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Summary

Periodontitis is an inflammatory bone disease caused by Gram-negative
anaerobic bacteria. Osteoclast differentiation is regulated by the balance
between receptor activator of nuclear factor kappa B ligand (RANKL) and
osteoprotegerin (OPG). The purpose of this study was to examine the mecha-
nism of OPG production in human gingival fibroblasts (HGF) stimulated by
lipopolysaccharide (LPS) from periodontopathic bacteria. The expressions
of Toll-like receptor 2 (TLR-2) and TLR-4 in HGF were examined using
flow-cytometry. HGF were stimulated with whole cell extracts or LPS from
Actinobacillus actinomycetemcomitans and Porphyromonas gingivalis with or
without polymyxin B, a LPS inhibitor. In addition, HGF were stimulated with
LPS, prostaglandin E2 (PGE2), various agonists of PGE receptors (EP1, EP2,
EP3 and EP4 agonists) with or without indomethacin (IND), a prostaglandin
synthesis inhibitor. OPG and PGE2 production was measured using an
enzyme-linked immunosorbent assay (ELISA). HGF expressed both TLR-2
and TLR-4. Both A. actinomycetemcomitans and P. gingivalis LPS augmented
OPG expression in HGF. Whole cell extracts from A. actinomycetemcomitans
and P. gingivalis augmented OPG production by HGF; the augmentation was
suppressed by polymyxin B. IND suppressed OPG production in LPS-
stimulated HGF. PGE2 stimulated HGF to produce OPG. EP1 and EP2 ago-
nists, but not EP3 and EP4 agonists, increased OPG production by HGF. These
results suggest that LPS-induced OPG production by HGF is regulated via
EP1 and/or EP2 receptors by endogenously generated PGE2.
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Introduction

Periodontitis is an inflammatory bone disease caused by
Gram-negative anaerobic bacteria including Actinobacillus
actinomycetemcomitans (A. actinomycetemcomitans) and
Porphyromonas gingivalis (P. gingivalis). Lipopolysaccharide
(LPS), a major component of the outer membrane of Gram-
negative bacteria, exhibits powerful immunostimulatory and
inflammatory activities [1]. LPS is considered to be a major
factor in the pathogenesis of periodontal disease; it is
absorbed into the root surfaces and gingival tissues of
patients with periodontal disease [2]. Although it was
assumed initially that the LPS molecules obtained from dif-
ferent bacteria are similar, recent evidence suggests that there
are structural and functional differences [3]. For example,
the structure of A. actinomycetemcomitans LPS is known to
resemble that of Escherichia coli (E. coli) LPS, whereas the

structure of P. gingivalis LPS is different from that of E. coli
LPS [2,4]. While the LPS of E. coli and A. actinomycetem-
comitans are known to be toll-like receptor (TLR) 4 agonists
[5], P. gingivalis LPS has been found to have an agonistic
effect to TLR2 [6].

Under normal physiological conditions, bone is periodi-
cally resorbed by osteoclasts while new bone is formed by
osteoblasts [7]. Osteoblasts regulate osteoclastic bone
resorption, which involves the recruitment of new osteo-
clasts and the activation of mature osteoclasts. The recruit-
ment of new osteoclasts is dependent upon the balance in
osteoblasts between the activity of the receptor activator of
nuclear factor kappa B ligand (RANKL) and its decoy recep-
tor, osteoprotegerin (OPG) [7,8].

RANKL and OPG mRNA expressions have been detected
in inflamed gingival tissue [9]. Human gingival fibroblasts
(HGF) are a major constituent of gingival connective tissue.
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OPG, but not RANKL, mRNA was found to be expressed in
HGF; E. coli LPS augmented OPG mRNA expression and
OPG production in HGF [9]. The culture supernatant of E.
coli LPS-stimulated HGF reduced the number of osteoclasts
that were generated by culturing human peripheral blood
monocytes with recombinant human RANKL and
macrophage–colony stimulating factor (M-CSF); the sup-
pression was inhibited by anti-OPG neutralizing antibody
[9]. In periodontitis lesions, HGF may directly interact with
bacteria and bacterial products; LPS and OPG production in
HGF may be involved in the recruitment of new osteoclasts
[10].

