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Abstract

Nuclear factor-kappa B (NF-kB) is involved in osteoclast differentiation and activation. Thus, the blockade of the
NF-kB pathway might be a novel therapeutic strategy for treating bone metabolic diseases. Periodontitis is
subgingival inflammation caused by bacterial infection; this disease also is thought to be a chronic focal point
responsible for systemic diseases. In this study, NF-kB decoy oligodeoxynucleotides (ODNs) were topically
applied for experimental periodontitis in a debris-accumulation model and wound healing in a bone-defect
model of beagle dogs to investigate the effect of decoy ODN on bone metabolism. Application of NF-kB decoy
ODN significantly reduced interleukin-6 activity in crevicular fluid and improved alveolar bone loss in the
analysis of dental radiographs and DEXA. Direct measurement of exposed root that lost alveolar bone support
revealed that NF-kB decoy treatment dramatically protected bone from loss. In a bone-defect model, NF-kB
decoy ODN promoted the healing process as compared with control scrambled decoy in micro-CT analysis.
Overall, inhibition of NF-kB by decoy strategy prevented the progression of bone loss in periodontitis and
promoted the wound healing in bone defects through the inhibition of osteoclastic bone resorption. Targeting of
NF-kB might be a potential therapy in various bone metabolic diseases. Antioxid. Redox Signal. 11, 2065–2075.

Introduction

Periodontal disease is initiated by an inflammatory re-
sponse caused by infection of a periodontal pocket arising

from the accumulation of subgingival plaque (2, 16, 22). In
association with the infection, bacterial antigen and lipo-
polysaccharides (LPSs) weaken connective-tissue attach-
ments in the gigiva and induce an immune response in the
subgingival crevicular fluid. Multiple cytokines such as in-
terleukin (IL)-1, IL-6, and tumor necrosis factor-alpha (TNF-a)
are involved in this response. As the inflammation advances,
these cytokines in crevicular fluid induce differentiation of
osteoclasts from their precursors, leading to bone resorption
and destruction adjacent to the root and eventually to tooth
loss (2, 14, 25). An edentulous condition causes malfunction of
oral mastication and pronunciation, leading to deterioration
in daily activities. Periodontal disease also has been consid-
ered a possible risk factor for other systemic diseases, such as
cardiovascular disease and pre-term low-birth-weight infants,

as well as the development of diabetes mellitus (7, 17, 18, 27).
Several approaches (brushing, scaling, and antibacterial
paste) have been used to prevent the initiation and the pro-
gression of inflammation, and surgical operation is often
performed in severe cases with advanced inflammation (3).

The transcription factor NF-kB plays a pivotal role in
the coordinated transactivation of cytokine and adhesion-
molecule genes involved in such conditions. Recently, inhi-
bition of NF-kB by decoy ODN was proven to be effective
against osteoclast differentiation and activation in an in vitro
study (20), and peritoneal administration of NF-kB decoy
ODN in vivo attenuated bone resorption and destruction of
the femur and tibia in ovariectomized rats, an osteoporosis
model (20). As inhibition of NF-kB by local administration of
decoy ODN was also effective to treat rheumatoid arthritis
(26), it is noteworthy to use the decoy approach for the
treatment of bone loss due to inflammation and for the pro-
motion of wound healing in bone defects. In this study, topical
administration of NF-kB decoy ODN was used as a novel
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therapy to prevent the inflammatory process in periodontal
disease and to prevent bone destruction with tooth loss and
focal infection and subsequent systemic diseases.

Material and Methods

Animals

These experiments were approved by the Animal Ethics
Committee at NISSEI BILIS, Shiga, Japan, and carried out on
1-year-old beagle dogs. Twelve male beagle dogs were di-
vided in three groups for analysis at 1, 2, and 3 months (four
dogs per group). All surgical procedures were performed
under general anesthesia with sodium pentobarbital (Nem-
butal; Dainippon Sumitomo Pharma, Osaka, Japan) and local
injection of 2% xylocaine.

NF-kB decoy ODNs

NF-kB or scrambled ODNs were as follows:

NF-kB decoy ODN: (consensus sequences are underlined),
as previous described (26).

50-CCTTGAAGGGATTTCCCTCC-30

30-GGAACTTCCCTAAAGGGAGG-50

Scrambled decoy ODN:
50-TTGCCGTACCTGACTTAGCC-30

30-AACGGCATGGACTGAATCGG-30

Synthetic ODNs were washed with 70% ethanol, dried, and
dissolved in sterile Tris-EDTA (10 mM Tris, 1mM EDTA), and
the supernatant was purified over a NAP 10 column (Phar-
macia, Piscataway, NJ).

