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Background and Objective: Thrombin influences the biological behavior of perio-

dontal ligament cells and plays multiple roles in the early stages of bone healing.

Osteoprotegerin (OPG) is one of the key molecules that regulate bone homeostasis

and prevent osteoclastogenesis. The purpose of this study was to evaluate the

biological effects of thrombin on OPG synthesis in human periodontal ligament

(HPDL) cells in vitro.

Material and Methods: Cells were treated with various concentrations (0.001, 0.01

and 0.1 U/mL) of thrombin. The mRNA expression and protein synthesis of

OPG, as well as of receptor activator of nuclear factor jB ligand (RANKL), were

determined by reverse transcriptase-polymerase chain reaction (RT-PCR) and

Western blot analysis, respectively. The influence of thrombin on OPG synthesis

and its signaling pathway were investigated using inhibitors.

Results: Thrombin profoundly induces protein synthesis of OPG at 0.1 U/mL.

The inductive effect was inhibited by cycloheximide, but not by indomethacin.

The phosphatidylinositol 3¢-kinase (PI3K) inhibitor, LY294002, and the

mammalian target of rapamycin (mTOR) inhibitor, rapamycin, exerted an

inhibitory effect on the thrombin-induced OPG synthesis. In addition, the effect

was inhibited by protease-activated receptor (PAR)-1 antagonist. Activation

of phospho-Akt (p-Akt) was observed and the effect was abolished by

LY294002.

Conclusion: Thrombin induces OPG synthesis in HPDL cells post-transcription-

ally, possibly through PAR-1. The regulation was through the PI3K/Akt and

mTOR pathway. This finding suggests that thrombin may play a significant role in

alveolar bone repair and homeostasis of periodontal tissue, partly through the

OPG/RANKL system.
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Thrombin is a serine protease which

plays a central role in blood coagula-

tion through the cleavage of fibrino-

gen. In addition to the coagulant effect,

it also exerts specific receptor-mediated

influences on cell function. Thrombin

promotes endothelial cell adhesion (1)

and induces proliferation of vascular

smooth muscle cells (2,3). Thrombin

also plays a part in regulating connec-

tive tissue growth factors (4), and

induces the expression and synthesis of

interleukin-8 (IL-8) (5) and matrix

metalloproteinase-9 in fibroblasts (6).

These effects indicate that thrombin

may play important roles in tissue

repair and wound healing.

In mineralised tissue, thrombin is

able to influence the biological behav-

ior of osteoblasts and plays multiple

roles in the early stages of bone healing

(7). It has been shown to stimulate

proliferation, migration, prostaglandin

release and calcium mobilization in

osteoblast-like cell lines or primary

cultures of osteoblasts (8–11). These

results suggest a role of thrombin in

bone repair.

Thrombin exerts its action through

proteolytic activation of its receptors,

including protease-activated receptors

(PARs; 12,13). Proteolytic activation

of PARs involves cleavage of the

N-terminal extracellular domain,

resulting in a new N-terminus which

can interact with the extracellular loop

of the receptor and activate intracellu-

lar signaling. To date, four PARs have

been identified. However, only PAR-1,

-3 and -4 can be activated by thrombin

(12).

In periodontal disease, thrombin is

likely to be generated via the coagula-

tion cascade on the surface of local

damaged vessels of periodontal tissue.

Recently, thrombin-rich plasma and

platelet-rich plasma, which contain

thrombin, have been used successfully

for periodontal regeneration (14).

However, the action of thrombin in

periodontal tissue is still uncertain.

Thrombin has been shown to stimulate

proliferation and protein synthesis in

human periodontal ligament (HPDL)

cells (15). In addition, it could promote

collagen gel contraction in gingival

fibroblasts (16). Although there are few

reports regarding the role of thrombin

in periodontal tissue, the data suggest

the possibility that thrombin may play

a role in repair and healing of perio-

dontal tissue.

Receptor activator of nuclear fac-

tor jB ligand (RANKL) and osteo-

protegerin (OPG) are among the

molecules which are involved in the

regulation of bone resorption (17,18).

The RANKL, upon binding to RANK

on the cell surface of osteoclasts,

functions to induce differentiation,

activation and survival of osteoclasts,

whereas OPG, a decoy receptor for

RANKL, functions to inhibit osteocl-

astogenesis (19). Thus, the balance of

RANKL and OPG in the tissue is one

of the factors significant in the mech-

anism of hard tissue destruction and

remodeling (20,21).