Prostaglandins (PGs), including PGE2, play a variety of
actions under the physiological and pathological conditions
[11,12]. In response to various stimuli, arachidonic acid
released from membrane phospholipids is metabolized to
PGs by cyclooxygenase (COX). PGE2 exerts its biological
actions via specific PGE receptors on target cells and four
distinct subtypes of PGE receptors, designated EP1, EP2,
EP3 and EP4 [13,14]. EP1 receptor activation induces
elevation of intracellular calcium levels via a poorly char-
acterized mechanism involving G proteins. EP2 and EP4
receptors activate adenylate cyclase via stimulatory G
protein, and result in the elevation of intracellular cAMP
levels. Multiple isoforms of EP3 receptors with different
C-terminal tails mediate several signalling pathways includ-
ing inhibition and stimulation of adenylate cyclase, activa-
tion of phospholipase C and mobilization of intracellular
calcium. Prostaglandins (PGs), including PGE2, are thought
to be involved in the pathogenesis of periodontal disease
[15,16].

LPS stimulates PGE2 production in target cells through
the induction of mitogen-inducible COX 2 expression [17].
Recently, PGE2 synthesis was reported to suppress OPG pro-
duction in both osteoblasts and periodontal ligament cells
[18,19]; however, the effect of PGE2 synthesis on OPG pro-
duction by HGF stimulated with LPS remains unknown.

The purpose of this study was to examine the OPG pro-
duction in HGF stimulated with LPS obtained from period-
ontopathic bacteria and to clarify the involvement of PGE2 in
the production of OPG by HGF.

Materials and methods

Reagents

E. coli LPS (serotype O55:B5), polymyxin B and 3,3′,5′,5-
tetramethylbenzidine liquid substrate system were pur-
chased from Sigma Chemicals (St Louis, MO, USA).
Ultrapure LPS from P. gingivalis was purchased InvivoGen
(San Diego, CA, USA). Fluorescein-conjugated anti-
TLR-2, phycoerythrin-conjugated anti-TLR-4, fluorescein-
conjugated mouse IgG2a isotype control antibody, and
phycoerythrin-conjugated mouse IgG2a isotype control
antibody were purchased from eBioscience (San Diego, CA,

USA). Monoclonal anti-human OPG/TNFRSF11B antibody
was purchased from R&D Systems (Minneapolis, MN, USA).
Recombinant human OPG-Fc chimera and biotinylated
anti-human OPG antibody were purchased from Genzyme
(Cambridge, MA, USA). Streptavidin alkaline phosphatase
was purchased from Techne Corporation (Minneapolis, MN,
USA). Prostaglandin E2 enzyme immunoassay system was
purchased from Amersham Pharmacia Biotech (Amersham,
Bucks, UK). Indomethacin (IND) was purchased from Wako
(Tokyo, Japan). Prostaglandin E2 was purchased from
Cascade Biochem Ltd (Corston, UK); 17 phenyl-w-trinor
PGE2 (EP1 agonist) was purchased from Cayman Chemical
(Ann Arbor, MI, USA). Butaprost (EP2 agonist), ONO-AE-
248 (EP3 agonist) and ONO-AE1-329 (EP4 agonist) were
provided by ONO Pharmaceutical Co. (Osaka, Japan).

Preparation of sonicated whole cell extracts and LPS

The study protocol was approved by the Ethic Committee of
the Tokyo Medical and Dental University.

Sonicated whole cell extracts of A. actinomycetemcomitans
ATCC43718 and P. gingivalis FDC381 were prepared as
described previously [20]. The cells were suspended in saline
(200 mg/ml, wet weight), placed on ice and disrupted by
sonication at maximum output at 30-s intervals, for a total
sonication time of 3 min. The sonicated cell suspensions
were centrifuged, and the supernatants were lyophilized.

