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SUMMARY

 

Periodontitis is an inflammatory bone disease caused by Gram-negative anaerobic bacteria, but the pre-
cise mechanism of bone destruction remains unknown. Activated T lymphocytes secrete receptor acti-
vator of NF-

 

k

 

B ligand (RANKL) and support the differentiation of monocytes into mature osteoclasts.
The purpose of this study was to examine the expression of RANKL and its inhibitor, osteoprotegerin
(OPG), in inflamed gingival tissue and to clarify the role of human gingival fibroblasts (HGFs) in osteo-
clastogenesis regulated by RANKL. HGFs and gingival mononuclear cells (GMCs) were obtained from
chronic periodontitis patients during routine periodontal surgery. Expression of OPG and RANKL
mRNA in gingival tissue and HGFs was examined with RT-PCR. OPG production was measured using
ELISA. Expression of RANKL, CD4, CD8 and CD69 on GMCs was determined by flow-cytometry
using RANK-Fc fusion protein and the respective monoclonal antibodies. Osteoclastogenesis by
RANKL was assayed by counting the number of tartarate-resistant acid phosphatase (TRAP)-positive
cells after culturing human peripheral blood monocytes with recombinant human RANKL and mac-
rophage-colony stimulating factor (M-CSF) for 10 days. OPG and RANKL mRNA were expressed in
80% (16/20) and 25% (5/20) of periodontitis lesions, respectively. OPG, but not RANKL, mRNA was
expressed within HGFs. OPG mRNA expression and production by HGFs was augmented by LPS stim-
ulation. All GMC samples expressed CD69, and two of five GMC samples expressed RANKL. The cul-
ture supernatant of LPS-stimulated gingival fibroblasts significantly reduced the number of TRAP
positive cells generated by culturing monocytes with RANKL and M-CSF. The present study suggests
that LPS-stimulated HGFs inhibit monocyte differentiation into osteoclasts through the production of
OPG.

 

Keywords

 

fibroblasts osteoprotegerin periodontitis RANKL T-cells 

 

INTRODUCTION

 

Periodontitis is an inflammatory disease caused by Gram-negative
periodontopathic bacteria. Many studies have demonstrated local
accumulation of activated lymphocytes, macrophages and neutro-
phils in inflamed gingival tissue [1]. Infiltrating leucocytes interact
with other resident cells in the gingiva to induce inflammatory
reactions that degrade connective tissue and enhance alveolar
bone resorption. Human gingival fibroblasts (HGFs) are a major
constituent of gingival connective tissue and they regulate

retention and activation of leucocytes in inflamed gingival tissue
through their expression of cell adhesion molecules [2]. The role
of gingival fibroblasts in leucocyte-mediated bone destruction,
however, is still not understood completely.

Under normal physiological conditions, bone is resorbed peri-
odically by osteoclasts while new bone is formed by osteoblasts
[3]. Osteoblasts regulate osteoclastic bone resorption, which
involves recruitment of new osteoclasts and activation of mature
osteoclasts [3]. The recruitment of new osteoclasts is dependent
on the balance between receptor activator of NF

 

k

 

B ligand
(RANKL) and its decoy receptor, osteoprotegerin (OPG), in
osteoblasts [3,4]. Mice with disrupted RANKL genes exhibited
severe osteopetrosis and a complete lack of osteoclast activity as
a result of the inability of their osteoblasts to support osteoclas-
togenesis [5], indicating that osteoclast formation is dependent
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largely upon osteoblast RANKL production. While T lympho-
cytes also produce RANKL [6] they may not be involved in
bone resorption under normal physiological circumstances,
because mice lacking T lymphocytes demonstrated normal bone
metabolism [7].

In the presence of inflammatory bone disease, however, acti-
vated T lymphocytes might mediate bone destruction through
excessive production of soluble RANKL. RANKL mRNA was
detected in T lymphocytes isolated from rheumatoid arthritis
lesions, and activated T lymphocytes have been observed to
support osteoclast formation 

 

in vitro

 

 [8]. In addition, OPG
administration reduced bone destruction by activated RANKL-
producing T cells in mice with adjuvant arthritis [7], without
affecting inflammatory status.

