR5-, andTLR9-positive cells in theperiodontal gingival lesionarea.AthroughF) IHCstainsandquantificationofTLR4-positive (A
andB), TLR5-positive (CandD), andTLR9-positive (brown) (EandF) cells in different groupswith orwithoutODN(3.606mg � kg-1 �wk-1) treatment at8weeks.
Redarrows indicate positive cells. Bottom rowsare enlarged images of theboxedareas in the lesionarea (magnification·40).G)Normal serumservedasanegative
control. W/ = with; W/O = without; Inf = infection; N.S. = not significant. * P <0.05, † P <0.01, ‡ P <0.001. n = 5, repeated three times. Scale bars = 25 mm.
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IL-6, and IL-23a, which are related to inflammatory and
OC status in periodontitis tissues, qRT-PCR was used as
described previously.12 The relative mRNA expression
levels showed that the expression of CTSK and proin-
flammatory gene expression increased in the disease
group at 56 days (Fig. 6A). For the TLR gene expres-
sion, TLR4, TLR5 and TLR9 all increased significantly in
the disease group (Fig. 6A), which was consistent with
the IHC result (Fig. 4). The ELISA result showed that
TNF-a, IL-6, and IL-23 increased significantly in the
disease group without inhibitor at 56 days (Fig. 6B).

DISCUSSION

In the current study, it is reported that CTSKmay play
a key role in mediating periodontitis by attenuating
the innate TLRs’ response and the subsequent
adaptive immune response. To support this, a
bacterial-induced periodontitis model treated with a
CTSK-specific small-molecule inhibitor (ODN) was
used. It was demonstrated that inhibition of CTSK
decreased the number of macrophages, OCs, and

TLR4-, TLR5-, and TLR9-positive cells in the peri-
odontitis lesion area. In light of these findings and
a previous report12 showing that CTSK has important
roles in periapical disease, it is plausible that CTSK is
required for immune cells to mediate the immune
response in periodontitis.

Periodontal diseases result from gingivitis induced
by microorganism infection. The infection induces an
inflammatory response first within the gingival tissue
and subsequently in the PDL region after egress of
bacterial pathogens, their byproducts, and/or altered
periodontal tissues from the continuous infected
gingival tissue. The lesion development is char-
acterized by sustained and prolonged cellular ac-
tivation in periodontitis lesion areas and often leads
to tissue damage and chronic inflammation rather
than repair.28 Consequently, the question faced by
researchers and clinics is to control an excessive
inflammatory response in the inflammatory process,
while reserving corresponding alveolar bone effec-
tively. CTSK, a lysosomal cysteine protease, is expressed

Figure 5.
Inhibition of CTSK showed reduced F4/80-positive and CD3-positive cells in the periodontitis lesion area. A) IHC stains of F4/80-positive (brown)
macrophages in the periodontitis lesion areas of different groups treated with ODN (3.606 mg � kg-1 � wk-1) and without inhibitor at 8 weeks. Red arrows
showpositive cells.B)Quantification of F4/80-positive cell numbers in the PDL area of the different groups.C)Normal serum served as negative control.D)
IFC staining of CD3-positive (red) T cells in the periodontitis lesion area in the different groups. White arrow and white inset box of the enlarged image show
positive cells (magnification ·40). E)Quantification of CD3-positive cell analysis. F)Normal serum served as a negative control. W/ = with; W/O = without;
Inf = infection; N.S. = not significant. * P <0.05, † P <0.01, ‡ P <0.001. n = 5, repeated three times. Scale bars = 100 mm.
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extensively in OCs. It has been shown in early studies
that CTSK is responsible for matrix protein (such as
collagen Type I) degradation during normal bone
metabolism, and its mutation may cause severe
pycondysostosis, which is also proved to be upre-
gulated by CCAAT-enhancer binding protein a in
recent studies.5,23 CTSK has been shown to have
a close relation with TLR9 in the immune response,
which indicated that it also participates in the in-
flammation process.9 Beklen et al.29 showed that
CTSK was expressed in the macrophage-like cells,
fibroblast-like cells, vascular endothelial cells, and
gingival epithelial cells in PDLs and gingival tissues.
Previous studies9,30,31 showed that CTSK also has

important functions in immune response. ODN is
a selective inhibitor of the cysteine protease CTSK.32

ODN inhibits OC digestion function but does not
reduce the number of OCs.33 However, whether in-
hibition of CTSK can affect not only OCs but also the
immune response is still unclear. To investigate the
mechanism of the effect of CTSK inhibition in vivo,
TRAP staining was applied. A significant bone-protective
effect and decrease in OCs in the ODN-treated
periodontitis groups was found (Figs. 1 and 2). To
determine the proper treatment dose for periodontal
diseases, a dose experiment was performed to treat
the periodontitis, which showed dose-dependent
bone-protective effects (see supplementary Fig. 1 in