A hallmark of periodontal disease is

the destruction of alveolar bone. An

increase in the mRNA expression of

RANKL has been found in patients

with periodontitis (22–24). In addition,

application of OPG has been demon-

strated to reduce bone destruction,

suggesting an important role for OPG/

RANKL in the homeostasis of alveolar

bone (25). Although a function of

thrombin in bone metabolism has been

suggested, the exact role of thrombin

in periodontal disease has not been

elucidated.

Since both thrombin and the OPG/

RANKL ratio are important compo-

nents of the process of tissue repair, we

hypothesized that thrombin could

affect the balance of OPG and

RANKL in HPDL cells. The present

study was undertaken to investigate

the effect of thrombin on OPG syn-

thesis. The participation of PAR-1 and

the signaling pathways mediated by

thrombin are highlighted.

Material and methods

Cell culture

Human periodontal ligament cells were

obtained from healthy periodontal lig-

ament tissue of non-carious, freshly

extracted third molars, or tooth

removed for orthodontic reasons. All

patients gave written informed con-

sent. The protocol was approved by

the Ethical Committee of the Faculty

of Dentistry, Chulalongkorn Univer-

sity. Briefly, the explant was taken

from the middle third of the root, cut

into pieces, placed into 35 mm culture

dishes (Corning, New York, NY,

USA) and grown in Dulbecco�s modi-

fied Eagle�s medium supplemented

with 10% (v/v) fetal bovine serum,

2 mM L-glutamine, 100 U/mL of peni-

cillin, 100 lg/mL of streptomycin and

0.25 lg/mL of amphotericin B, and

incubated in an atmosphere of 5%

CO2 (95% air) at 37�C. When the cells

growing from explants had reached

confluence, they were trysinized and

subcultured. Cells at passage 3–5 were

used for the experiments. Cells from

three preparations were used. Each

preparation was from one molar.

Media and all supplements were from

Gibco (Grand Island, NY, USA).

Treatment of cells

Human periodontal ligament cells were

seeded in six-well plates, at a density of

25,000 cells cm–2. After deprivation of

serum for 16 h, cells were stimulated

with 0.001, 0.01 or 0.1 U/mL of

thrombin. After 24 h, the RNA was

extracted for reverse transcriptase-

polymerase chain reaction (RT-PCR)

analysis. Cell protein extracts and the

conditioned medium were collected

from the parallel set of cultures for

Western blot analysis after 48 h of

treatment. The effective dose was

selected and used for the rest of the

experiments. To examine whether the

effect induced by thrombin was similar

to that mediated through PAR-1, cul-

tures were exposed to PAR-1 agonist

peptide, SFLLRN (Peptides Interna-

tional Inc., Louisville, KY, USA),

which mimics the first six amino acids

of the new amino terminus unmasked

by receptor cleavage, functions as an

agonist for PAR-1 and activates the

receptor independently of thrombin

and proteolysis. Medium was collected

for analysis.

Inhibition

The inhibitors used were indomethacin

(10 lM; Sigma-Aldrich Chemical Co.,

St Louis, MO, USA), actinomycin D

(0.5 lg/mL; Calbiochem, EMD Bio-

538 Arayatrakoollikit et al.



sciences, San Diego, CA, USA),

cycloheximide (1 lg/mL; Sigma),

phosphatidylinositol 3¢-kinase (PI3K)

inhibitor, LY294002 (1.4 lM; Cayman

Chemical, Ann Arbor, MI, USA),

rapamycin (100 pM; Calbiochem) and

PAR-1 antagonist, SCH 79797 dihy-

drochloride (100 nM; Tocris Biosci-

ence, Bristol, UK). Cells were treated

with each inhibitor for 30 min prior to

the addition of 0.1 U/mL of thrombin.

After the treatment, cell protein

extraction and collection of medium

were performed for further analyses.

Reverse transcriptase-polymerase
chain reaction (RT-PCR)

Cells were treated with thrombin, as

described above. Total cellular RNA

was extracted using Tri reagent

(Molecular Research Center, Cincin-

nati, OH, USA), according to the

manufacturer�s instructions. One

microgram of each RNA sample was

converted to cDNA by avian myelo-

blastosis virus reverse transcriptase

(Promega, Madison, WI, USA) for

1.5 h at 42�C. Subsequently, PCR

amplification was performed. The

primers were prepared following the

reported sequences from GenBank.