The purpose of this study was to examine the possible roles of
RANKL and OPG in alveolar bone destruction resulting from
human chronic periodontitis and to determine the function of gin-
gival fibroblasts in RANKL-mediated osteoclast formation.

 

MATERIALS AND METHODS

 

Reagents

 

Recombinant human RANK/Fc chimera were purchased from
Genzyme (MA, USA). Recombinant human soluble RANKL
was purchased from Chemicon International (CA, USA).
Recombinant human macrophage-colony stimulating factor (M-
CSF), polymyxin B and 

 

Escherichia coli

 

 LPS (serotype 055:B5)
were purchased from Sigma (MO, USA). Recombinant human
OPG-Fc chimera, monoclonal anti-OPG (no. 438051) and bioti-
nylated anti-OPG (no. 44805) antibodies were purchased from
Genzyme.

 

Preparation of gingival mononuclear cells (GMCs) and human 
gingival fibroblasts (HGFs) from gingival tissue

 

Samples of gingival tissue were obtained from 30 chronic peri-
odontitis patients and two healthy subjects after acquiring
informed consent. The patients were diagnosed as chronic peri-
odontitis and had received initial periodontal therapy [9]. Sam-
ples were collected from the sites which had responded poorly to
the initial therapy and had to be subjected to surgical therapy.
Mean and deepest alveolar bone resorption values of the sampled
sites were measured according to Schei’s method [10], and
mean and deepest pocket depths were measured before the sur-
gical procedure.Twenty, five and five samples were used for
mRNA extraction, GMC preparation and HGF establishment,
respectively.

GMCs were prepared as described previously [11]. Each tis-
sue sample was cut into the smallest possible pieces using scissors,
and incubated with 2·4 U/ml of grade II dispase solution
(Boehringer-Mannheim Biochemica, Germany) for 30 min at
37

 

∞

 

C, with gentle agitation. Cells released into the supernatant
were layered onto Lymphoprep (Gallard-Schlesinger Industries,
Norway) within a 14-ml conical tube. Following centrifugation at
370 

 

g

 

 for 30 min, GMCs were collected from the interface. The
GMCs were then suspended in RPMI supplemented with 10%
fetal bovine serum at 1·0 

 

¥

 

 10

 

6

 

 cells/ml.
HGFs were prepared as described previously [2]. Each sam-

ple of gingival tissue was cut into small pieces and cultured in 

 

a

 

-
minimum essential medium (

 

a

 

-MEM) supplemented with 10%
fetal bovine serum. Fibroblast cells growing from the explanted

tissue were subcultured. HGFs from passage levels 4–6 were used
in this study.

 

RNA extraction and RT-PCR

 

RNA was extracted from 20 gingival tissue samples and cultured
HGFs by the acid guanidium thiocyanate–phenol–chloroform
method. Immediately after periodontal surgery, each tissue sam-
ple was solubilized in a sterile tube containing RNAzol B solution
(Cinna/Biotecx Laboratory, Inc., Houston, TX, USA) with a
homogenizer (mini cordless grinder, Funakoshi, Tokyo, Japan).
Cultured HGFs were washed three times with 

 

a

 

-MEM and col-
lected by use of a sterile scraper after RNAzol B was added to
their culture dish. RNA was extracted with phenol and chloro-
form, precipitated with isopropanol, washed with 80% ethanol
and suspended in distilled water. RNA purity was confirmed with
260/280 O.D. spectrophotometry. The 260/280 readings obtained
ranged from 1·6 to 1·9. Samples containing 1 

 

m

 

g of RNA were
used for reverse transcriptase polymerase chain reaction (RT-
PCR). RT-PCR was performed with a one-step RT-PCR kit using
rTth DNA polymerase (RT-PCR High-Plus-kit, Toyobo, Osaka,
Japan). The cDNA was amplified in the presence of human
RANKL, OPG or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) primers. The RANKL and OPG primers were
designed on the basis of sequences described by Horwood [8]. The
following primers were used:

RANKL primer R; 5

 

¢

 

-TGGATCACAGCACATCAGAGCAG-3

 

