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Summary

 

Periodontitis, a chronic inflammatory disease, is characterized by increased
expression of interleukin (IL)-1 and other inflammatory mediators resulting
in extensive osteoclast formation and bone loss. Expression of receptor acti-
vator of nuclear factor kappa B ligand (RANKL) and its decoy receptor,
osteoprotegerin (OPG), by osteoblasts is important to regulate osteoclast dif-
ferentiation. The aim of the present study was to investigate the regulatory
effects of IL-1 on RANKL and OPG production by mesenchymal fibroblasts in
periodontal tissue. Human gingival fibroblasts (HGF) and periodontal liga-
ment fibroblasts (PDL) were stimulated with IL-1αααα

 

 with or without protein
synthesis inhibitor cycloheximide (CHX), protein kinase A (PKA) inhibitors,
protein kinase C (PKC) inhibitors and prostaglandin E

 

2

 

 (PGE

 

2

 

) inhibitor. In
some experiments, the cultured cells were directly stimulated with either PKA
or PKC activators. In HGF, IL-1αααα

 

-stimulated OPG mRNA expression was
high and could be reduced by CHX. PKA inhibitor completely abrogated IL-
1αααα

 

-induced OPG mRNA expression and OPG production. Endogenous PGE

 

2

 

further enhanced IL-1αααα

 

-induced OPG production in HGF. In PDL, RANKL
mRNA expression was greatly augmented by IL-1αααα

 

. IL-1αααα

 

 induced OPG
mRNA expression and protein production. PKC inhibitor partially reduced
IL-1αααα

 

-induced OPG production and PKC activator enhanced OPG produc-
tion in PDL. The IL-1αααα

 

-stimulated OPG mRNA expression in HGF was
greater than PDL. These results provide new evidence for the possible osteo-
clastogenesis-inhibitory function of HGF through PKA activity pathway. PDL
utilized PKC for OPG production. Thus, we emphasize that HGF and PDL
have different characteristics of host defence mechanism against inflamma-
tory process.
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Introduction

 

Osteoclasts are monocyte/macrophage lineage cells derived
from haematopoietic stem cells [1,2]. The receptor activator
of nuclear factor kappa B (NF-

 

κ

 

B) ligand (RANKL) is
expressed on osteoblasts and T cells. Mice with disrupted
RANKL gene lack osteoclasts and show severe osteopetrosis
[3]. Osteoprotegerin (OPG), a secreted glycoprotein, is a
decoy receptor for RANKL [4]. OPG transgenic mice showed
severe osteopetrosis, suggesting that OPG is crucial for 

 

in
vivo

 

 suppression of osteoclastogenesis. Osteoclast differenti-
ation is regulated by RANKL and OPG expression in the
local milieu [4–9].

Periodontitis, a chronic inflammatory disease, is charac-
terized by the increased expression of inflammatory cytok-
ines and accelerated osteoclast differentiation. RANKL
expression is increased in periodontitis tissue compared with
healthy periodontal tissue [10,11]. Activated T cells reside in
the periodontitis tissue [11,12] and are actively involved in
bone resorption [13]. Among the inflammatory cytokines in
periodontitis tissue, interleukin (IL)-1 is one of the most
potent cytokines associated with inflammatory bone resorp-
tion in periodontitis [14–16]. IL-1 increases RANKL expres-
sion by osteoblasts [17]. The expression of RANKL and OPG
by osteoblasts stimulated with IL-1 might be responsible for
the inflammatory bone resorption.
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Human periodontal tissue has three fibroblastic cells of
mesenchymal origin, human gingival fibroblasts (HGF),
human periodontal ligament fibroblasts (PDL) and osteo-
blasts. The HGF are members of the connective tissue cells
and constitute 65% of the cellular population of the gingiva
[18]. These cells constantly remodel different components of
the connective tissue in response to different cytokines [19].
We have reported that the production of OPG in HGF stim-
ulated with bacterial lipopolysaccharide (LPS) and culture
supernatants from HGF suppressed osteoclast differentia-
tion, suggesting that the suppression was mediated by OPG
[11]. PDL occupy the space between the roots of teeth and
alveolar bone and exhibit some characteristics of osteoblasts,
as they support new bone formation 