Periodontitis in debris-accumulation model

All second incisors were ligated in the cervical area in the
gingival sulcus with surgical 2.0 silk thread to induce debris
accumulation in a modified model of periodontitis (10, 11).
NF-kB decoy ODNs (1 mg) were injected into subgingival
area of alveolar bone proximal to the second incisors in the left
upper and lower jaw every 2 weeks for 1, 2, or 3 months. As
control, scrambled decoy ODNs were injected into the right-
side second-incisor subgingival area in the same amount.
Dental radiographic examination was performed every
2 weeks to evaluate bone loss in the alveolar region. At 1, 2,
and 3 months, the frontal areas of the upper and lower jaws
were excised en bloc for further analysis with DEXA and the
measurement of root exposure.

IL-6 in gingival fluid

At 1 month, the surgical threads at the cervix were re-
moved, and subgingival fluid in the sulcus around the second
incisors was collected with a microtube. IL-6 in the fluid was
measured with EIA (Quantikine Immunoassay; R&D Sys-
tems, Minneapolis, MN).

Alveolar-to-root length

As the alveolar length taken in x-ray film varies depending
on the angle between the film plane and the x-ray source,
being sometimes elongated and sometimes shortened, we
used the ratio of the alveolar length to the root length as a
control that was stable during the experimental period. Then

the ratio of alveolar bone length to root length was calculated
to evaluate the remaining alveolar bone height.

Root-exposure length

In some samples, organic tissue was removed with sodium
hypochlorite to expose the root and alveolar bone. The length
of the root between the cervix and the ridge of the alveolar
process that had lost bone support was measured as the root-
exposure length. In this sample, direct measurement was
performed on both the buccal and lingual sides of the second
incisors in the upper and lower jaws.

Wound healing in the bone-defect model

Wound healing in a surgically created bone-defect model
was based on the modification of previous reports (13,19).
Besides general anesthesia with Nembutal, local injection of
2% xylocaine was performed under the gingiva in the area of
the first molars. A surgical incision was made at the alveolar
ridge along the cervical level of the first premolar to the sec-
ond molar, and a horizontal incision also was made in both
ends, and the gingiva was peeled off as a mucoperiosteal flap
to expose the alveolar bone surface and clear the operation
area. An artificial bone defect 3 mm in diameter was surgically
created with a dental steel bur under the bifurcation in the
buccal area of the first molar. After compression hemostasis of
the surgical defect, the NF-kB decoy ODN (4 mg) was applied
on the left side, and a scrambled decoy ODN on the right side,
in the same manner. The wound was closed by suturing the
flap over the created bone defect, and the sutures were re-
moved 1 week after the operation. At 1, 2, and 3 months, the
dogs were killed under deep anesthesia with an overdose of
pentobarbital (Nembutal). The upper and lower jaws from the
mesial side of the first premolar to the distal side of the second
molar were excised with a surgical saw in one block and fixed
with 70% ethanol for further analysis.

Dual-energy x-ray absorptiometry

Bone-density measurements were performed by using
dual-photon x-ray absorbsiometry (DEXA) bone densitome-
try (GE-Lunar DPX-IQ; Madison, WI). The targeted area was
selected in the alveolar bone process between the incisors and
the adjacent tooth. High- and low-beam energies for all scans
were 80 kV and 35 kV, respectively, at 0.5 mA, as previously
described (28). Bone-mineral density (BMD) was obtained in
grams per square centimeter.

Micro-computed tomography

The bone microarchitecture was analyzed by using cone-
beam micro-computed tomography (x-ray CT system, SMX-
100CT-SV; Shimazu, Kyoto, Japan) and software (TRI=
3D-BON; RATOC System Engineering Co., Ltd., Tokyo,
Japan), which serves as a valuable tool for evaluating the
structure in the trabecular bone. In brief, alveolar bone was
scanned at the bone-defect region under the bifurcation of the
first molar. A total of 135 consecutive tomographic slices was
obtained with a slice thickness of 12.8 mm at 8-mm resolution.
After scanning, three-dimensional microstructual image data
were reconstructed, and structural indices were calculated by
using 3D trabecular bone-analysis software, TRI=3D-BON, as
previously described (23). Gray-scale images were segmented
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by using a median filter to remove noise and by using a fixed
threshold to extract the mineralized bone phase. Subse-
quently, the isolated small particles in the marrow space and
the isolated small holes in the bone were removed by using a
cluster-labeling algorithm. The trabecular bone was then
separated, and structural indices were analyzed. Bone volume
(BV) was calculated by using tetrahedrons corresponding to
the enclosed volume of the triangulated surface. Total tissue
volume (TV) was the volume of the entire scanned sample.
Trabecular bone-volume fraction was calculated from these
values.