¢

 

,
RANKL primer F; 5

 

¢

 

-TGGGGCTCAATCTATATCTCGAAC-3

 

¢

 

,
OPG primer R; 5

 

¢

 

-GGGGACCACAATGAACAAGTTG-3

 

¢

 

,
OPG primer F; 5

 

¢

 

-AGCTTGCACCACTCCAAATCC-3

 

¢

 

,
GAPDH primer R; 5

 

¢

 

-TCCACCACCCTGTTGCTGTA-3

 

¢

 

 and
GAPDH primer F; 5

 

¢

 

-ACCACAGTCCATGCCATCAC-3

 

¢

 

.

Reactions were carried out at 60

 

∞

 

C for 30 min, followed by
94

 

∞

 

C for 2 min. Reactions were allowed to continue for 35 cycles
(gingival tissue) or 30 cycles (HGFs) at 94

 

∞

 

C for 1 min, followed
by 60

 

∞

 

C for 1·5 min, in a thermal cycler (GeneAmp PCR system
9700, Perkin Elmer, Norwalk, CT, USA). Ten microlitres of PCR
product were subjected to electrophoresis on 1% agarose,
and visualized using ethidium bromide. Fluorescence intensity
was calculated using the SYNGENE Bio Imaging system
(SYNGENE, MD, USA).

 

Flow cytometry

 

A 100-

 

m

 

l aliquot of diluted GMC or PBMC suspension was
reacted with FITC-conjugated anti-CD8, PE-conjugated anti-
CD4 and Per-CP conjugated anti-CD69. In order to detect
RANKL expression, GMCs or PBMCs were reacted with 10 

 

m

 

g/
ml of recombinant human RANK/Fc chimera, followed by FITC-
conjugated protein A. Flow cytometric analysis was performed
using a FACScan flow cytometer as described previously [12].

 

ELISA

 

HGFs were seeded in 96-well flat-bottomed culture plates at
1 

 

¥

 

 10

 

5

 

 cells per well, and were grown to confluence (mean; 2 

 

¥

 

 10

 

5

 

cells per well). Once confluent, the fibroblasts were cultured with
or without 1 

 

m

 

g/ml of 

 

E. coli

 

 LPS. OPG in the culture superna-
tants was measured using ELISA, and expressed as ng/1 

 

¥

 

 10

 

6

 

cells. Human OPG ELISA was performed according to the man-
ufacturer’s protocol (Genzyme). In brief, 2 

 

m

 

g/ml of monoclonal
anti-OPG antibody (Genzyme) was used to coat 96-well ELISA
plates, which were then incubated overnight at room temperature.
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The plates were blocked with PBS containing 1% bovine serum
albumin for 1 h at room temperature. After washing, samples
were added to each of the wells and incubated for 2 h. The recom-
binant human OPG-Fc chimera was used as standard OPG pro-
tein. The plates were washed and 100 ng/ml of biotinylated anti-
OPG antibody (Genzyme) was added to each well and allowed to
incubate for 2 h. After washing, streptavidin alkaline phosphatase
(Genzyme) was added to each well and the wells were incubated
for another 30 min. Following washing, substrate solution
(Genzyme) was added and absorbance recorded using an ELISA
reader.

 

Effect of supernatant from HGF culture on the differentiation of 
human PBMCs into preosteoclasts

 

Human peripheral blood was collected from healthy normal
donors. PBMCs were isolated by centrifugation, washed and
resuspended at 2·0 

 

¥

 

 10

 

6

 

 cells/ml in 

 

a

 

-MEM supplemented with
10% fetal bovine serum and polymyxin B. PBMCs were then cul-
tured for 10 days in 96-well plates (1 

 

¥

 

 10

 

6

 

 cells/well) in the pres-
ence or absence of human RANKL, human M-CSF, anti-human
OPG and supernatant from cultures of gingival fibroblasts. After
culture for 10 days, cells were fixed and stained for tartrate-
resistant acid phosphatase (TRAP). Cells were fixed with 10%
formalin for 10 min, and stained with acid phosphatase in the
presence of 0·05 

 

M

 

 sodium tartrate (Sigma). The substrate used
was naphthol AS-BI phosphate (Sigma).