A. actinomycetemcomitans and P. gingivalis LPS were pre-
pared as described previously [21]. A. actinomycetemcomi-
tans ATCC43718 and P. gingivalis FDC381 were grown
anaerobically (80% N2, 10% H2 and 10% CO2) using general
anaerobic medium broth (Nissui Pharmaceutical Co. Ltd,
Tokyo, Japan) supplemented with vitamin K1 and haemin for
P. gingivalis and with yeast extract for A. actinomycetemcomi-
tans. The bacteria were harvested by centrifugation, washed
three times with distilled water, and lyophilized. LPS was
isolated from the bacteria using the hot phenol–water
method [22]. The purity of our LPS preparations has been
studied; we have confirmed that little contamination is
present in our preparations [23]. In addition, we have pur-
chased ultra-pure P. gingivalis LPS, which is known to be a
selective TLR-2 ligand, and confirmed that the results were
the same as our P. gingivalis LPS. Thus, our LPS preparations
appear to be comparable to the highly purified LPS.

Cell isolation and culture

All the patients had been diagnosed as having chronic peri-
odontitis and had received initial periodontal therapy. After
obtaining their written informed consent, samples of gingi-
val tissue were obtained from chronic periodontitis patients
during surgical therapy. Each sample of gingival tissue was
cut into small pieces and cultured in a-minimum essential
medium (a-MEM) containing 10% fetal bovine serum (FBS)
(Bioserum, Victoria, Australia) in the presence of 100 U/ml
of penicillin and 100 mg/ml of streptomycin (Sigma).
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The fibroblast cells that grew from the explanted tissue
were subcultured. HGF from passage levels 4–10 were used
in this study.

The HGF were seeded into 96-well flat-bottomed culture
plates at 1 ¥ 104 cells per well and were grown to confluence.
Once confluent, the HGF were cultured for 24 h with various
additives, and the supernatants were harvested.

The HGF were cultured with or without polymyxin B or
IND for 20 min. The HGF were stimulated with sonicated
whole cell extracts (A. actinomycetemcomitans, P. gingivalis),
LPS (A. actinomycetemcomitans, E. coli, P. gingivalis), PGE2 or
agonists of PGE receptors (EP1, EP2, EP3 and EP4).

In the preliminary study, We titrated the sonicated extracts
(0·01–10 mg/ml) from A. actinomycetemcomitans and P. gin-
givalis, and determined that 0·1 mg/ml of A. actinomycetem-
comitans sonicated extracts and 0·1 mg/ml of P. gingivalis
sonicated extracts were optimal for maximum level of OPG
production in HGF (data not shown). Accordingly, we used
0·1 mg/ml of A. actinomycetemcomitans sonicated extracts
and 0·1 mg/ml of P. gingivalis sonicated extracts in the
experiments.

We have studied previously the effects of several doses of
polymyxin B on the inhibition of LPS in sonicated extracts
from A. actinomycetemcomitans and P. gingivalis [24]; and
determined that 106 U/ml of polymyxin B was sufficient to
inhibit LPS in 10 mg/ml of sonicated extracts of A.
actinomycetemcomitans. We also confirmed that 106 U/ml of
polymyxin B did not affect the viability of HGF in this study.

We have reported previously that A. actinomycetemcomi-
tans LPS and P. gingivalis LPS induced PGE2 production in
HGF and that the PGE2 production was inihibited com-
pletely by 1 mM of indomethacin [25]. Thus, we examined
the effect of 1 mM indomethacin in this experiments.

After 24 h of stimulation, the OPG and PGE2 levels in the
culture supernatants were measured using an enzyme-linked
immunosorbent assay (ELISA).

Expression of TLR-2 and TLR-4 on HGF

HGF were treated with trypsin and suspended. The cells
suspension was reacted with fluorescein-conjugated anti-
TLR-2, phycoerythrin-conjugated anti-TLR-4 or the respec-
tive isotype control antibodies. Flow cytometric analysis
was performed using a fluorescence activated cell sorter
(FACScan) flow cytometer and CellQuest Software (Becton
Dickinson, Mountain View, CA, USA).