Figure 6.
Inhibition of CTSK by a specific inhibitor reduced the expression of proinflammatory genes, as well as TLR genes and cytokines in the periodontitis lesion.
A) qRT-PCR of OC-specific genes (i.e., CTSK), proinflammatory genes (i.e., TNF-a, IL-23a, and IL-6), and TLR genes (i.e., TLR4, TLR5, and TLR9) in the
different groups. b-Actin was used as an endogenous control. B) Expression of TNF-a, IL-6, and IL-23 in the periodontitis lesion detected by ELISA.
Significance was compared between the disease group with and without inhibitor. The black bars represent the group with periodontitis disease without
inhibitor treatment. Inf = infection; N.S. = not significant. * P <0.05, † P <0.01, ‡ P <0.001. n = 3, repeated three times.
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online Journal of Periodontology). Furthermore, ad-
ministration of bisphosphonate (Aln) caused severe
bone breakdown and an increase of OC numbers
stimulated by bacteria (Fig. 3) (see supplementary
Fig. 2 in online Journal of Periodontology). Yanming
et al.34 showed that administration of bisphosphonates
results in more OCs and the formation of giant OC-
like cells within the alveolar bone, which will cause
osteonecrosis in the jaw area. Studies have in-
dicated that the activation of OCs is not only de-
pendent on osteoblasts but is also closely related
to the immune system.35 Notably, myeloid pro-
genitors for OCs can also differentiate to dendritic
cells and macrophages.36,37 Previous studies and
the current results suggest that CTSKmay mediate
periodontitis bone breakdown not only through its
known function in OCs but also through immune
cell-mediated activation of OCs.

Previous studies showed that pathogen-associated
molecular patterns can directly regulate OCs via OC
TLR. Activation of TLR in osteoblasts or stromal cells
stimulates production of osteoclastogenic cytokines,
such as receptor activator of nuclear factor-kappa B
ligand and TNF-a.38 TLRs in gingival epithelial cells
can increase the attachment and migration of im-
mune cells toward antigen and also induce the pro-
duction of proinflammatory cytokines.3 Importantly,
the present study provides new insights into the
possible connections between CTSK and the immune
response in periodontitis. In the periodontitis mouse
model, inhibition of CTSK resulted in significant de-
creases in TLR4, TLR5, and TLR9 (Fig. 4). Activated
macrophages are indicated as the source of bone-
resorbing cytokines in periodontal diseases,39,40

which can be activated by T lymphocytes or bacterial
endotoxin. To fully demonstrate the function of CTSK
in the immune response to periodontal diseases, the
present study examines whether inhibition of CTSK
affects the expression of macrophages by detecting
the pan-marker F4/80 (Fig. 5A). The results showed
that the number of macrophages increased signifi-
cantly in the periodontitis group without inhibitor at
56 days but not in the inhibitor-treated group which
indicated that CTSK may play an important role in
both OCs and immune responses (Figs. 5A and 5B).
As the effecter cells of inflammation, T cells can
produce a variety of effecter molecules.41,42 There-
fore, 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, including ab T cells and gd
T cells. The results showed that the number of CD3-
positive T cells was reduced significantly in the
inhibitor-treated periodontitis disease group (Figs. 5D
and 5E). T cells showed aggregated distribution in the
periodontitis lesion area, whereas the inhibitor-treated

periodontitis group only showedminor T-cell infiltration,
which indicated that the immune system–mediated
inflammatory reaction is suppressed in CTSK-inhibited
disease groups. T cells and macrophages decreased,
which might result in a lower proinflammatory cytokine
production, and subsequently the lower OC might be
activated and result in less bone loss.

ELISA and qRT-PCR results confirmed the in vivo
IHC stain in periodontitis lesion tissues. The expres-
sion level of proinflammatory maker genes, including
TNF-a, IL-23a, and IL-6, increased significantly in the
periodontal disease group at day 56 compared to that
in the inhibitor-treated disease group (Fig. 6A). These
results underscore the possibility that future therapies
could block CTSK in periodontitis by specific small-
molecule inhibitors or gene therapy. CTSK inhibition
was also confirmed by qRT-PCR (Fig. 6A). Because
TLRs are important in the immune response, TLR4,
TLR5, and TLR9 are selected as the research objects
in this experiment to detect the changes in peri-
odontitis lesion area. In the current study, it is shown
that TLR4, TLR5, and TLR9 all decreased in the
inhibitor-treated disease group compared to the disease
group. Beklen et al.10 showed that, except for TLR7
and TLR8, expression levels of TLR1 through TLR10 in
human gingival surfaces are higher in individuals with
periodontitis than in healthy individuals. The current
view is that cathepsins make TLRs form a correct
protein structure through proteolytic processing,
thereby initiating the antigen recognition process.43,44

However, it is still unclear how cathepsins perform the
corresponding processes that hydrolyze the specific
TLR. The protein level expression of cytokines was
also detected, including TNF-a, IL-6, and IL-23a, and
all increased in the periodontitis disease group com-
pared to the inhibitor-treated disease group (Fig. 6B).
These cytokines are closely related to TLR activation
and the subsequent immune response and the OC
activation.45 The proinflammatory cytokines, such as
TNF-a, have been reported to have a key role in
regulating the inflammatory response.46 IL-6 is pro-
duced at the site of inflammation and also plays a key
role in the acute-phase response, which is also shown
by the qRT-PCR results (Fig. 6A).47

CONCLUSIONS

The possible mechanism of the dual effect of CTSK in
targeting OCs and immune cells was explored. The
inhibition of CTSK reduced bone loss by inhibition of
both the OC function and inflammation, which in turn
decreased OC activation and differentiation.
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