 

in vivo

 

, and PDL cul-
tured with 1

 

α

 

, 25-dihydroxyvitamin D

 

3

 

 have the ability to
produce RANKL [20]. Because of these findings not only
osteoblasts, but also HGF and PDL are now believed to be
involved in the regulation of bone metabolism in alveolar
bone [11,20]. This study was conducted to investigate the
RANKL and OPG expression in PDL and HGF stimulated
with IL-1. The differential roles of connective tissue fibro-
blasts and osteoblastic cells in inflammatory bone diseases
are also discussed.

 

Materials and methods

 

Reagents

 

Cycloheximide (CHX), human recombinant IL-1

 

α

 

, phorbol
12,13-didecanoate (PDD), forskolin (For) and Staurospo-
rine were purchased from Sigma Chemicals (St Louis, MO,
USA). Indomethacin was purchased from Wako (Tokyo,
Japan). Myristoylated protein kinase C peptide inhibitor
(Myr), cAMP-dependent protein kinase peptide inhibitor (c-
AMP Inh), phorbol-12-myristate 13-acetate (PMA) and
dibutyryl cyclic AMP (c-AMP) were purchased from
Promega (WI, USA). Protein kinase inhibitor N-[2-(p-
bromocinnamylamino) ethyl]-5-isoquinolinesulphonamide
(H89) was purchased from Seikagaku Corporation (Tokyo,
Japan). Monoclonal anti-human osteoprotegerin antibody,
biotinylated anti-human osteoprotegerin antibody and
recombinant human OPG were purchased from Techne (NJ,
USA). Superscript II RNase H- reverse transcriptase, Oligo
(dT) 12–18 primer, AccuPrime Pfx DNA polymerase and
pCRII-TOPO vector were purchased from Invitrogen (CA,
USA). QIAEXII was purchased from Qiagen (Germany)
LightCycler Faststart DNA Master SYBR Green I was pur-
chased from Roche Molecular Biochemical (Indianapolis,
IN, USA). The quantitative real-time polymerase chain reac-
tion (PCR) reagents were purchased from 

 

Gibco

 

 BRL
(Rockville, MD, USA). RNAzol B solution was purchased
from Biotech Laboratory (Houston, TX, USA). Dako
TMB 

 

+

 

 substrate-chromogen one-step substrate system
(substrate) was purchased from the Dako Corporation (Car-
pentaria, CA, USA).

 

Cell isolation and culture

 

HGF were isolated from 13 systemically healthy patients,
aged 25–48 years (eight females and five males, mean age
37·1 

 

±

 

 7·3). Healthy gingiva were collected from 11 patients
during routine crown lengthening or distal wedge surgical
procedures and inflamed gingiva were collected from two
subjects who had at least one pocket site with probing depth
more than 5 mm in the surgical area. The characteristics of
the subjects are shown in Table 1. The washed explants were
placed in a sterile dish and minced into smaller pieces with a
sterile scalpel blade. Attempts were made to remove epithe-
lium and leave only connective tissue. PDL were isolated
from 11 systemically healthy patients aged 18–31 years (five
females and six males, mean age 22·5 

 

±

 

 3·9) who had clinical
healthy premolar teeth extracted for orthodontic treatment.
The mid-root surfaces of the teeth were scraped lightly with
a sterile scalpel blade. All cell lines were prepared as
described elsewhere [15]. The cell lines growing from the
explanted tissue were subcultured. Cell lines from passage
levels 4–7 were used in this study. Informed consent had
been obtained from all 24 subjects, after verbal and written
explanation regarding the nature of the study. Prior to com-
mencement, the study protocol was approved by Ethics
Committee of Tokyo Medical and Dental University.