The oligonucleotide sequences of the

primers used are: RANKL forward

5¢-CCA GCA TCA AAA TCC CAA

G-3¢ and reverse 5¢-CCC CTT CAG

ATG ATC CTT C-3¢; OPG forward

5¢-TGC AGT ACG TCA AGC AGG

A-3¢ and reverse 5¢-TGA CCT CTG

TGA AAA CAG C-3¢; and GAPDH

forward 5¢-TGA AGG TCG GAG

TCA ACG GAT-3¢and reverse 5¢-TCA
CAC CCA TGA CGA ACA TGG-3¢.

PCR amplification was performed

using Taq polymerase (Qiagen, Hilden,

Germany) in a reaction volume of

25 lL containing 25 pmol of primers

and 1 lL of RT product. The amplifi-

cation profile was one cycle at 94�C for

1 min, 30 cycles at 94�C for 1 min,

hybridization at 60�C for 1 min, and

extension at 72�C for 2 min for

RANKL (26 cycles for OPG and

22 cycles for GAPDH), followed by

one extension cycle of 10 min at 72�C.
The PCR was performed in a DNA

thermal cycler (Biometra, Göttingen,

Germany). The amplified DNA was

then electrophoresed on a 2% agarose

gel and visualized by ethidium bromide

fluorostaining. All bands were scanned

and analyzed using Scion image-anal-

ysis software (Scion Corp., Frederick,

MD, USA).

Western blot analysis

Osteoprotegerin was prepared from the

culture medium. The lyophilized med-

ium was dissolved in sample buffer,

boiled and subjected to sodium dode-

cyl sulphate-polyacrylamide gel elec-

trophoresis to detect OPG. To detect

RANKL, phospho-Akt or total Akt,

cell protein extracts were prepared on

ice using radioimmunoprecipitation

buffer (50 mM Tris-HCl, 150 mM

NaCl, 1 mM EDTA, 1% Nonidet P-40

and 0.25% sodium-deoxycholate)

containing cocktail protease inhibitors

(10 lg/mL aprotinin, 10 lg/mL leu-

peptin, 1 mM phenylmethyl sulphonyl

fluoride (PMSF), 1 mM NaF and 1 mM

Na3VO4) (Sigma) or phosphatase

inhibitors (1 mM sodium vanadate and

50 mM NaF). Protein concentrations

were measured using a BCA� protein

assay kit (Pierce, Rockford, IL, USA).

Equal amounts of protein from each

sample were boiled and subjected to

electrophoresis, under reducing condi-

tions, on a 12% polyacrylamide gel,

along with prestained high molecular

weight standards (Bio-Rad, Hercules,

CA, USA). The proteins were then

transferred onto the nitrocellulose

membrane (Immobilon-P, Millipore

Corp., Bedford, MA, USA). The

membrane was stained overnight with

any of the following primary antibod-

ies: RANKL (R&D System, Inc.,

Minneapolis, MN, USA), OPG (R&D

System), b-actin (Chemicon Interna-

tional, Temecula, CA, USA), phospho-

Akt or total Akt (Cell Signaling Tech-

nology, Inc., Danvers, MA, USA) at

a dilution of 1:1000 at 4�C, followed
by biotinylated secondary antibody

and peroxidase-conjugated streptavidin

(Zymed, South San Francisco, CA,

USA). The protein bands were detected

using a commercial chemiluminescence

system (Pierce) and were exposed on

CL-X Posture film (Pierce). The band

intensity was determined by Scion

image-analysis software.

Statistical analysis

Results are expressed as means ± SD.

Statistical differences were determined

by one-way ANOVA followed by

post hoc analysis (Scheffé�s post hoc

test). Differences at p < 0.05 were

considered statistically significant.

Results

Thrombin induces the protein
expression of OPG

The effective dose of thrombin for

OPG expression was determined.

