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Background and Objective: Nuclear factor-jB (NF-jB) is activated at sites of

inflammation in many diseases, including periodontitis. Nuclear factor-jB induces

the transcription of proinflammatory cytokines, resulting in increased osteoclas-

togenesis and bone resorption. Recently, it has been shown that the NF-jB
alternative pathway is important for maintainance of physiological bone homeo-

stasis. Activation of this pathway is by processing of the inhibitor p100 into the

active subunit p52 by nuclear factor-jB-inducing kinase (NIK). Defective NIK in

aly/aly mice (NIKaly) causes mild osteopetrosis and blunted RANKL-stimulated

osteoclastogenesis in vivo and in vitro, suggesting that NIK is necessary for basal

and stimulated osteoclastogenesis. Nevertheless, the role of NIK in pathological

bone resorption is not well investigated. The present study was undertaken to

investigate the role of NIK in lipopolysaccharide (LPS)-induced inflammatory

bone resorption using aly/aly mice.

Material and Methods: Micewere injectedwithLPSover the calvariae andkilled 5 d

later. Calvariae were subjected to radiological analysis. Histological sections were

stained for tartrate-resistant acid phosphatase, and histomorphometric analysis was

performed to quantify the number of osteoclasts and the area of bone resorption.

Results: Lipopolysaccharide-induced inflammation was observed in wild-type

and aly/+ mice but not in aly/aly mice. Lipopolysaccharide significantly reduced

the calvarial bone mineral density in wild-type and aly/+ mice, whereas bone

mineral density was comparable in LPS- and vehicle-injected aly/aly mice. In

addition, aly/aly mice were resistant to LPS-induced bone resorption and

osteoclastogenesis.

Conclusion: Taken together, these data show that NIK is important in the bone-

destructive components of inflammation and represents a possible therapeutic

target.
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Among other bacterial products, lipo-

polysaccharide (LPS) appears to be the

major mediator of bone resorption

accompanying chronic infections such

as periodontitis (1). Lipopolysaccha-

ride is found in abundance in the foci of

periodontal pockets, and it has been

suggested that LPS penetrates gingival

connective tissue and induces a local

inflammatory response that leads to

periodontal bone resorption. In addi-

tion to its direct action on osteoclasts,

the exclusive bone-resorbing cell of

haematopoitic origin, LPS stimulates

bone resorption by inducing bone

marrow macrophages to secrete cyto-

kines, predominantly tumour necrosis

factor-a (TNF-a), which is consistent

with the rapid induction of circulating

TNF-a within 1–2 d of LPS adminis-

tration. Nuclear factor-jB (NF-jB) is
responsible for a broad range of bio-

logical activities, including lymphoid

organogenesis and regulation of the

immune response. Nuclear factor-jB
has two main pathways, called classical

(canonical) and alternative (nonca-

nonical) (2). The classical pathway is

controlled by upstream kinases, such as

the inhibitor of jB kinases, IKK-a and

IKK-b, while the alternative pathway is
regulated by NF-jB-inducing kinase

(NIK) and IKK-a (2). The NIK phos-

phorylates IKK-a homodimers and

processes the inhibitor p100 into active

subunit p52 to activate the alternative

pathway. Osteopenia is observed in

mice lacking p100 (p100)/)), indicating

that in the absence of inhibitor p100

other subunits, such as p52 and RelB,

show increased DNA binding activity

(3). This shows that p100 is necessary

for maintainance of bone homeostasis.

A recent report by Yao et al. (4) shows

that absence of p100 in TNF-Tg-NF-

jB2)/) mice have increased inflam-

matory response and bone erosion,

indicating that NF-jB p100 limits not

only differentiation of osteoclasts, but

also the number of inflammatory cells

attracted to the joints of the mice in

response to TNF-a. The important role

of the alternative pathway of NF-jB
in osteoclasts was revealed by mild

osteopetrosis in aly/aly mice, which

have defective NIK (NIKaly) and are

unable to process the inhibitor p100 (5).

The accumulated inhibitor p100 binds

to other subunits and retains them in

the cytoplasm, thus reducing their

DNA-binding activities (5). In addition

to reduced basal osteoclastogenesis,

the RANKL-stimulated osteoclasto-

genesis is blunted in aly/aly mice,

indicating that NIK is necessary for

basal as well as stimulated osteoclasto-

genesis. Several lines of evidence suggest

that blockade of the classical NF-jB
pathway diminishes the inflammatory

response and accompanying bone loss

(6,7). In contrast, only a few studies have

been carried out to asses the role of the

alternative NF-jB pathway in inflam-

matory settings. Therefore, in this study

we used aly/alymice to examine the role

of NIK in pathological bone resorp-

tion using an established LPS-induced

inflammatory bone resorption model.