HGF or PDL were seeded in 96-well flat-bottomed culture
plates at 1 

 

×

 

 10

 

5

 

 cells per well, and were grown to confluence.
Once confluent, the cells were stimulated with various addi-
tives and supernatants were harvested for 24 h. Each cell was
pretreated with specific protein kinase A (PKA) inhibitor
(5 m

 

M

 

 c-AMP Inh or 10 

 

µ

 

M

 

 H89), specific protein kinase C
(PKC) inhibitor (10 

 

µ

 

M

 

 myristorylated PKC peptide inhib-
itor or 40 n

 

M

 

 Staurosporine) or 1 

 

µ

 

g/ml indomethacin for
30 min before washing. Then medium was changed to 

 

α

 

-
minimum essential medium (

 

α

 

-MEM) containing 10 ng/ml
IL-1

 

α

 

 and the same concentration of that inhibitor. The
effect of PGE

 

2

 

, PKA and PKC activation on OPG production
was determined using PGE

 

2

 

, PKA and PKC activators. Each
cell line was stimulated with 1 

 

µ

 

M

 

 PGE

 

2

 

, either 30 

 

µ

 

M

 

 for-
skolin or 10 

 

µ

 

M

 

 c-AMP for testing the PKA pathway and
60 

 

µ

 

M

 

 PMA or 120 n

 

M

 

 PDD for testing the PKC pathway.
After 24 h of stimulation, OPG production in the culture
supernatants was measured using enzyme-linked immun-
osorbent assay (ELISA).

 

RNA extraction and first-strand synthesis system

 

Primary HGF and PDL (1 

 

×

 

 10

 

7

 

 cells) were cultured sepa-
rately or in combination with or without 1% CHX or 10 ng/
ml IL-1

 

α

 

 in six-well culture plates for 12 h. Total RNA was
isolated by using RNAzol, as described previously [11]. The
precipitated RNA was redissolved in 0·1% diethylpyrocar-
bonate-treated distilled water and complementary DNA
(cDNA) was synthesized using 2 

 

µ

 

g of RNA through a
reverse transcription reaction, first-strand cDNA
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Superscript II, according to the manufacturer’s recommen-
dations. After all reactions were terminated, 1 

 

µ

 

l of RNase H

 

–

 

was added to each tube and incubated before amplifying the
target DNA.

 

Real-time PCR

 

Real-time PCR quantitative mRNA analyses were performed
in a LightCycler II Detection Machine using the SYBR-green
fluorescence quantification system. Analysis of the results
was carried out using the LightCycler Software supplied with
the machine. The sequences of human primers were
designed using the PrimerExpress software (Applied Biosys-
tems) using nucleotide sequences present in the GenBank
database. The following nucleotides primers were used
(forward/reverse): OPG (GCAGCGGCACATTGGAC; 482–
502)/(CCCGGTAAGCTTTCCATCAA; 533–554), RANKL
(CGTTGGATCACAGCACATCAG; 905–921)/(GCTCCTCT
TGGCCAGATCTAAC; 954–973) and glyceraldehyde-3-
phosphate-dehydrogenase (GAPDH) (GCTCTCCAGAACA
TCATCC; 679–697)/(GTGTCGCTGTTGAAGTC AG; 926–
944).

The nucleotide sequences were derived from the following
GenBank Accession no: RANKL (AB064269), OPG
(AK223155) and GAPDH (NM_002046). Amplification
profile was 95/0; 55/7; 72/20 [temperature (

 

°

 

C)/time (s)]
and 35 cycles. Positive control was prepared from IL-1-
stimulated PDL cells. Total RNA was isolated from cultured

cells and cDNA was synthesized from 2 

 

µ

 

g of total RNA each
using oligo(dT)11 NN primer with Superscript II reverse
transcriptase, according to the manufacturer’s instructions.
PCR amplification was performed with AccuPrime Pfx DNA
polymerase. The PCR product was separated by electro-
phoresis on a 1% agarose gel. The band of interest was
excised and DNA was eluted by QIAEXII and cloned into the
pCRII-TOPO vector, according to the manufacturer’s
instructions. Three independent clones were sequenced and
diluted three- to 256-fold to generate relative standard
curves to which sample cDNA was compared.