Cell cultures

Human osteoblasts were obtained from Cell Applications
(San Diego, CA). Bone marrow–derived mononuclear cells,
which contain both osteoblasts and osteoclast precursors, were
obtained from 3-day-old neonatal white rabbits, as previously
described (20). In brief, rabbit bone marrow cells were flushed
from the femurs and tibias, collected into tubes, and washed
twice with PBS. The mononuclear cell–rich fraction was sep-
arated from marrow cells by density-gradient centrifugation
with Ficoll and cultured (1�105 cells per well of a 24-well
plate) in a-MEM medium containing 10% fetal bovine serum.
These cells were stimulated with LPS (1mg=ml; Sigma) or vi-
tamin D3 (1�10�7 M; Sigma) or Osteogenic medium contain-
ing dexamethasone and ascorbate and b-glycerophosphate
(Lonza, Walkersville, MD) and further treated with NF-kB
decoy ODN or scrambled decoy ODN (0.5mM) for the fol-
lowing assessments. For transfection of ODN, we put NF-kB
decoy ODN or scrambled decoy ODN (0.5mM) into culture
medium in bone marrow–derived mononuclear cells, as pre-
viously described (20), and used LipofectAMINE2000 (In-
vitrogen, Grand Island, NY) in human osteoblast cells.

Real-time reverse transcription–polymerase
chain reaction

Human osteoblasts stimulated with LPS or Osteogenic
medium in addition to NF-kB or scrambled decoy ODN for
24 h were assessed for alkaline phosphatase (ALP), osteo-
calcin, monocyte chemotactic protein (MCP)-1, IL-6, and
RANKL expression with the real-time reverse transcription–
polymerase chain reaction (RT-PCR). Total RNA of cells or
tissue samples was extracted by using RNeasy Mini Kit
(Qiagen) or the Isogen (Nippon Gene, Toyama, Japan).
Complementary DNA was synthesized by using the Thermo
Script RT-PCR System (Invitrogen, Carlsbad, CA). Relative
gene-copy numbers of RANKL, OPG, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were quantified with
real-time RT-PCR by using TaqMan Gene Expression Assays
(human RANKL, Hs00243522; osteocalcin, Hs00609452; al-
kaline phosphatase, Hs00758162; Eukaryotic 18S rRNA (18S),
4352930E; Applied Biosystems, Foster City, CA). The absolute
number of gene copies was normalized by using GAPDH and
standardized by a sample standard curve.

Tartrate-resistant acid phosphatase and alizarin
red staining

After treatment with Osteogenic medium and vitamin D3

for 2 weeks, rabbit bone marrow culture medium were mea-
sured for ALP and TRAP activity, and the ALP-to-TRAP ratio

was calculated as a evaluation of the total balance of osteo-
blast and osteoclast activity in the process of calcification, as
previously described (21). Bone marrow cells were fixed with
4.0% paraformaldehyde in PBS for 10 min at room tempera-
ture before being stained for TRAP as osteoclast identification.
Enzyme histochemical staining for TRAP and Hoechst 33526
nuclear staining were performed, as previously reported (20).
In some cultures, bone marrow was continuously maintained
with Osteogenic medium and vitamin D3, and in 4 weeks,
in vitro calcification was detected with alizarin red staining,
according to the Dahl’s method.

Statistical analysis

All values are expressed as mean þ SEM. Analysis of var-
iance with subsequent Bonferroni=Dunnett tests was used to
determine the significance of differences in multiple com-
parisons. Values of p< 0.05 were considered to be statistically
significant.

Results

Periodontitis in debris-accumulation model

In this model, periodontitis was initiated with bacterial
infection due to debris accumulation caused by a thread tied
around the cervix. Accordingly, several cytokines were in-
duced in the subgingival sulcus, which led to destruction of
the gingival attachment and to alveolar bone resorpiton
around the tooth, as shown in Fig. 1A. Direct measurement of
the incisor roots, where bone support was lost, was performed
on both the buccal and lingual sides. Root-exposure length
increased in a time-dependent manner, indicating an advance
of bone destruction by inflammation induced by debris ac-
cumulation (Fig. 1A–C).