Human periodontal ligament cells were

stimulated with 0.001–0.1 U/mL of

thrombin. After the treatment, the

RNA or protein extracts and condi-

tioned medium were collected as

described in the Materials and meth-

ods. The results demonstrated that

thrombin increased the mRNA

expression of RANKL, but not that of

OPG, in a dose-dependent manner

(Fig. 1A). The relative density com-

pared with control cultures is shown in

Fig. 1B. We also found that the pro-

tein expression of both RANKL and

OPG increased (Fig. 1C). It is notice-

able that the protein level of OPG did

not correlate with that of the mRNA.

The level of OPG protein increased in a

dose-dependent manner and was pro-

found at the concentration of 0.1 U/

mL. The ratio of OPG/RANKL

intensity was calculated and the result

demonstrated that the OPG/RANKL

ratio increased significantly above the

control value, as shown in Fig. 1D.

The thrombin concentration of 0.1 U/

mL was then selected for the rest of the

experiments.

To examine whether thrombin reg-

ulated RANKL and OPG expression

differently, indomethacin, a non-spe-

cific cyclo-oxygenase (COX) inhibitor,

was applied to the cultures 30 min

before addition of thrombin. The result

demonstrated that indomethacin was

capable of blocking thrombin-induced

expression of RANKL, but not that of

OPG (Fig. 2). This indicates that reg-

ulation of RANKL and OPG by

thrombin is mediated through different

pathways. Regulation of RANKL via

COX and prostaglandin E2 (PGE2) has
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been established (26,27); we therefore

focus only on the regulation of OPG

synthesis.

To determine whether the effect of

thrombin on OPG synthesis was post-

transcriptional, actinomycin D and

cycloheximide, inhibitors of mRNA

transcription and protein biosynthesis,

respectively, were used. Human perio-

dontal ligament cells were exposed to

thrombin in the absence or presence of

either actinomycin D or cycloheximide

for 24 h. We found that the increased

OPG induced by thrombin was abol-

ished by cycloheximide (Fig. 3), sug-

gesting post-transcriptional regulation.

Thrombin induces OPG synthesis
through the PI3K/Akt and mTOR
pathways

To investigate the kinase signaling

pathways involved in thrombin-in-

duced OPG synthesis, either

LY294002, the specific PI3K inhibitor,

or rapamycin, a potent inhibitor of

mTOR, was applied to quiescent cells

for 30 min before addition of throm-

bin. The results showed that both

LY294002 and rapamycin exerted an

inhibitory effect on the thrombin-in-

duced OPG synthesis (Fig. 4A,B).

Phosphorylation of Akt (p-Akt) was

also examined and was found to be

increased in response to thrombin. In

addition, the increase of p-Akt could

be inhibited by LY294002 (Fig. 4C),

providing evidence that thrombin

mediated its effect through PI3K/Akt

and mTOR signaling pathway.

Thrombin stimulation involves PAR-1

Since proteolytic cleavage of PARs by

thrombin has been proposed (12), the

existence of PARs on HPDL cells was

explored. We found that HPDL cells

expressed PAR-1, PAR-2 and PAR-3

(data not shown). A PAR-1 antagonist

was used to investigate the involvement

of PAR-1. The result in Fig. 5A

showed that PAR-1 antagonist could

diminish the increase of OPG. To

examine whether PAR-1 contributes to

the regulation of OPG synthesis, PAR-

1 agonist peptide was used to mimic

the effect of thrombin. The PAR-1

agonist appeared to enhance the pro-

tein expression of OPG. In addition,

A B

C D

Fig. 1. Effect of thrombin on mRNA expression of OPG and RANKL (A) and protein

synthesis (C) in HPDL cells. Cells were treated with 0.001, 0.01 or 0.1 U/mL of thrombin for

24 h in serum-free conditions. (A) The PCR products revealed upregulation of RANKL, but

not of OPG, in a dose-dependent manner. The mean ± SD density of the PCR product from

three gels is shown in the bar graph (B). (C) Western blot analysis reveals a dose-dependent

increase of RANKL and OPG protein after 48 h of treatment. The OPG/RANKL ration

relative density is presented as a bar graph in (D). The results are expressed as means + SD

from three different experiments. *p < 0.05 compared with the non-treated condition.

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Fig. 2. Effect of indomethacin on protein

expression of OPG and RANKL. Human

periodontal ligament cells were exposed to

10 lM of indomethacin for 30 min before

addition of 0.1 U/mL of thrombin for 48 h.