 

ELISA

 

Human OPG ELISA was performed as described previously
[11] using monoclonal anti-human osteoprotegerin anti-
body and biotinylated anti-human osteoprotegerin
antibody, according to the manufacturer’s instructions.
Recombinant human OPG was used as standard. Streptavi-
din HRP was added and the plate was incubated, followed
with substrate solution and stop solution. All samples were
tested in triplicate.

 

Statistical analysis

 

Data are expressed as the mean 

 

±

 

 standard deviation (s.d.).
Data were subjected to one-way analysis of variance (

 

anova

 

)
and Fisher’s protected least-significant difference (LSD). The

 

Table 1.

 

Sources of tissues and patients’ characteristics.

Cell line no. Gender Age Operation type Type of tissue

HGF 1 Female 25 Distal wedge of lower left molar Gingiva (healthy)

HGF 2 Female 29 Upper left first premolar crown lengthening Gingiva (healthy)

HGF 3 Male 47 Upper right first premolar crown lengthening Gingiva (healthy)

HGF 4 Female 40 Distal wedge of lower right molar Gingiva (healthy)

HGF 5 Male 43 Distal wedge of lower left molar Gingiva (healthy)

HGF 6 Female 40 Upper right first premolar crown lengthening Gingiva (healthy)

HGF 7 Female 38 Lower right first molar crown lengthening Gingiva (healthy)

HGF 8 Female 39 Upper anterior teeth crown lengthening Gingiva (healthy)

HGF 9 Male 33 Upper left first premolar crown lengthening Gingiva (healthy)

HGF 10 Female 29 Distal wedge of lower right molar Gingiva (healthy)

HGF 11 Male 30 Upper left first premolar crown lengthening Gingiva (healthy)

HGF 12 Female 42 Upper left posterior open flap surgery Gingiva (periodontitis)

HGF 13 Male 48 Upper right posterior open flap surgery Gingiva (periodontitis)

PDL 1 Female 18 Lower left premolar extraction Periodontal ligament

PDL 2 Male 21 Lower right premolar extraction Periodontal ligament

PDL 3 Male 24 Lower left premolar extraction Periodontal ligament

PDL 4 Male 27 Upper left premolar extraction Periodontal ligament

PDL 5 Female 31 Upper right premolar extraction Periodontal ligament

PDL 6 Female 19 Lower left premolar extraction Periodontal ligament

PDL 7 Male 23 Lower right premolar extraction Periodontal ligament

PDL 8 Female 19 Lower right premolar extraction Periodontal ligament

PDL 9 Male 20 Upper right premolar extraction Periodontal ligament

PDL 10 Female 21 Lower left premolar extraction Periodontal ligament

PDL 11 Male 24 Lower left premolar extraction Periodontal ligament

HGF, human gingival fibroblasts; PDL, periodontal ligament fibroblasts.
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statistical analysis was performed with the SPSS program for
Windows version 10.

 

Results

 

Effect of IL-1αααα

 

 on RANKL and OPG mRNA expression

 

To elucidate the effect of IL-1

 

α

 

 on RANKL and OPG expres-
sion by HGF and PDL, we measured RANKL, OPG and
GAPDH mRNA expression. The ratio between the levels of
RANKL and GAPDH mRNA expression from four HGF and
four PDL cell lines is shown in Fig. 1a, and the ratio between

levels of OPG and GAPDH mRNA expression from the same
cell lines is shown in Fig. 2. Without stimulation, very little
RANKL/GAPDH mRNA expression was observed from both
kinds of cells, whereas OPG/GAPDH mRNA expression
from HGF was almost three times greater than that from
PDL. With IL-1

 

α

 

 stimulation, the RANKL/GAPDH mRNA
expression ratio was increased significantly in PDL and
HGF (

 

P 

 

<

 

 0·05). We observed that RANKL/GAPDH mRNA
expression ratio from PDL was five times greater than that
by HGF. The OPG/GAPDH mRNA expression ratio was
increased in both PDL and HGF, but the ratio in IL-1

 

α

 

-
stimulated PDL was 2·5 times lower than that in HGF.