Measurement of OPG and PGE2 production by HGF

The OPG level was measured as described previously [9]. In
brief, anti-human osteoprotegerin antibody was coated onto
a 96-well flat-bottomed plate. After blocking with 1% bovine
serum albumin (BSA), samples were added to the well in
triplicate. Recombinant human OPG-Fc chimera was used as
the standard. Following washing, biotinylated anti-human

OPG antibody was added. After washing, streptavidin alka-
line phosphatase was added and the plate was incubated.
Following washing, substrate solution was added, and the
absorbance was recorded using an ELISA reader. PGE2 ELISA
was performed according to the manufacturer’s protocol
(PGE2, Amersham Pharmacia Biotech).

Statistical analysis

Data are expressed as the mean � standard deviation (s.d.).
The Mann–Whitney U-test was used for statistical analysis.
The level of significance was set at 0·01 and 0·05.

Results

Effect of LPS on OPG production

To examine the effect of LPS on OPG production in HGF,
HGF were stimulated with various concentrations of A. acti-
nomycetemcomitans and P. gingivalis LPS. A. actinomycetem-
comitans ATCC43718 LPS augmented OPG production by
HGF. P. gingivalis FDC381 LPS also augmented OPG
production by HGF. The maximum production of OPG
occurred with 1 mg/ml of A. actinomycetemcomitans LPS and
1–5 mg/ml of P. gingivalis LPS (Fig. 1). OPG production was
higher in HGF stimulated with P. gingivalis LPS than in HGF
stimulated with A. actinomycetemcomitans LPS.

Effect of sonicated whole cell extracts on OPG
production in HGF

To examine the effect of other bacterial components on OPG
production, HGF were stimulated with sonicated extracts of
A. actinomycetemcomitans and P. gingivalis; 0·1 mg/ml of A.
actinomycetemcomitans ATCC43718 sonicated whole cell
extracts and 0·1 mg/ml of P. gingivalis FDC381 sonicated
whole cell extracts augmented OPG production by HGF; 106

U/ml polymyxin B, a LPS inhibitor, almost completely abro-
gated the augmentation of OPG stimulated with A. actino-
mycetemcomitans and P. gingivalis sonicated whole cell
extracts (Fig. 2). OPG production was higher in HGF stimu-
lated with P. gingivalis sonicated whole cell extracts than in
HGF stimulated with A. actinomycetemcomitans sonicated
whole cell extracts.

Expression of TLR-2 and TLR-4 on HGF

As LPS augmented OPG production in HGF, expression of
TLR-2 and TLR-4 were examined. On HGF, both TLR-2 and
TLR-4 were expressed (Fig. 3).

Effect of LPS on PGE2 production in HGF

As PGE2 affects OPG production in osteoblasts, the effect
of LPS on PGE2 production in HGF was examined.

Internal PG synthesis augments OPG production in LPS-stimulated HGF
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A. actinomycetemcomitans ATCC43718 LPS and P. gingivalis
FDC381 LPS augmented PGE2 production by HGF;
the amount of PGE2 was significantly higher with A.
actinomycetemcomitans LPS stimulation than with P. gingi-
valis LPS stimulation. IND, a prostaglandin synthesis
inhibitor, abrogated PGE2 production by HGF stimulated
with A. actinomycetemcomitans LPS and P. gingivalis LPS
(Fig. 4).

Effect of PGE2 on OPG production in HGF

To examine the effect of PGE2 on OPG production in HGF,
HGF were cultured with LPS and a prostaglandin synthesis
inhibitor, IND. Without IND, OPG production was higher in
HGF stimulated with P. gingivalis LPS than in those stimu-
lated with A. actinomycetemcomitans LPS. IND significantly
reduced the production of OPG by HGF stimulated with
LPS (A. actinomycetemcomitans, E. coli, P. gingivalis).
However, in the presence of IND and LPS (A. actinomycet-
emcomitans, E. coli, P. gingivalis), exogenous PGE2 aug-
mented the production of OPG by HGF (Fig. 5).
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Fig. 1. Osteoprotegerin (OPG) production in human gingival

fibroblasts (HGF) stimulated with lipopolysaccharide (LPS). (a) HGF

stimulated with 0·01–50 mg/ml of Actinobacillus

actinomycetemcomitans ATCC43718 LPS for 24 h. (b) HGF stimulated

with 0·01–50 mg/ml of Porphyromonas gingivalis FDC381 LPS for 24 h.