Western blot analysis shows that indo-

methacin exerts an inhibitory effect on

thrombin-induced RANKL, but not on

thrombin-induced OPG. The bar graph

represents the mean ± SD density of each

band normalized to actin, from three inde-

pendent experiment. *p < 0.05 compared

with thrombin-treated control culture.

), without thrombin or indomethacin; +,

with thrombin or indomethacin.

Fig. 3. Effect of cycloheximide and actino-

mycin D on thrombin-induced protein

expression of OPG in HPDL cells. Cells

were pre-incubated with either cyclohexi-

mide (1 lg/mL) or actinomycin D (0.5 lg/
mL) for 30 min prior to treatment with

0.1 U/mL of thrombin for 24 h. The

thrombin-induced protein expression of

OPG was attenuated by cycloheximide, but

not by actinomycin D. The OPG protein

relative density is presented in the bar graph

graph and the results are expressed as

means ± SD from three different experi-

ments. *p < 0.05 compared with thrombin-

treated control culture. ), without thrombin

or inhibitor; +, with thrombin or inhibitor.
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the effect could be blocked by

LY294002 (Fig. 5B). These data sug-

gest that PAR-1 could be involved in

the enhancement of OPG synthesis

mediated by thrombin.

Discussion

The balance of RANKL and OPG

plays a significant role in bone

homeostasis. They are two key mole-

cules that regulate osteoclast forma-

tion, activation and survival. In this

study, we demonstrated that thrombin

may be involved in the homeostasis of

alveolar bone and periodontium by

regulating the balance of RANKL and

OPG synthesized by HPDL cells.

Our results clearly demonstrated

that thrombin differentially regulated

RANKL and OPG expression. Upon

activation, thrombin increased both

RANKL mRNA and protein synthe-

sis. No change in the level of OPG

mRNA was observed at 24 h (nor at

48 h; data not shown), but the protein

synthesis was increased, by a post-

transcriptional mechanism. Although

both RANKL and OPG synthesis

increased in response to thrombin, the

ratio of OPG to RANKL was higher

than the control value, suggesting an

anabolic role of thrombin in alveolar

bone homeostasis via HPDL cells.

By means of inhibitors, the effect of

thrombin on OPG synthesis was dem-

onstrated to involve both PI3K and

mTOR signaling pathways. Signaling

pathways of thrombin through the

protease-activated receptor (PAR), a

G-protein-coupled receptor, have been

described in several kinds of cells.

A variety of signaling molecules have

been reported to be activated by

thrombin, including mitogen-activated

protein kinase (MAPK), Rho kinase,

protein kinase C (PKC) and janus

kinase-signal transducer and activator

of transcription (JAK-STAT; 28). In

this study, inhibitors of MAPK, Rho

kinase and PKC had no effects on

thrombin-mediated OPG synthesis

(data not shown). The different

response could depend on the cell type

studied. However, the involvement of

PI3K is consistent with previous

results regarding to the effect of

thrombin in several cell types, such as

the induction of vascular endothelial

growth factor (VEGF) in retinal pig-

ment epithelial cells (29) or the induc-

tion of IL-8 in prostate cancer cells

(30). In addition, the inhibitory effect

of rapamycin on OPG synthesis indi-

A B C

Fig. 4. Inhibitory effect of LY294002 (A,C) and rapamycin (B) on thrombin-induced protein expression of OPG in HPDL cells. Cells were

pre-incubated with LY294002 or rapamycin for 30 min before the addition of 0.1 U/mL of thrombin for 48 h (for OPG detection) or 5 min

(for Akt detection). After 48 h, the medium was collected, lyophilized and prepared for Western blot analysis. The LY294002 (A) and

rapamycin (B) could inhibit the increase of thrombin-induced OPG. (C) Cell protein extracts were collected under ice-cold conditions for

Western blot analysis after 5 min of treatment. The activation of phospho-Akt (p-Akt) mediated by thrombin was observed and the activation

was inhibited by LY294002. The bar chart (C) represents the average band density of p-Akt normalized to its total protein (t-Akt). *p < 0.05

compared with thrombin-treated control culture. ), without thrombin or LY294002; +, with thrombin or LY294002.