 

Effect of IL-1αααα

 

 on OPG production in HGF and PDL

 

All primary HGF and PDL cell lines were used to determine
the effect of IL-1

 

α

 

 on OPG production in HGF and PDL, as
shown in Fig. 1b. Mean OPG production by healthy HGF
and PDL cultured in control medium was 5·26 

 

±

 

 1·71 and
3·51 

 

±

 

 1·14 ng/10

 

5

 

 cells, and with IL-1

 

α

 

 stimulation they
were increased to 12·23 

 

±

 

 2·03 and 9·95 

 

±

 

 2·84 ng/10

 

5

 

 cells.
Mean OPG production by clinically inflamed HGF cultured
in control medium was 5·49 

 

±

 

 0·42 ng/10

 

5

 

 cells and with IL-
1

 

α

 

 stimulation it was increased to 12·50 

 

±

 

 0·98 ng/10

 

5

 

 cells.
The amount of OPG production by IL-1

 

α

 

-stimulated HGF
was significantly greater than that by PDL (

 

P 

 

<

 

 0·05). HGF
without IL-1

 

α

 

 stimulation also showed significantly greater
OPG production than PDL (

 

P 

 

<

 

 0·05).

 

Fig. 1.

 

(a) Ratio between receptor activator of nuclear factor kappa B 

ligand (RANKL) and glyceraldehyde-3-phosphate-dehydrogenase 

(GAPDH) mRNA expression in four cell lines of human gingival fibro-

blasts (HGF) and  periodontal ligament fibroblasts (PDL) stimulated 

with 10 ng/ml interleukin (IL)-1

 

α

 

. RNA was extracted from HGF and 

PDL, first-strand cDNA synthesis and real-time polymerase chain reac-

tion (PCR) analysis for osteoprotegerin (OPG) and GAPDH was carried 

out as described in Materials and methods. Data are expressed as a ratio 

between the amount of RANKL and GAPDH mRNA expression 

 

±

 

 s.d. 

of four experiments. An asterisk (*) represents statistical significance 

(

 

P 

 

<

 

 0·05). (b) All the primary HGF (11 cell lines from clinically healthy 

gingiva and two cell lines from clinically periodontitis gingiva) and PDL 

(11 cell lines from clinically healthy premolar) cells lines were stimulated 

with 10 ng/ml IL-1

 

α

 

 for 24 h. Production of OPG in cultured superna-

tant was determined using enzyme-linked immunosorbent assay 

(ELISA). Data are expressed as concentration of OPG product per cell.
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Fig. 2.

 

Ratio between osteoprotegerin (OPG) and glyceraldehyde-3-

phosphate-dehydrogenase (GAPDH) mRNA expression in four cell lines 

of human gingival fibroblasts (HGF) and periodontal ligament fibro-

blasts (PDL) stimulated with 10 ng/ml  interleukin (IL)-1

 

α

 

 with or with-

out 1% cycloheximide (CHX). RNA was extracted from both HGF and 

PDL, first-strand cDNA synthesis and real-time polymerase chain reac-

tion (PCR) analysis for osteoprotegerin (OPG) and GAPDH was carried 

out as described in Materials and methods. Data are expressed as a ratio 

between the amount of OPG and GAPDH mRNA expression 

 

±

 

 s.d. of 

four experiments. An asterisk (*) represents statistical significance 

(

 

P 

 

<

 