To investigate the mechanism of alveolar bone resorption
in the debris-accumulation model, we initially focused on IL-6
in the subgingival sulcus fluid as a major cytokine that induces
osteoclasts to engage in bone resorption (15). Direct admin-
istration of NF-kB decoy ODN (1 mg=0.2 ml saline), around
the root region of second incisors (Fig. 1B), decreased
the concentration of IL-6 in the subgingival sulcus fluid com-
pared with that of the scrambled decoy ODN–administrated
side in both the upper and lower jaws ( p< 0.01), as shown
in Fig. 2.

Dental radiographs were taken in every 2 weeks, and the
remaining alveolar bone was evaluated as the ratio to the root
length, which was stable during the experiment (Fig. 3A).
Alveolar bone supporting incisors was resorbed in a time-
dependent manner by the inflammation induced by debris
accumulated because of surgical threads tied in the cervix of
the second incisors (Fig. 3B). In the group with scrambled
decoy ODN injection, alveolar bone was reduced to *83% of
the original height at 1 month and gradually advanced to 66%
at 3 months in the upper jaw. In the lower jaws, in the group
with scrambled decoy ODN, bone loss was clearly decreased
to 49% of the original length at 3 months. In contrast, in the
group with NF-kB decoy ODN injection, alveolar bone in the
area of incisors was well preserved: *91% of the original
height at 2 months and >80% even at 3 months in the upper
jaw and >60% at 3 months in the lower jaw (Fig. 3C). These
results demonstrate that NF-kB decoy ODN protected against
bone loss as compared with scrambled decoy ODN.
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In the direct measurement of the incisor roots on both the
buccal and lingual sides, root-exposure length was markedly
observed in the group with scrambled decoy ODN adminis-
tration, and bone loss had increased to 3.0 mm in the upper
jaw and 4.2 mm in the lower jaw on the lingual side at
3 months. In contrast, alveolar bone support was well pre-
served in the side with the NF-kB decoy ODN administration;
bone loss was reduced to as little as 2.2 mm in the upper jaw
and 3.1 mm in the lower jaw in the same site, indicating that

alveolar bone resorption was attenuated by NF-kB decoy
ODN (Fig. 3D).

DEXA analysis was performed in the area of alveolar bone
that supports the roots of the incisor and adjacent tooth (Fig.
4A). Because dental radiographic examination in this experi-
ment was two-dimensional analysis, measuring the bone
density with DEXA was also a useful approach to confirm the
data. Bone-mineral density gradually decreased with time
and was reduced to 0.21 g=cm2 at 1 month and to 0.13 g=cm2

at 3 months in the upper jaw in the scrambled decoy ODN–
treated site. In contrast, bone-mineral density was signifi-
cantly well preserved�0.29 g=cm2 at 1 month and 0.18 g=cm2

at 3 months in the NF-kB decoy ODN–treated site ( p< 0.01)
(Fig. 4B). These results support that NF-kB decoy ODN
treatment protects bone mineral from resorption due to in-
flammation induced by debris as compared with scrambled
decoy ODN treatment.

Wound healing in the bone-defect model

To evaluate the effect of NF-kB decoy ODN on bone me-
tabolism, we used another model of wound healing surgically
created in alveolar bone (Fig. 5). In this model, an alveolar
bone defect was closed over with a mucoperiosteal flap of
gingiva, and the defect gradually filled with newly formed
bone after the initial inflammation.

In dental radiographic films shown in Fig. 6, the healing
process was visually confirmed by calcification in the defect
area created under the bifurcation of the first molars, where
the defect area was covered earlier in the topical NF-kB decoy
ODN–treated side. At 1 month after treatment, in the sample
of mucoperiosteal gingival tissue removed, cortical hard bone
already covered the defect area in the topical NF-kB decoy
ODN–treated side, whereas weak, fragile soft bone was ob-
served in the scrambled decoy ODN–treated site, which in-
dicated early calcification with NF-kB decoy–ODN treatment
(Fig. 7).