 

Statistical analysis

 

The Mann–Whitney 

 

U

 

-test was used for statistical analysis.

 

RESULTS

 

RANKL and OPG mRNA were expressed in inflamed gingival
tissue

 

We obtained PCR products of RANKL and OPG from gin-
gival tissue. The PCR products obtained were of the same size as
estimated from the DNA sequences of RANKL and OPG. OPG
and RANKL mRNA were expressed in 80% (16/20) and 25% (5/
20) of the inflamed gingival tissue samples, respectively (Table 1).
OPG was also expressed in healthy tissue (2/2), whereas RANKL
was not detected in these tissues (0/2). Sites expressing RANKL
had deeper pocket depth compared with RANKL-negative sites
(Table 1, 

 

P

 

 < 0·05).

 

Time-course of OPG mRNA expression in 
LPS-stimulated HGFs

 

OPG and RANKL mRNA expression in LPS-stimulated HGFs
was analysed by RT-PCR. HGFs expressed OPG (Fig. 1a), but
not RANKL (data not shown). The fluorescence intensity of OPG
and GAPDH mRNA was calculated, and the OPG/GAPDH ratio
was determined (Fig. 1b). After stimulation with LPS, OPG/
GAPDH ratio increased until 24 h, and then returned to normal
after 48 h.

 

Production of OPG by HGFs stimulated with LPS

 

OPG and RANKL expression was examined in different HGF
lines by RT-PCR. Representative results from three HGF lines
are shown in Fig. 2a. All HGF lines constitutively expressed OPG
mRNA and expression was augmented by culturing fibroblasts
with LPS for 24 h. RANKL mRNA expression was not observed

 

Table 1.

 

RNA was extracted from gingival tissue, and RT-PCR analysis 
for OPG and RANKL was carried out as described in the Materials and 
methods. Expression intensity of OPG and GAPDH mRNA was calcu-
lated with a SYNGENE Bio Imaging system. Clinical parameters of the 

sites expressing OPG and RANKL mRNA are shown

Expression
(n)

Mean pocket
depth (mm)

Deepest pocket
depth (mm)

Mean bone
loss (%)

RANKL

 

+

 

(n

 

 

 

= 

 

5) 3·83 

 

± 

 

0·55* 8·00 

 

± 

 

1·78 52·5 

 

± 

 

12·8

 

-

 

(

 

n

 

 

 

= 

 

15) 27·5 

 

± 

 

0·20* 56·7 

 

± 

 

0·77 37·5 

 

± 

 

12·8
OPG

 

+(

 

n

 

 

 

= 

 

16) 2·96 

 

± 

 

0·25 5·64 

 

± 

 

0·78 39·5 

 

± 

 

4·27

 

-(

 

n

 

 

 

= 

 

4) 2·45 

 

± 

 

0·23 5·50 

 

±

 

0·50 43·5 

 

± 

 

8·50

*

 

P

 

 < 0·05; mean 

 

±

 

 s.e.

 

Fig. 1.

 

(a) Time-course of OPG and GAPDH mRNA expression in HGFs
stimulated with 

 

E. coli

 

 LPS. HGFs were stimulated with 

 

E. coli

 

 LPS and
collected 6, 12, 24 and 48 h after stimulation. RT-PCR analysis for OPG
and GAPDH was carried out as described in the Materials and methods.
The results were representative of five timed experiments. (b) OPG/
GAPDH mRNA ratio in HGFs stimulated with 

 

E. coli

 

 LPS. Expression
intensity of OPG and GAPDH mRNA was calculated with a SYNGENE
Bio Imaging system and the OPG/GAPDH mRNA ratio was calculated.
The results were representative of five experiments.
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Fig. 2.