OPG in the culture supernatants was measured using enzyme-linked

immunosorbent assay. The results are representative of three

experiments. **P < 0·01.
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Fig. 2. Osteoprotegerin (OPG) production in human gingival

fibroblasts (HGF) stimulated with 0·1 mg/ml of sonicated whole cell

extracts. (a) HGF were stimulated with 0·1 mg/ml of Actinobacillus

actinomycetemcomitans ATCC43718 sonicated whole cell extracts in

the presence or absence of 106 U/ml polymyxin B for 24 h. (b) HGF

were stimulated with 0·1 mg/ml of Porphyromonas gingivalis FDC381

sonicated whole cell extracts in the presence or absence of 106 U/ml

polymyxin B for 24 h. OPG levels in the culture supernatants were

measured using enzyme-linked immunosorbent assay. The results are

representative of three experiments. *P < 0·05.
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Effect of PGE2 and agonists of PGE receptors (EP1,
EP2, EP3 and EP4 agonists) on OPG production in
HGF

Exogenous PGE2 augmented OPG production in HGF.
Therefore, the effect of various EP agonists on OPG produc-
tion in HGF was examined. PGE2 augmented OPG produc-
tion by HGF in a dose-dependent manner (Fig. 6a). EP1
agonist and EP2 agonist augmented OPG production by
HGF, but EP3 and EP4 did not (Fig. 6b).

Discussion

In the present study, OPG production in HGF was aug-
mented by stimulation with sonicated whole cell extracts
derived from periodontopathic bacteria (A. actinomycetem-
comitans, P. gingivalis). Polymyxin B inhibited the augmen-
tation of OPG production caused by stimulation with A.
actinomycetemcomitans and P. gingivalis sonicated whole cell
extracts. These results suggest that LPS might be a potent
agent to stimulate HGF to produce OPG.

In all Gram-negative bacteria, the structure of LPS
includes a polysaccharide attached to a lipid component,
called lipid A. Netea et al. [3] proposed that the shape of the
lipid A component determines the bioactivity of LPS. Lipid
A with a conical shape (e.g. from E. coli) induces cytokine
production through TLR-4, whereas more cylindrical lipid A
(e.g. from P. gingivalis) induces the expression of a different
set of cytokines through TLR-2 [3]. Hirschfeld et al. [6]
reported that signalling by TLR-2 and TLR-4 agonists results
in differential gene expression in murine macrophages. In
this study, it was found that HGF expressed TLR-2 and
TLR-4. Both P. gingivalis LPS and A. actinomycetemcomitans
LPS stimulated HGF to produce OPG (Fig. 2), suggesting

that both TLR-2 and TLR-4 pathways are involved in LPS
recognition in HGF.

It has been reported that PGE2 is involved in both
cytokine-mediated osteoclast activation and osteoblastic
bone formation [26,27]. Liu et al. [28] reported that PGE2

stimulated osteoclast formation through the inhibition of
osteoblast OPG secretion. Suda et al. [19] reported that LPS
inhibited osteoblast OPG expression, and that inhibition
was mediated by PGE2 production. Sakata et al. [18]
reported that interleukin (IL)-1b increased OPG and PGE2