Material and methods

The experimental procedures were

reviewed and approved by the Animal

Care and Use Committee of the Tokyo

Medical andDental University (Tokyo,

Japan). Eight-week-old C57BL/6J wild-

type mice (WT), mice heterozygous for

aly (aly/+) and mice homozygous

for aly (aly/aly) were divided into the

LPS-injected group (n = 6) and the

vehicle-injected group (n = 6). 10 mg/

kg LPS or phosphate-buffered saline

vehicle were injected subcutaneously

over mice calvariae under anesthesia

with medetomidine hydrochloride (0.5

mg/kg, Domitor, Meijiseika, Tokyo,

Japan) and ketamine hydrochloride

(50 mg/kg, Ketalar, Sankyo, Tokyo,

Japan). In order to recover from

anesthesia quickly, mice were injected

with atipamazole hydrochloride (0.25

mg/kg, Antisedan, Meijiseika, Tokyo,

Japan). Mice were sacrificed by cervical

dislocationunderanesthesia5dafter the

injections of LPS. The bone mineral

density of calvariae was measured

by dual-energy X-ray absorptiometry

(DCS-600R; Aloka, Tokyo, Japan) as

described elsewhere (8). Soft X-ray

photographs of calvariae were taken

by using a cabinet X-ray apparatus

(TYPE SRO-M50; Sofron Co. Ltd,

Tokyo, Japan). Three-dimensional

reconstruction images of calvariae were

obtained by microfocal computed

tomography (ScanXmate-E090; Com-

scan, Kanagawa, Japan) as previously

described (9,10). Calvariae were

embedded in mixtures of methyl

methacrylate and glycidyl methacrylate

resins as described elsewhere (9). These

sections were then stained with tartrate-

resistant acid phosphatase (TRAP)

and counterstained with methyl green.

Osteoclasts were designated as the

TRAP-positive multinucleated cells

located on the bone surface. All data

are presented as means ± SD. The sta-

tistical significance of differences among

groups was assessed using one-way

ANOVA. When significant F values

were detected, Fisher�s PLSD post hoc

test was performed to compare assay

groups. Difference was considered

significant when p < 0.05.

Results

Reddish inflammatory tissues, which

represent inflammatory changes, were

observed on the calvariae in WT and

aly/+ mice following LPS injection,

whereas they were not observed in aly/

aly mice compared with the vehicle-

injected control group (Fig. 1). Many

radiolucent spots on calvariae were

observed in soft X-ray images of WT

and aly/+ mice following LPS injec-

tion but not in those of aly/aly mice

(Fig. 2A). These changes were further

illustrated by microfocal computed

tomography (Fig. 2B). The bone min-

eral density of calvariae was signifi-

cantly decreased by LPS in WT and

aly/+ mice. The bone mineral density

of LPS-injected aly/aly mice was com-

parable to that of the vehicle-injected

group (Fig. 3).

Lipopolysaccharide induces bone

resorption by increasing the formation

and activity of osteoclasts (8). Histo-

logical sections of calvariae stained for

TRAP revealed a blunted response to

LPS-induced osteoclastogenic stimuli in

aly/aly mice. Both WT and aly/+ mice

showed an increase in TRAP-positive

multinucleated cells along calvarial

sinuses upon stimulation with LPS,

whereas LPS-injected aly/aly mice

showed only a few TRAP-positive mul-

tinucleated cells compared with vehicle-

injected control animals (Fig. 4A).

Quantitative data showed a significant

increase in TRAP-positive cells in LPS-
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injected WT and aly/+ mice compared

with vehicle-injected mice (Fig. 4B).

Few TRAP-positive cells were also

observed in aly/aly mice that received

LPS compared with vehicle-injected

mice (Fig. 4B).

Discussion

Nuclear factor-jB is activated at sites

of inflammation in a wide range of

diseases, including periodontitis and

rheumatoid arthritis, and induces the

transcription of proinflammatory cyto-

kines, such as TNF-a and IL-6.

Recently, more attention has been

focused on osteoporosis and other

skeletal disorders, and periodontitis is

one of the most prevalent forms of

osteopenia. Periodontal bone resorp-

tion is due to the products of offending

bacteria, such as LPS. Lipopolysaccha-

ride is a cell wall component of gram-

negative bacteria and induces bone

resorption by its action on osteoclasts

(11) and by TNF-a through tumour

necrosis factor receptor-1 (8,12). In our

previous paper using TNF knockout

mice (13) we have shown that LPS

induces inflammatory mediators,

including TNF and interleukin-6, that

induce bone resorption. Administration

of LPS to mimic inflammatory bone

resorption has been used extensively.