A B

Fig. 5. Inhibitory effect of PAR-1 antagonist on the thrombin-induced protein expression of

OPG in HPDL cells (A) and the effect of LY294002 on PAR-1-induced protein expression of

OPG (B). (A) Cells were exposed to PAR-1 antagonist (100 nM) for 30 min before addition

of thrombin for 48 h. The medium was collected for Western blot analysis. The PAR-1

antagonist inhibited the increase in OPG mediated by thrombin. (B) Cells were incubated

with LY294002 for 30 min before addition of PAR-1 agonist (100 nM) for 48 h. Western blot

analysis revealed that PAR-1 stimulated protein expression of OPG and thsi stimulation was

abolished by LY294002. The bar graphs represent the average relative density of OPG.

*p < 0.05 compared with thrombin-treated or PAR-1-treated control culture. ), without
treatment or inhibitor; +, with treatment or inhibitor.
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cates that mTOR participates in OPG

regulation. Mammalian target of

rapamycin is a multidomain protein

that functions as a regulator of the

translational machinery, and the signal

from the PI3K and mTOR pathways

has been shown to regulate cell growth,

size and proliferation in many cell

types (31).

The increased ratio of OPG to

RANKL supports the concept that

thrombin may participate in bone

repair. A high amount of OPG may

be significant in the reduction of bone

resorption, as demonstrated in the

model of osteoporosis (32). However,

in the present study, thrombin did not

exhibit a mitogenic effect, although it

has been shown to act as a mitogen for

osteoblasts and marrow stromal cells

(33,34). The difference is possibly due

to the dose of thrombin used in our

study, which is lower than that of

previous studies, which were approxi-

mately 1–10 U/mL.

The increased ratio of OPG to

RANKL by thrombin in HPDL cells

seems to be in contrast with previous

reports on the catalytic effect of

thrombin. For instance, thrombin

increased release of 45Ca from mouse

calvarial bone explants (35). The dif-

ference may result from either different

cell types or different models used in

the experiments. Induction of bone

resorption by thrombin was mediated

by the release of prostaglandins, and

this effect could be inhibited by indo-

methacin, a COX inhibitor. Since

PGE2 has been reported to be a potent

inducer of RANKL in osteoblasts (36),

the resorbing activity found after

the thrombin application may have

resulted from the increased level of

RANKL.

In this study, indomethacin did not

suppress OPG synthesis, which indi-

cates that regulation of OPG synthe-

sis induced by thrombin in HPDL

cells is a COX-independent mecha-

nism. This result is different from the

previous one reported by Marklund

et al. (37), whose report suggested

that thrombin at 10 U/mL stimulated

release of PGE2. It is possible that

the response of HPDL cells depends

on the dose of thrombin. Our present

results suggest that low doses of

thrombin (0.1 U/mL or less) increase

OPG synthesis. This finding supports

our hypothesis that thrombin may

play a role in periodontal tissue

repair, partly through the balance of

OPG and RANKL. However, the

significance of the thrombin-induced

OPG in vivo requires further investi-

gation.

With regard to receptors, thrombin

has been shown to communicate with

cells through its proteolytic action on

PAR-1, which was considered to be a

thrombin receptor (12). Protease-acti-

vated receptor -3 and PAR-4, but not

PAR-2, also function as thrombin

receptors. However, function of PAR-

3 required the presence of PAR-4 (38).

In addition, a non-PAR thrombin

receptor was reported (39). In this

study, addition of PAR-1 antagonist

abolished the thrombin-induced OPG

synthesis. Taking into account that

HPDL cells express PAR-1 and PAR-

3, but not PAR-4, we suggest that

PAR-1 is involved in the OPG syn-

thesis mediated by thrombin.

In conclusion, thrombin can stimu-

late OPG synthesis in HPDL cells post-

transcriptionally, resulting in an

increase of the OPG/RANKL ratio.

Thrombin is likely to exert its action

through PAR-1 and the PI3K/Akt and

mTOR signaling pathways. These

results suggest that thrombin could

play a significant role in alveolar bone

repair and maintenance of homeostasis

of periodontal tissue, partly through

the balance of RANKL and OPG.

Acknowledgements

This work was supported by the 90th

anniversary of Chulalongkorn Univer-

sity Fund (Ratchadaphisek Somphot

Endowment Fund).

References

1. Bar-Shavit R, Sabbah V, Lampugnani

MG et al. An Arg-Gly-Asp sequence

within thrombin promotes endothelial cell

adhesion. J Cell Biol 1991;112:335–344.