expression in human periodontal ligament cells, and that
the increase in the OPG level caused by stimulation with
IL-1b was suppressed through PGE2 synthesis. These data
suggest that PGE2 inhibits OPG production both in osteo-
blasts and in periodontal ligament cells. In the present
study, HGF stimulated with LPS produced PGE2, and OPG
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production was inhibited partially by IND, a cyclooxyge-
nase inhibitor (Fig. 4). This suggests that the increase in
HGF OPG levels was mediated partially by PGE2 produc-
tion. OPG production in HGF stimulated by P. gingivalis
LPS was significantly higher than that in HGF stimulated
by A. actinomycetemcomitans LPS (Fig. 1). PGE2 production
in HGF stimulated with P. gingivalis LPS was lower than
that in HGF stimulated with A. actinomycetemcomitans LPS
(Fig. 4a), suggesting that the amount of PGE2 production
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did not account for the amount of OPG production in
HGF stimulated with LPS. IND did not completely abro-
gate OPG production in HGF stimulated with P. gingivalis
LPS. These results suggest that there might be PGE2-
dependent and PGE2-independent pathways for OPG pro-
duction in HGF stimulated with LPS.

EP receptors and PGE receptors are rhodopsin-type
receptors that have seven transmembrane-spanning
domains [29]. It has been reported that EP1, EP2 and EP4
mRNA were detected in HGF, but that EP3 mRNA was not
detected [30]. EP1 is coupled to Gq/p, and ligand binding
results in an increase in intracellular calcium levels and
EP1-enhanced prorein kinsae C (PKC) signalling [29,31].
An intracellular calcium chelator suppressed OPG mRNA
expression in osteoblasts, and the activator of PKC
stimulated OPG mRNA in osteoblasts and bone marrow
stromal cells [32,33]. OPG production via EP1 may be
mediated by increased intracellular calcium and PKC
activation. Both EP2 and EP4 were found to be coupled to
Gs protein and to stimulate adenylate cyclase to trigger the
cAMP–protein kinase A (PKA) signalling pathway [29,34].
The total formation of intracellular cAMP was greater in
cells expressing the EP2 receptor than in those expressing
the EP4 receptor [34]. We have reported previously that
IL-1b-induced OPG production in HGF was different from
that in PDL and osteoblasts, and that the activation of the
PKA pathway is crucial for OPG production in HGF [35].
In this study, EP1 and EP2 agonists stimulated OPG
production in HGF, but the EP4 agonist did not. EP1 and
EP2 agonists might activate PKC and PKA in HGF, and
the activation of PKC and PKA might result in OPG
production in HGF.

Production of OPG in HGF plays a protective role in bone
resorption of periodontitis lesions. Numerous reports have
focused on the pathological role that HGF have in periodon-
titis, as HGF have been observed to produce inflammatory
mediators, such as IL-1, IL-6 and PGE2, in response to bac-
terial products [36,37,38]. LPS and inflammatory mediators,
including IL-1, IL-6 and PGE2, augment RANKL expression
on the surface of osteoblasts [8,19]. As well, CD4+ T cells
express RANKL in response to bacterial stimulation [39,40].
In periodontitis tissues, many B cells and the T cells were
found to express RANKL [41]. Stimulation of PDL by IL-1a,
IL-1b and PGE2 has been shown to induce RANKL mRNA
[35,42]. It remains to be determined whether OPG produced
by HGF is sufficient to suppress RANKL expression in osteo-
blasts, T lymphocytes and PDL that are activated by IL-1,
IL-6, PGE2 and LPS in periodontitis tissue. The amount of
OPG produced by HGF was higher than that produced by
periodontal ligament fibroblasts [35]; HGF are better at
inhibiting osteoclast differentiation than periodontal liga-
ment fibroblasts [43]. HGF constitute 65% of the cellular
population of gingival tissue [44]; this suggests that the total
amount of OPG produced by HGF might be effective to
suppress RANKL in gingival tissue.

The present study demonstrated that HGF produce
OPG in response to LPS from A. actinomycetemcomitans
and P. gingivalis. HGF stimulated with LPS produced PGE2,
and PGE2 further augmented OPG production in HGF
via EP1 and EP2 receptors. Induction of OPG in gingival
fibroblasts might be a self-defence mechanism that inhibits
alveolar bone destruction during periodontal inflamma-
tion. Further study is necessary to evaluate the in vivo
relevance of OPG production from HGF in periodontitis
tissue.
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