 0·05).
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Effect of IL-1αααα

 

 on OPG mRNA expression in the 
presence of CHX

 

Either HGF or PDL, four cell lines each were stimulated with
IL-1

 

α

 

 in the presence or absence of CHX. The OPG and
GAPDH mRNA expression ratio is shown in Fig. 2. With IL-
1

 

α

 

 stimulation, the OPG/GAPDH mRNA expression ratio
was increased significantly (

 

P 

 

<

 

 0·01) in both HGF and PDL.
CHX alone could not change OPG mRNA expression from a
baseline level in both HGF and PDL. OPG/GAPDH mRNA
expression ratio in HGF stimulated with IL-1

 

α

 

 was sup-
pressed significantly by CHX. In PDL, CHX did not affect
OPG/GAPDH mRNA expression ratio.

 

Effect of PKA inhibitors on OPG production in 
HGF and PDL

 

Effects of PKA inhibitors on IL-1

 

α

 

-induced OPG produc-
tion in four HGF and four PDL cell lines were investigated
with specific PKA inhibitors, c-AMP inh and H89. The c-
AMP inh significantly suppressed IL-1

 

α

 

-induced OPG pro-
duction in HGF (

 

P 

 

<

 

 0·05), as shown in Fig. 3a. However,
there was no significant suppression in PDL. Another PKA
inhibitor, H89, also significantly suppressed IL-1

 

α

 

-induced
OPG production in HGF to the baseline level, but we could
not observe this phenomenon in PDL.

 

Effect of PKA activator on OPG production in 
HGF and PDL

 

The effects of PKA activation on OPG production, using
four HGF and four PDL cell lines, were examined with spe-
cific PKA activators, c-AMP and forskolin. In HGF, c-AMP
significantly enhanced OPG production (Fig. 3b, 

 

P

 

 

 

<

 

 0·05).
The amount of OPG production by HGF stimulated with c-
AMP was 94·11% of that induced by IL-1

 

α

 

. In contrast, c-
AMP did not affect OPG production by PDL. Another PKA
activator, forskolin, also significantly stimulated HGF to pro-
duce OPG (

 

P < 0·05). The amount of OPG production by
HGF stimulated with forskolin was almost the same amount
as that induced by IL-1α. OPG production from PDL did not
significantly increase after stimulation with forskolin.

Effect of PKC inhibitors on OPG production in 
HGF and PDL

The effects of PKC inhibitors on IL-1α-induced production
of OPG, using four HGF and four PDL cell lines, were inves-
tigated with specific PKC inhibitors, myristorylated PKC
peptide inhibitor and Staurosporine. Myristorylated PKC
peptide inhibitor significantly inhibited IL-1α-induced OPG
production from PDL (P < 0·05), as shown in Fig. 4a. How-
ever, we could not find this significance in HGF. Treatment
with another PKC inhibitor, Staurosporine, also significantly
reduced IL-1α-induced OPG production only in PDL

(P < 0·05). No statistically significant reduction by Stauro-
sporine was observed in IL-1α-induced OPG production in
HGF.

Effect of PKC activator on OPG production by 
PDL and HGF

In the PDL cell lines, PMA significantly enhanced OPG
production (Fig. 4b, P < 0·05). OPG production by PMA-
stimulated-PDL was 94% of that by IL-1α. In contrast, PMA
did not affect OPG production by HGF. PDD significantly
activated OPG production by PDL (P < 0·05). The amount
of OPG production by PDL stimulated with PDD was 92%
of that induced by IL-1α. OPG production from HGF did
not significantly increase after stimulation with PDD.

Fig. 3. (a) Effect of c-AMP inhibitor and H89 on osteoprotegerin 

(OPG) production in cultures of human gingival fibroblasts (HGF) and 

periodontal ligament fibroblasts (PDL). Conditioned media were col-

lected and analysed by enzyme-linked immunosorbent assay (ELISA). 