DEXA analysis was performed in the area of alveolar bone
under the bifurcation of the first molars in which calcification
occurred during the process of wound healing (Fig. 8A). As
was seen in the series of dental radiographic examinations
(Fig. 6), bone-mineral density gradually increased with time
and recovered to 0.31 g=cm2 at 1 month and to 0.42 g=cm2 at
3 months in the lower jaw in the scrambled decoy ODN–
treated site. In contrast, bone-mineral density was markedly
and significantly increased to 0.41 g=cm2, even at 1 month,
and recovered to 0.46 g=cm2 at 3 months in the NF-kB decoy
ODN–treated site ( p< 0.05; Fig. 8B). These results suggest
that NF-kB decoy–ODN treatment promoted calcification in
the wound healing of a surgically created bone defect, in
comparison with scrambled decoy ODN treatment.

We also used micro-CT, which allowed analysis of trabec-
ular formation in relation to bone metabolism in the selected
area of created bone defect. At 1 month after surgery, a three-
dimensional reconstruction image of trabecular bone in the
defect area demonstrated that very little bone formation was
observed in the scrambled decoy ODN–treated site in both
the horizontal and vertical views, whereas thick trabecular
bones occupied the defect area in the NF-kB decoy ODN–
treated site (Fig. 9A). In micro-CT analysis, the bone-volume
to total-volume ratio (BV=TV), which indicates the percentage
recovery of trabecular bone structure in the total space in

FIG. 1. Induction of periodontis in debris-accumulation
model with ligation of second incisors. (A) Upper panel,
Scheme of alveolar bone resorption induced by inflammation
with debris accumulation and bacterial infection. (B) The
picture demonstrates injection of NF-kB or scrambled decoy
ODN (1 mg=0.2 ml) into the subperiosteal bone region in the
root area of the second incisors. NF-kB decoy ODN was in-
jected in the left upper and lower jaws, and scrambled decoy
ODN, in the right upper and lower jaws. (C) A representa-
tive picture of the frontal portion of the lower jaws at 2
months in the debris-accumulation model. Gingiva and
mucoperiosteal organic tissue were removed with sodium
hypochlorite.

FIG. 2. IL-6 (picograms per milliliter) in the subgigival
sulcus fluid of second incisors 1 month after ligation of
second incisors in upper and lower jaws. NF-kB decoy
ODNs were injected in the left-side jaws, and scrambled
decoy ODNs in the right-side jaws. *p< 0.01 versus NF-kB
decoy ODNs.
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volume, was used to evaluate calcification in the healing
process. Statistical analysis of bone volume occupying the
space demonstrated that 35.6% of the space was occupied at 1
month, gradually increasing to a plateau of 70.7% at 3 months
in the scrambled decoy ODN–treated site. In contrast, 48.6%
of the space was already occupied by newly formed trabec-
ular bone at 1 month, and 67.4% of the space was filled with
bone at only 2 months in the NF-kB decoy ODN–treated

site (Fig. 9A). This finding was also confirmed by histologic
examination in the mesial–distal section in which new tra-
becular were observed dispersed in the bone-defect area in the
NF-kB decoy ODN–treated site, whereas the defect almost
remained intact in the wound area in the scrambled decoy
ODN–treated site 1 month after surgical operation (Fig. 9B).
This process of recovery was significant in that NF-kB decoy
ODN treatment accelerated wound healing, with equal

FIG. 3. Alveolar bone evaluation at 1, 2, and 3 months (1, 2, and 3M) after ligation of second incisors. (A) The scheme
shows the measurement points to evaluate the remaining alveolar bone. (B) A representative dental radiographic film of the
lower frontal jaw at 1 month in the debris-accumulation model. (C) The percentage change in ratio of alveolar bone height to
root length (percentage) in upper and lower jaws. *p< 0.05 versus NF-kB decoy ODNs. {p< 0.01 versus NF-kB decoy ODNs.
(D) Length of exposed root with loss of alveolar bone support at 1, 2, and 3 months (1, 2, and 3M) after ligation of second
incisors. The length of exposure roots (in millimeters) of the second incisors on the buccal and lingual sides in the upper and
lower jaws. *p< 0.05 versus NF-kB decoy ODNs.
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recovery 1 month earlier than with scrambled decoy ODN
treatment. These results confirmed that NF-kB decoy ODN
treatment also promoted wound healing in the bone defect in
comparison with scrambled decoy ODN treatment.