 

(a) Expression of OPG and GAPDH mRNA in different HGF
lines following stimulation with 

 

E. coli

 

 LPS. HGFs were stimulated with

 

E. coli

 

 LPS and collected 24 h after stimulation. RT-PCR analysis for OPG
and GAPDH was carried out as described in the Materials and methods.
The results were representative of five experiments. (b) Production of
OPG in different HGF lines stimulated with 

 

E. coli

 

 LPS. HGFs were
stimulated with 

 

E. coli

 

 LPS and their culture supernatant collected 24 h
after stimulation. The relative amount of OPG within the supernatant of
each culture was measured using ELISA as described in the Materials and
methods. The results were representative of five experiments.
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in any HGF line, either before or after stimulation with LPS (data
not shown).

Secretion of OPG by HGFs was examined using ELISA, and
representative results of three fibroblast lines are shown in
Fig. 2b. All HGF lines produced OPG and production was aug-
mented by LPS stimulation. The relative amount of OPG pro-
duced varied among the three HGF lines examined, ranging from
40 to 300 ng/ml.

 

Expression of CD69 and RANKL on GMCs

 

Activated T cells are known to express CD69 on their cell surface.
CD69 was detected on 65 

 

±

 

 11% of CD4

 

+

 

 GMCs and 65 

 

±

 

 2·2% of
CD8

 

+

 

 GMCs, whereas less than 10% of CD4

 

+

 

 and CD8

 

+

 

 PBMCs
expressed CD69 (Fig. 3a).

Expression of RANKL on GMCs was examined with the use
of RANK-Fc fusion protein. Figure 3b shows the representative
results of RANKL expression on GMCs. Of five GMC samples,
two samples stained positively with RANK-Fc fusion protein.

 

Culture supernatant of LPS-stimulated gingival fibroblasts 
inhibited differentiation of monocytes into mature osteoclasts

 

Human peripheral blood monocytes were cultured with RANKL
and M-CSF for 10 days and observed for differentiation into
TRAP-positive cells. The number of TRAP-positive cells
increased according to the concentration of RANKL in culture
(Fig. 4a). Addition of supernatant from HGF culture partially
inhibited the generation of TRAP-positive cells; moreover,

supernatant from LPS-stimulated HGFs significantly inhibited
the generation of TRAP-positive cells (Fig. 4a).

The contribution of OPG to the inhibitory effect of LPS-
stimulated HGFs was examined using anti-OPG neutralizing
antibody. Culture-supernatant from LPS stimulated HGFs signif-
icantly inhibited the generation of TRAP-positive cells, and this
inhibitory effect was significantly reduced upon addition of anti-
OPG neutralizing antibody (Fig. 4b).

 

DISCUSSION

 

In the present study, RANKL and OPG mRNA expression was
detected in inflamed gingival tissue. Hence, OPG and RANKL
might interact in periodontitis. Osteoclast formation through
RANKL is mediated by osteoblasts or activated T-cells [6]. Acti-
vated T-cells were observed to cause severe bone destruction, fol-
lowing migration into periodontal tissue in a rat experimental
model of periodontitis [13]. Adoptive transfer of T cells from
periodontitis patients into SCID mice also caused severe bone
destruction and the resorption was suppressed by OPG, suggest-
ing that this destruction was mediated by soluble RANKL pro-
duced from T cells [14]. The expression of CD69 on CD4

 

+

 

 and
CD8

 

+

 

 GMCs in this study indicates that gingival T cells were acti-
vated, and some GMCs expressed RANKL, suggesting that T
cells might take part in the RANKL expression in inflamed gin-
gival tissue. Further study is necessary to determine the relevance
of RANKL expression by T cells for the osteoclast formation in
periodontitis.

LPS-stimulated HGFs produced OPG, and their culture
supernatant inhibited the ability of soluble RANKL to stimulate
monocyte differentiation into osteoclasts. HGFs expressed toll-
like receptor-2 (TLR-2) and TLR-4 [15,16], which is a competent
receptor for LPS. It is noteworthy that HGFs appear to recognize
LPS through TLR-4 expression [15,16], but fibroblasts from other
tissues do not express TLR-4 [16]. As HGFs are challenged by a
large variety of bacteria, they might have receptors for bacterial
products. In this context, production of OPG by LPS-stimulated
HGFs might be a protective mechanism against bacterial
challenge.