2. McNamara CA, Sarembock IJ, Gimple

LW, Fenton JW II, Coughlin SR, Owens

GK. Thrombin stimulates proliferation of

cultured rat aortic smooth muscle cells by

a proteolytically activated receptor. J Clin

Invest 1993;91:94–98.

3. Molloy CJ, Pawlowski JE, Taylor DS,

Turner CE, Weber H, Peluso M. Throm-

bin receptor activation elicits rapid protein

tyrosine phosphorylation and stimulation

of the raf-1/MAP kinase pathway pre-

ceding delayed mitogenesis in cultured rat

aortic smooth muscle cells: evidence for an

obligate autocrine mechanism promoting

cell proliferation induced by G-protein-

coupled receptor agonist. J Clin Invest

1996;97:1173–1183.

4. Chambers RC, Leoni P, Blanc-Brude OP,

Wembridge DE, Laurent GJ. Thrombin is

a potent inducer of connective tissue

growth factor production via proteolytic

activation of protease-activated receptor-

1. J Biol Chem 2000;275:35584–35591.

5. Wang L, Luo J, Fu Y, He S. Induction of

interleukin-8 secretion and activation of

ERK1/2, p38 MAPK signaling pathways

by thrombin in dermal fibroblasts. Int J

Biochem Cell Biol 2006;38:1571–1583.

6. Wang L, Luo J, He S. Induction of MMP-

9 release from human dermal fibroblasts

by thrombin: involvement of JAK/STAT3

signaling pathway in MMP-9 release.

BMC Cell Biol 2007;8:14.

7. Pagel CN, Sivagurunathan S, Loh LH,

Tudor EM, Pike RN, Mackie EJ. Func-

tional responses of bone cells to thrombin.

Biol Chem 2006;387:1037–1041.

8. Tatakis DN, Dolce C, Dziak R. Throm-

bin�s effects on osteoblastic cells. I. Cyto-

solic calcium and phosphoinositides.

Biochem Biophys Res Commun

1989;164:119–127.

9. Lerner UH, Sahlberg K, Ljunggren O.

Thrombin and bradykinin enhance pros-

taglandin production in human peripheral

blood monocytes. J Oral Pathol Med

1989;18:246–250.

10. Abraham LA, MacKie EJ. Modulation of

osteoblast-like cell behavior by activation

of protease-activated receptor-1. J Bone

Miner Res 1999;14:1320–1329.

11. Karp JM, Tanaka TS, Zohar R et al.

Thrombin mediated migration of osteo-

genic cells. Bone 2005;37:337–348.

12. Coughlin SR. Thrombin signalling and

protease-activated receptors. Nature

2000;407:258–264.

13. O�Brien PJ,MolinoM, KahnM, Brass LF.

Protease activated receptors: theme and

variations. Oncogene 2001;20:1570–1581.

14. Kassolis JD, Rosen PS, Reynolds MA.

Alveolar ridge and sinus augmentation

utilizing platelet-rich plasma in combina-

tion with freeze-dried bone allograft: case

series. J Periodontol 2000;71:1654–1661.

15. Chan CP, Lin CP, Chang MC et al.

Effects of thrombin on the growth, protein

synthesis, attachment, clustering and

alkaline phosphatase activity of cultured

human periodontal ligament fibroblasts.

Proc Natl Sci Counc Repub China B

1998;22:137–143.

542 Arayatrakoollikit et al.



16. Jeng JH, Lan WH, Wang JS et al. Sig-

naling mechanism of thrombin-induced

gingival fibroblast-populated collagen gel

contraction. Br J Pharmacol 2006;147:

188–198.

17. Lacey DL, Timms E, Tan HL et al.

Osteoprotegerin ligand is a cytokine that

regulates osteoclast differentiation and

activation. Cell 1998;93:165–176.

18. Yasuda H, Shima N, Nakagawa N et al.

Osteoclast differentiation factor is a ligand

for osteoprotegerin/osteoclastogenesis-

inhibitory factor and is identical to

TRANCE/RANKL. Proc Natl Acad Sci

USA 1998;95:3597–3602.