Molecular mechanism of NF-kB decoy ODN
on osteogenesis

To examine the effect of NF-kB decoy ODN on osteogen-
esis, we used an in vitro osteogenic system with human os-
teoblast cells and bone marrow–derived mononuclear cells
with treatment of osteogenic medium. Cell viability, as as-
sessed by MTS assay, was not changed under osteogenic
medium treatment in the presence of NF-kB decoy ODN, and
scrambled decoy ODN did not affect the viability of the cells
(data not shown). In human osteoblast cells, the treatment
with osteogenic medium increased the mRNA expression of
bone markers, alkaline phosphatase (ALP), and osteocalcin,
whereas treatment of NF-kB decoy ODN did not attenuate
them (Fig. 10A). LPS stimulation of human osteoblasts en-
hanced the proinflammatory genes that induced osteoclast
formation and activity, such as MCP-1, IL-6, and RANKL,
whereas NF-kB decoy ODN significantly attenuated these
LPS-induced cytokine expressions (Fig. 10B). These results
suggest that NF-kB decoy ODN has no direct effect on os-
teogenesis in osteoblast cells, although the NF-kB decoy ODN
specifically attenuated LPS-induced cytokine expression in
human osteoblast cells, which may secondarily affect bone
formation by regulating inflammation (12, 29, 30).

In rabbit bone marrow–derived mononuclear cells, con-
tinuous treatment with osteogenic medium for 4 weeks in-
duced calcified nodules, assessed with alizarin red staining.
Co-treatment with vitamin D3 inhibited the formation of cal-
cified nodules, whereas co-treatment with vitamin D3 in the
presence of NF-kB decoy ODN induced calcified nodules.
Similarly, the ALP-to-TRAP ratio in the culture medium,
which reflects the osteogenesis by the balance of osteoblast
and osteoclast activity, was increased with the stimulation of
osteogenic medium, but not in co-treatment with vitamin D3.

NF-kB decoy ODN attenuated the vitamin D3–induced re-
duction in the ratio (Fig. 11). These results suggest that NF-kB
decoy ODN may induce osteogenesis by modulating the
balance of osteoblast and osteoclast activity. To evaluate the
osteoclast activity in this system, we performed TRAP stain-
ing, which reflected osteoclast activity. Rabbit bone marrow–
derived mononuclear cells with co-stimulation of osteogenic

FIG. 4. DEXA analysis of bone-
mineral density at 1, 2, and 3 months
(1, 2, and 3M) after ligation of second
incisors. (A) The area of alveolar bone
examined with DEXA. (B) Bone-mineral
density (grams per square centimeter) of
upper and lower jaws (upper and lower
panels, respectively). *p< 0.05 versus NF-
kB decoy ODNs; {p< 0.01 versus NF-kB
decoy ODNs.

FIG. 5. Creation of bone-defect model. Upper panel shows
a schematic image of the bone defect (3 mm in diameter)
created under the bifurcation of the first molars. Lower panel
shows a representative picture of surgery to create the bone
defect by exposing the alveolar bone surface, with a muco-
periosteal flap.
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medium and vitamin D3 revealed the increased number of
TRAP-positive multinucleated cells, whereas NF-kB decoy
ODN attenuated them (Fig. 12). These results suggest that
NF-kB decoy ODN attenuated osteoclast activity, which sec-
ondarily led to osteogenesis.

Discussion

Periodontitis is common disease in the oral region and
causes inflammation in alveolar bone. This inflammation in-
duces disattachment of the periodontal ligament, with loos-
ening of the connection between the gingiva and alveolar
bone, allowing the extension of bacterial infection such that
with Fusobacterium nuleartum, Actinobacillus actinomycetemco-
mitans, and Porphyromonas gingivalis (5, 8, 14). To find a new
therapeutic strategy for periodontal disease, we used a
‘‘decoy’’ approach in this study, as synthetic dsDNA with a
high affinity for transcription factors can be introduced as
‘‘decoy’’ cis-elements to bind transcription factors and block
the activation of genes mediating diseases.

A previous study demonstrated that inhibition of NF-kB
has therapeutic aspects in both the inhibition of differentiation
of osteoclasts in a quantitative manner and the blockade of
activation of osteoclasts in a functional manner (20). As for
toxicity, NF-kB decoy ODN was preferentially incorporated
into monocytes=macrophages in bone marrow co-culture
systems, leaving other cells, such as stromal and osteoblast
cells, intact; thus, the effect of the decoy was almost limited to
osteoclasts and their precursor cells. In this study, NF-kB
decoy ODN had no direct effect on osteogenesis in human
osteoblast cells but induced osteogenesis by modulating the
balance of osteoblast and osteoclast activity in rabbit bone
marrow–derived mononuclear cells. Thus, we achieved pro-
tection against bone resorption by inhibiting osteoclast dif-
ferentiation and activation with a minimal amount of NF-kB
decoy ODN administration.