All the known periodontopathogens, such as 

 

Actinobacillus
actinomycetemcomitans

 

, 

 

Porphyromonas gingivalis

 

 and 

 

Bacteroi-
des forthysus

 

, possess LPS. The structure of 

 

P. gingivalis

 

 LPS
is different from 

 

E. coli

 

 LPS, and lacks hepatose and 2-keto-3-
deoxyoctonate [17]. The structure of 

 

A. actinomycetemcomitans

 

LPS is known to resemble that of 

 

E. coli

 

 LPS [18]. Although
HGFs could recognize 

 

P. gingivalis

 

 LPS through TLR-4 [15,16], it
remains to be determined whether 

 

P. gingivalis

 

 LPS augments
OPG production by HGFs.

Sakata and co-workers have reported that OPG is expressed
by HGFs, periodontal ligament cells and dental pulp cells, but not
epithelial cells [19]. In light of the fact that periodontal ligament
cells secrete OPG which inhibits osteoclast production [20] and
that TNF-

 

a

 

 and IL-1

 

b

 

 increase OPG mRNA expression in human
periodontal ligament cells [19], it appears that dental mesenchy-
mal cells play a protective role against osteoclastic bone resorp-
tion during periodontal inflammation.

Numerous reports have focused on the pathological role of
HGFs in periodontitis, as they have been observed to produce
inflammatory mediators in response to bacterial products [21–24].
These mediators include IL-1, IL-6 and PGE

 

2, which augment
RANKL expression on the surface of osteoblasts [4]. It remains
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to be determined whether OPG produced by HGFs is sufficient to
suppress RANKL expression in osteoblasts activated by IL-1, IL-
6 and PGE2 in periodontitis tissue, but OPG might slow down
bone resorption. It is also possible that HGF lines used in this
study were different from pathological HGFs and they were
derived from periodontal lesions in a healing stage, as the patients
had received initial therapy before surgery.

In addition, several reports showed the differentiation and
activation of osteoclasts besides RANKL [25,27]. IL-1 has been
found to induce multi-nucleation and bone-resorption activity in
preosteoclasts when osteoblast/stromal cells are not present [25].
While OPG has been observed to inhibit bone resorption induced
by IL-1 in mice [26], complete inhibition of calcium release by
mouse calvaria stimulated with IL-1 has not been observed [27].
HGFs produce IL-1, but the amount of IL-1 reportedly produced
by HGFs varied among researchers [28–30]. Dongari reported
that basal IL-1 production by HGF was limited, ranging from 0 to
75 pg/0·1 ml, and stimulation of HGF with A. actinomycetemcom-
itans cells did not enhance IL-1 levels [28]. Imatani and co-
workers stimulated HGFs with various doses (0·1–10 mg/ml) of
bacterial LPS, including E. coli LPS, A. actinomycetemcomitans

LPS or P. gingivalis LPS, and none of them enhanced production
of IL-1 significantly [29]. On the other hand, Sismey-Durrant
reported that LPS from P. gingivalis stimulated dose-related
increases in IL-1 release at the concentrations of LPS tested (0·1–
10 mg/ml) [30]. While HGFs suppress differentiation of monocytes
into TRAP-positive cells, they might augment survival and fusion
of prefusion osteoclasts through the production of IL-1. Different
HGF lines produced different amounts of OPG in our study, sug-
gesting that HGFs are heterogeneous. Thus HGFs might function
differently, depending on the balance between OPG and IL-1 pro-
duction within tissue.

The present study demonstrates that gingival fibroblasts pro-
duce OPG in response to LPS stimulation. Induction of OPG in
gingival fibroblasts might be a self-defence mechanism to inhibit
alveolar bone destruction during periodontal inflammation.
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Fig. 3. (a) Expression of CD69 in CD4+ and CD8+ GMCs. GMCs were prepared from inflamed gingival tissue and stained with anti-CD4,
CD8 and CD69 antibodies. Representative results from five experiments are shown. (b) Expression of RANKL on GMCs. GMCs were
prepared from inflamed gingival tissue and stained with RANK-Fc fusion protein, followed by FITC-conjugated protein A. Representative
results from five experiments are shown.
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