Data are expressed as mean ± s.d. of four experiments. An asterisk (*) 

represents statistical significance (P < 0·05). (b) Effect of c-AMP and 

forskolin (Fors) on OPG production in cultures of HGF and PDL. 

Conditioned media were collected and analysed by ELISA. Data are 

expressed as mean ± s.d. of four experiments. An asterisk (*) represents 

statistical significance (P < 0·05).
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Effect of indomethacin on IL-1αααα-induced OPG 
production in PDL and HGFs

To determine whether the involvement of endogenous PGE2

mediates the effect of IL-1α-induced OPG production from
PDLs and HGFs, we pretreated cells with indomethacin for
30 min before IL-1α stimulation. In the presence of
indomethacin, indomethacin suppressed IL-1α-induced
OPG production in all the four HGF cell lines (P < 0·05),
but tended to enhance OPG production in the four PDL cell
lines. Data are shown in Fig. 5.

Discussion

The present findings demonstrate that IL-1-stimulated PDL
have many similarities with osteoblasts, whereas HGF were

distinct from osteoblastic cells. Both PDL and HGF pro-
duced OPG in response to IL-1 stimulation, and HGF pro-
duced significantly more OPG than PDL. Furthermore, IL-
1-induced OPG production by HGF cell lines obtained from
inflamed gingiva did not differ from that produced by HGF
cell lines obtained from clinically healthy gingiva. IL-1α-
induced OPG mRNA expression in HGF was 2·5 times
greater than PDL. In addition, IL-1α-induced RANKL
mRNA expression in HGF was five times lower than PDL.
The discovery of OPG as a powerful inhibitor of osteoclas-
togenesis has generated great interest in its regulation by
physiological agents that regulate bone resorption [4,6,7].
There is ample evidence in vitro and in vivo [6,7,21] that
increased OPG expression may prevent bone resorption by
affecting osteoclasts. Up-regulation of OPG mRNA was sup-
pressed by CHX in IL-1-stimulated HGF, but not in PDL,
suggesting that protein synthesis-dependent and indepen-
dent pathways might have an effect on OPG mRNA expres-
sion in these cells. Although previous studies reported that
PKC pathway was involved in OPG production and secretion
by osteoblastic cells [22–24] and PGE2 suppressed OPG pro-
duction by osteoblasts [25], the present study demonstrated
that OPG production by HGF occurred predominantly
through the PKA pathway, and that PGE2 induction by IL-1α
further enhanced IL-1α-induced OPG production.

OPG and RANKL mRNA expression in marrow stromal
cells stimulated with PTH is regulated by PKA and PKC acti-
vation [22] and IL-1 signalling can implicate directly both
PKA and PKC, depending on cell types [26,27], suggesting
that IL-1α-induced OPG mRNA expression might be regu-
lated by PKA and PKC activity in these cells. IL-1-induced
cAMP production has been reported in human and mouse
fibroblasts [28–30] and some immune cells [28,31–33].
These reports suggested that IL-1 might augment intracellu-
lar cAMP level in HGF and PDL as well. Pretreatment with

Fig. 4. (a) Effect of myristorylated protein kinase C (PKC) peptide 

inhibitor (Myr) and Staurosporine on osteoprotegerin (OPG) 

production in cultures of human gingival fibroblasts (HGF) and peri-

odontal ligament fibroblasts (PDL). Conditioned media were collected 

and analysed by enzyme-linked immunosorbent assay (ELISA). Data are 

expressed as mean ± s.d. of four experiments. An asterisk (*) represents 

statistical significance (P < 0·05). (b) Effect of phorbol-12-myristate 13-

acetate (PMA) and phorbol 12,13-didecanoate (PDD) on OPG produc-

tion in cultures of HGF and PDL. Conditioned media were collected and 

analysed by enzyme-linked immunosorbent assay (ELISA). Data are 

expressed as mean ± s.d. of four experiments. An asterisk (*) represents 

statistical significance (P < 0·05).
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Fig. 5. Effect of indomethacin (Indo) on osteoprotegerin (OPG) pro-