Such studies use repeated injections or a

single injection of LPS to stimulate an

acute inflammatory response. In the

present study, we used a single injection

of LPS to induce inflammation and

bone resorption. As shown in Fig. 1, an

LPS-induced inflammatory response

was observed in WT and aly/+ control

mice. This is consistent with a previous

report showing that a single injection of

10 mg/kg of LPS is adequate to produce

an inflammatory response and bone

resorption in calvariae as well as long

bones (8). Nuclear factor-jB is respon-

sible for the inflammatory bone

resorption in many arthritis models

(7,14,15). Inhibition of the components

of the classical pathway using NF-jB
inhibitors has been tested and shown to

reduce bone resorption in these models,

whereas the role of the alternative

NF-jBpathway in these settings has not

been addressed. Using the serum trans-

fer arthritis model, Aya et al. (15)

Veh

WT

Aly/+

Aly/aly

LPS

Fig. 1. The degree of inflammation on calvariae is reduced in aly/aly mice upon stimulation

with lipopolysaccharide. Scale bar represents 5 mm. LPS, lipopolysaccharide-injected group;

Veh, vehicle-injected group; and WT, wild-type.

A

B

Fig. 2. The degree of bone resorption on calvariae is reduced in aly/aly mice upon LPS

stimulation. The calvariae of WT, aly/+ and aly/aly mice were analysed radiologically.

(A) Soft X-ray images of WT, aly/+ and aly/aly calvariae. (B) Microfocal computed

tomography reconstruction images of calvariae. Scale bars represent 4 mm. The white and

black arrowheads show the resorption lacunae in soft X-ray and microfocal computed

tomography images, respectively. LPS, lipopolysaccharide-injected group; Veh, vehicle-in-

jected group; and WT, wild-type.
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showed that nik)/) mice have signifi-

cantly less periarticular osteoclastogen-

esis and less bone erosion. In addition,

nik)/) mice are completely resistant to

antigen-induced arthritis (15), suggest-

ing that NIK is necessary to induce

components of the inflammatory re-

sponse. In the present report, we have

shown that aly/aly mice are protected

against the LPS-induced inflammatory

response due to NIKaly.

We observed pit formation in the

calvariaeofWTandaly/+mice injected

with LPS, while aly/alymice were resis-

tant to LPS-induced bone resorption

(Fig. 2). Our previous report shows

that aly/aly mice are resistant to the

osteoclastogenic effects of exogenous

RANKL (5). In the present study, LPS-

induced osteoclastogenesis was blunted

in aly/aly mice (Fig. 4), while WT and

aly/+ mice showed increased TRAP-

positive multinucleated cells. In our

previous report, we have shown that

RANKL-induced processing of p100

into p52 is absent in aly/aly osteoclasts

compared with those fromWT and aly/

+ mice, thus resulting in impaired

RANKL-induced osteoclast formation

in vivo. Likewise, it has been reported

that LPS could not process the inhibitor

p100 into active subunit p52 in either

nik)/) or aly/aly bone marrow-derived

macrophages (16). Lipopolysaccharide

induces accumulation of p100 in bone

marrow-derived macrophages of nik)/)

and aly/aly mice in a dose-dependent

manner. In addition, NIK is necessary

for nuclear translocation of p52 (16) in

these cells. Consistent with this obser-

vation, TNF-a could not process the

p100 in IKKa)/) cells, and accumulation

of p100 occurs as a result of TNF-a
stimulation in nik)/) pre- osteoclasts

(15). Aya et al. (15) showed that TNF-a
increases osteoclastogenesis in the

presence of low levels of RANKL in

nik+/+ cells, whereas very high doses of

RANKL (150 ng/mL), which are great-

er than the optimal dose for WT osteo-

clastogenesis, are necessary to synergize

with TNF-a to generate some multi-

nucleated cells, suggesting that nik)/)

cells are resistant to both RANKL-

andTNF-a-induced osteoclastogenesis.
Therefore, taken together, these data

indicate that the alternative pathway

is responsible for LPS-induced bone

resorption and osteoclastogenesis by

processing the inhibitor p100 into active

p52.

The NF-jB pathway is under intense

study as a potential drug target to

ameliorate inflammatory-mediated dis-

eases, such as rheumatoid arthritis. Our

study suggests that periodontitis is an-

other inflammatory-mediated condition

that will benefit from NF-jB manipu-

lation. Since NF-jB is involved in nor-

mal cellular physiology, the ultimate

benefit depends on the balance between

suppression of inflammation-induced

bone resorption and normal cellular

functions.
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