In a periodontitis model of debris accumulation, NF-kB
decoy ODN administration significantly reduced the con-
centration of IL-6 in crevicular subgingival fluid. As IL-6, as
well as TNF-a, is a well-known inflammatory cytokine that
induces osteoclast differentiation, and it is reported to be
produced by activated T lymphocytes and macrophages in
synovial fluid in rheumatoid arthritis. The accumulation of
debris, which allows bacterial infection, is thought to induce
an immune response in the local area with migration and
activation of responsible cells such as antigen-stimulated
lymphocytes and macrophages (4, 6, 8, 24). P. gingivalis, a
gram-negative bacterium, also expressed potent stimulation
of LPS, a component of bacterial cell walls that causes innate
immune responses and inflammation. Toll-like receptor 4
(TLR4), a receptor for LPS, activates the MAP=ERK kinase
(MEK)=ERK pathway to induce and upregulate RANKL ex-
pression in osteoblasts=stromal cells, resulting in enhanced
osteoclast formation and function (1, 9, 31). In our results, in
human osteoblasts, LPS stimulation induced the expression of
pro-inflammatory genes, such as MCP-1, IL-6, and RANKL,
which further induced osteoclast formation and activation,
and NF-kB decoy ODN treatment attenuated LPS-induced
expressions. The mechanisms of NF-kB decoy ODN involved
were considered to be a reduction of the immune response
on the early inflammatory phase induced by bacterial infec-
tion, reduced migration of osteoclast precursor cells in the

FIG. 6. Representative views of the healing process of the
bone-defect region in dental radiographic films at just
after, and at 2 and 4 weeks (0, 2, and 4W) after surgery. Left
line, scrambled decoy ODN–treated side; right line, NF-kB
decoy ODN–treated side. Defect areas are indicated with
white arrows.

FIG. 7. Macroscopic view of alveolar bone in the bone-
defect region at 1 month after surgery, with gingival and
periosteal membranes removed. A difference in cortical
bone formation is seen in the bifurcation area of the first
molars (white arrows). Left panel shows scrambled decoy
ODN–treated side; right panel shows NF-kB decoy–treated
side. Upper panel shows high-magnification view; lower panel
shows whole-block section.
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crevicular sulcus in the next stage, and direct inhibition of
osteoclast differentiation and activation in the late inflam-
matory phase. In this model, inflammation was continuously
maintained with bacterial infection, and destruction and re-
gression of alveolar bone proceeded in a time-dependent

manner. Analysis with dental radiographic examination, di-
rect measurement of root-exposure length, and DEXA dem-
onstrated that NF-kB decoy ODN treatment significantly
reduced the alveolar bone resorption induced by continuous
inflammation.

FIG. 8. DEXA analysis of
bone mineral density in bone-
defect area. (A) The area of
bone defect under the bifur-
cation examined is marked
with a circle on the dental ra-
diographic film (upper panel)
and with a square on the
DEXA image (lower panel). (B)
Bone-mineral density (grams
per square centimeter) at 1, 2,
and 3 months after surgery (1,
2, and 3M). *p< 0.05 versus
NF-kB decoy ODN. {p< 0.01
versus NF-kB decoy ODN.

FIG. 9. Micro-CT analysis of bone-defect region. (A) Upper panel: A reconstruction image of trabecular bone at 1 month
after operation. Left line shows the scrambled decoy ODN–treated side, and right line shows the NF-kB decoy ODN–treated
side. A representative dental radiographic film is shown in the center; a lower-magnification image with a red circle is shown
in the upper left for orientation of the area, and vertical views are shown in the upper panels and horizontal views in the lower
panels. Lower panel: Micro-CT analysis of new trabecular formation as ratio of bone volume to total volume (percentage) in
bone-defect region at 1, 2, and 3 months after surgery (1, 2, and 3M). *p< 0.05 versus scrambled-decoy ODN; {p< 0.01 versus
scrambled decoy ODN. (B) Representative photographs of histologic sections of the bone-defect area at 1 month after surgery,
with scrambled decoy ODN treatment in the left panel and NF-kB decoy ODN treatment in the right panel, respectively. (�10
magnification). Calcification area is outlined in black, and root bifurcations in yellow, respectively.
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In the bone-defect model, inflammation is limited in early
phase of wound healing of surgical injury without infec-
tion; the created bone defect is resorbed initially and will
be restored with newly formed trabecular bone with recov-
ery of the three-dimensional architectures. Three-dimensional
micro-CT is an ideal approach to examine a selected area with