duction in cultures of human gingival fibroblasts (HGF) and periodon-

tal ligament fibroblasts (PDL). Conditioned media were collected and 

analysed by enzyme-linked immunosorbent assay (ELISA). Data are 

expressed as mean ± s.d. of three experiments. An asterisk (*) represents 

statistical significance (P < 0·05).
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c-AMP inh suppressed IL-1α-induced OPG production by
HGF to baseline level. The same inhibition was observed
when using the PKA inhibitor H89, suggesting that IL-1-
induced OPG production in HGF was dependent on PKA
activation. HGF, but not PDL, produced OPG in response to
cAMP or forskolin, indicating that the direct activation of
PKA stimulates HGF to produce OPG. The PKA-dependent
OPG production might be characteristic of HGF, as PKA
activation in osteoblasts augments RANKL expression but
does not affect OPG [34]. Halladay et al. reported that PTH
regulates OPG transcription via activation of the cAMP/PKA
signal transduction in rat osteoblastic cell lines [8]. They
showed that the transcription was biphasic and inhibitory
effects of PTH on OPG were mediated at the transcriptional
level through cis elements in the proximal promoter. Fu et al.
reported that dominant-negative forms of c-fos reduced the
suppression of OPG by PTH [35]. To elucidate these molec-
ular mechanisms, we are currently investigating the role of
AP-1 in OPG expression of HGF and PDL.

Pretreatment with the myristorylated PKC peptide inhib-
itor suppressed IL-1α-induced OPG production by PDL, but
did not affect IL-1α-induced OPG production by HGF
(Fig. 4a,b). The same inhibition was observed when using
the PKC inhibitor Staurosporine, suggesting that IL-1α-
induced OPG production in PDL was dependent on PKC
activation. In addition, PDL, but not HGF, produced OPG in
response to PMA or PDD, indicating that the direct activa-
tion of PKC stimulates PDL to produce OPG. PKC stimula-
tor up-regulated OPG mRNA expression by osteoblastic
stromal cells, and direct PKC activation may negatively reg-
ulate osteoclastogenesis of PTH by inducing expression of
OPG [22].

Synthesis of PGE2 suppressed the IL-1-induced OPG
mRNA expression in PDL [36] and osteoblasts [37]. Produc-
tion of PGE2 by PDL is dependent on cyclooxygenase-2
(COX2) synthesis [38]. In this study, OPG mRNA expression
in HGF stimulated with IL-1α was partially inhibited by
CHX, and pretreatment with indomethacin inhibited IL-1α-
induced OPG production in HGF, but not in PDL. These
results suggest that protein synthesis-dependent OPG
mRNA expression pathways might involve synthesis of
COX2, and that PGE2 activates OPG expression in an auto-
crine manner.

As we have reported previously, LPS-stimulated HGF pro-
duced OPG to inhibit the differentiation of monocytes into
osteoclasts [11]. Recently, Suda et al. reported that the sup-
pression of OPG expression by PGE2 was crucially involved
in LPS-induced osteoclast formation [37]. Retarding bone
resorption by inhibition of osteoclastogenesis requires the
presence of the OPG molecule [4,6,7,11,14,39]. HGF have
the ability to suppress osteoclastogenesis induced by inflam-
matory mediators, including IL-1α and PGE2, but extensive
bone resorption would occur if these mediators enter PDL
and osteoblasts. This in vitro observation is in accordance
with previous histological studies, which showed that influx

of inflammatory infiltrate into the periodontal ligament or
alveolar bone augmented osteoclast formation [40]. Further
studies are necessary to clarify the precise mechanisms of
OPG and RANKL expression in different mesenchymal cells.
Novel treatment modalities would be possible if the regula-
tory mechanisms of OPG and RANKL expression in inflam-
matory bone diseases are elucidated.
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