19. Tsuda E, Goto M, Mochizuki S et al.

Isolation of a novel cytokine from human

fibroblasts that specifically inhibits osteo-

clastogenesis. Biochem Biophys Res Com-

mun 1997;234:137–142.

20. Lerner UH. New molecules in the tumor

necrosis factor ligand and receptor super-

families with importance for physiological

and pathological bone resorption. Crit

Rev Oral Biol Med 2004;15:64–81.

21. Simonet WS, Lacey DL, Dunstan CR

et al. Osteoprotegerin: a novel secreted

protein involved in the regulation of bone

density. Cell 1997;89:309–319.

22. Bostanci N, Ilgenli T, Emingil G et al.

Gingival crevicular fluid levels of RANKL

and OPG in periodontal diseases: impli-

cations of their relative ratio. J Clin Perio-

dontol 2007;34:370–376.

23. Bostanci N, Ilgenli T, Emingil G et al.

Differential expression of receptor activa-

tor of nuclear factor-jB ligand and

osteoprotegerin mRNA in periodontal

diseases. J Periodont Res 2007;42:287–293.

24. Lu HK, Chen YL, Chang HC, Li CL,

Kuo MY. Identification of the osteopro-

tegerin/receptor activator of nuclear fac-

tor-jB ligand system in gingival crevicular

fluid and tissue of patients with chronic

periodontitis. J Periodont Res 2006;41:

354–360.

25. Jin Q, Cirelli JA, Park CH et al. RANKL

inhibition through osteoprotegerin blocks

bone loss in experimental periodontitis.

J Periodontol 2007;78:1300–1308.

26. Kanematsu M, Sato T, Takai H, Watan-

abe K, Ikeda K, Yamada Y. Prostaglan-

din E2 induces expression of receptor

activator of nuclear factor-j B ligand/

osteoprotegrin ligand on pre-B cells:

implications for accelerated osteoclasto-

genesis in estrogen deficiency. J Bone

Miner Res 2000;15:1321–1329.

27. Nukaga J, Kobayashi M, Shinki T et al.

Regulatory effects of interleukin-1b and

prostaglandin E2 on expression of receptor

activator of nuclear factor-jB ligand in

human periodontal ligament cells. J Perio-

dontol 2004;75:249–259.

28. Steinhoff M, Buddenkotte J, Shpacovitch

V et al. Proteinase-activated receptors:

transducers of proteinase-mediated sig-

naling in inflammation and immune

response. Endocr Rev 2005;26:1–43.

29. Bian ZM, Elner SG, Elner VM.

Thrombin-induced VEGF expression in

human retinal pigment epithelial cells.

Invest Ophthalmol Vis Sci 2007;48:2738–

2746.

30. Liu J, Schuff-Werner P, Steiner M.

Thrombin/thrombin receptor (PAR-1)-

mediated induction of IL-8 and VEGF

expression in prostate cancer cells. Bio-

chem Biophys Res Commun 2006;343:

183–189.

31. Martin KA, Blenis J. Coordinate regula-

tion of translation by the PI 3-kinase and

mTOR pathways. Adv Cancer Res 2002;

86:1–39.

32. Hamdy NA. Osteoprotegerin as a poten-

tial therapy for osteoporosis. Curr Rheu-

matol Rep 2006;8:50–54.

33. Suzuki A, Kozawa O, Shinoda J, Watan-

abe Y, Saito H, Oiso Y. Thrombin induces

proliferation of osteoblast-like cells

through phosphatidylcholine hydrolysis.

J Cell Physiol 1996;168:209–216.

34. Tarzami ST, Wang G, Li W, Green L,

Singh JP. Thrombin and PAR-1 stimulate

differentiation of bone marrow-derived

endothelial progenitor cells. J Thromb

Haemost 2006;4:656–663.

35. Lerner UH, Gustafson GT. Blood coag-

ulation and bone metabolism: some char-

acteristics of the bone resorptive effect of

thrombin in mouse calvarial bones in vitro.

Biochim Biophys Acta 1988;964:309–318.

36. Kobayashi Y, Mizoguchi T, Take I,

Kurihara S, Udagawa N, Takahashi N.

Prostaglandin E2 enhances osteoclastic

differentiation of precursor cells through

protein kinase A-dependent phosphoryla-

tion of TAK1. J Biol Chem 2005;280:

11395–11403.

37. Marklund M, Lerner UH, Persson M,
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