reconstruction of the microtexture of trabecluar formation
in the image. Analysis with micro-CT clearly showed a dif-
ference at 1 month. This result was supported by dental
radiographic examination, which demonstrated obvious cal-
cification in bone-defect area on the NF-kB decoy ODN–
treated side (Fig. 8). Histologic evaluation in the mesial–distal
plane of block sections also demonstrated that trabecular
reconstruction on the NF-kB decoy ODN–treated side was
significantly more advanced than that on the scrambled-
decoy ODN–treated side at 1 month after operation. As the
bone-defect areas analyzed originally consisted of a sponge
structure of cancerous bone, micro-CT analysis, which
demonstrated a BV=TV of *70%, suggested that repair in

FIG. 11. Effect of NF-kB decoy ODN on in vitro calcifi-
cation model in rabbit bone marrow–derived mononuclear
cells. Upper panel, ALP-to-TRAP ratio in rabbit bone marrow
culture medium at 2 weeks; lower panel, the representative
pictures of alizarin red staining at 4 weeks (magnification,
�100) with stimulation of osteogenic medium (OM) and=or
vitamin D3 in the absence or presence of NF-kB decoy ODN
(0.5 mM) or scrambled decoy ODN (0.5 mM).

FIG. 10. mRNA quantification by real-time PCR in human osteoblast (A) ALP (blue bar) or osteocalcin (red bar) mRNA
expression after 48-h stimulation with osteogenic medium (OM) in the absence or presence of NF-jB decoy ODN (0.5 lM)
or scrambled decoy ODN (0.5 lM). The bars represent ALP or osteocalcin mRNA levels relative to 18S mRNA levels.
*p< 0.05 versus no stimulation. (B)MCP-1 (blue bar), interleukin-6 (red bar), or RANKL (white bar) mRNA expression after 24-h
stimulation with osteogenic medium (OM) in the absence or presence of NF-kB decoy ODN (0.5 mM) or scrambled decoy
ODN (0.5 mM). Each bar shows the target gene level relative to the 18S level. *p< 0.05 versus no stimulation. {p< 0.01 versus
LPS stimulation.

FIG. 12. Effect of NF-kB decoy ODN on the activation of
osteoclast in rabbit bone marrow–derived mononuclear
cells at 2 weeks. Upper panel, the representative pictures of
TRAP staining; lower panel, Hoechst staining (magnification:
�100) with stimulation of osteogenic medium (OM) and=or
vitamin D3 in the absence or presence of NF-kB decoy ODN
(0.5 mM) or scrambled decoy ODN (0.5 mM).
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trabecular bone reached a plateau, and the healing process
was completed. Together, these results indicate that NF-kB
decoy ODNs promote wound healing, inhibiting bone re-
sorption in the early stage, and bringing about wound healing
in the next stage of bone formation.

Overall, a decoy approach to block the NF-kB pathway
might be a novel approach to prevent bone loss from in-
flammation with infection as a preventive strategy and to
promote wound healing of bone defects as a therapeutic
strategy. As the effect of NF-kB on bacterial growth is un-
certain at this point, surgical manipulation in combination
with antibiotics might be a potential approach to prevent and
treat bone metabolic diseases.
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Abbreviations Used

ALP ¼ alkaline phosphatase
BMD ¼ bone-mineral density

BV ¼ bone volume
DEXA ¼ dual-photon x-ray absorptiometry

ERK ¼ extracellular signal-regulated kinase
ICAM ¼ intercellular adhesion molecule
MAP ¼ mitogen-activated protein

MCP-1 ¼ monocyte chemotactic protein
M-CSF ¼ macrophage–colony-stimulating factor

MEK ¼ MAPK=ERK kinase
ODF ¼ osteoclast differentiation factor

ODNs ¼ oligodeoxynucleotides
OPG ¼ osteoprotegerin

OPGL ¼ osteoprotegerin ligand
RANK ¼ receptor activator of nuclear factor-kappa B

RANKL ¼ receptor activator of nuclear factor-kappa B
ligand

TLR ¼ toll-like receptor
TRANCE ¼ TNF-related activation-induced cytokine

TRAP ¼ tartrate-resistant acid phosphatase
TV ¼ total volume

VCAM ¼ vascular cell adhesion molecule
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