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Abstract 

We studied the mRNA expression of osteoprotegerin (OPG), receptor activator 

of NF- kappa B ligand (RANKL), tissue inhibitor of matrix metalloprotease (TIMP) -1 

and -2 and matrix metalloprotease (MMP) -1 and -2 by human periodontal ligament 

(PDL) cells under intermittent tensile stress using a Flexercell Strain Unit.  Analysis by 

reverse transcriptase-polymerase chain reaction showed that mechanical force 

up-regulated OPG mRNA.  We also demonstrated that the protein concentration of OPG 

in conditioned medium increased upon loading with tensile stress, as determined by 

enzyme-linked immunosorbent assay.  TIMP-1 and -2 mRNA levels also increased, 

whereas levels of RANKL, MMP-1 and -2 mRNA were barely affected.  We further 

examined the effect of loading with tensile stress and addition of Salmonella abortus equi 

lipopolysaccharide (LPS) on the mRNA expression of PDL cells.  The amount of OPG 

mRNA induced by mechanical strain was found to decrease with the addition of LPS to 

cultures.  The induction of OPG mRNA expression by stretching was inhibited in the 

presence of indomethacin or genistein, whereas TIMP-1 mRNA expression induced by 
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stretching was inhibited by the addition of cycloheximide, suggesting that tensile stress 

regulates cyclooxygenase activities, tyrosine phosphorylation and de novo protein 

synthesis in PDL cells through the induction of OPG and TIMP-1 mRNA expression.  

These results provide evidence that the mechanical stimulus of stretching is responsible 

for the observed regulation of bone resorption and tissue degradation in PDL tissue.   
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Introduction 

The periodontal ligament (PDL) is always exposed to mechanical loading 

during occlusion and mastication in healthy periodontal tissue.  Under normal 

physiologic conditions the health of PDL tissues is maintained by appropriate mechanical 

loading.  However, excess mechanical force and/or tissue inflammation can become 

manifest as periodontal tissue damage including alveolar bone resorption and ultimately, 

tooth loss [1].  Obviously, many cell types are able to control their physiologic functions 

in vivo under constant mechanical stresses such as stretching, sheer stress and pressure.  

Several studies have reported that mechanical stimuli regulate various cellular functions 

and that the mechano-sensing system including ion channel receptors, soluble cytokines, 

the cytoskeleton or intracellular signaling pathways are likely to be involved in the 

signaling of and response to mechanical stresses in mammalian cells [2-4].  The 

regulatory role of mechanical force is believed to be critical in the remodeling of the 

skeleton.  Osteoblasts and osteoclasts are specialized cells responsible for bone formation 

and resorption, respectively.  It is well known that molecular interactions between 
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receptor activator of NF-kappa B (RANK) and RANK ligand (RANKL) confirm the 

hypothesis that osteoblasts play an essential role in osteoclastic differentiation [5].  

Osteoclast precursors express RANK and recognize RANKL through cell-to-cell 

interactions that activate intracellular signaling pathways leading to their differentiation 

into mature osteoclasts which actively resorb bone [5].  Simonet et al. [6] identified 

osteoprotegerin (OPG), a soluble circulating protein member of the tumor necrosis factor 

(TNF) receptor superfamily, as the key osteoclastogenesis inhibitory factor.  OPG 

strongly inhibits bone resorption by binding with high affinity to RANKL.  Not only 

osteoblasts but also PDL cells express both RANKL and OPG mRNA and protein, 

therefore we propose that PDL cells could stimulate osteoclastogenesis by RANKL 

through cell-to-cell contact and inhibit osteoclastogenesis by OPG [5].  These 

interactions could affect the condition of processes such as periodontitis and orthodontic 

tooth movement.  It has been reported that expression of RANKL mRNA and protein in 

PDL cells increased with compressive force in parallel with changes in the number of 

osteoclasts in an in vitro osteoclastogenesis system [7].  In contrast, the regulation of OPG 
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mRNA expression in PDL cells by mechanical stress induced by cell stretching remains 

unknown. 

In cases involving excessive mechanical force in combination with 

periodontitis, not only alveolar bone resorption but also degradation of periodontal tissue 

is observed.  Matrix metalloproteases (MMPs) and tissue inhibitors of matrix 

metalloprotease (TIMPs) have been implicated in the degradation of many extracellular 

matrix (ECM) proteins [8,9].  MMP-1 and -2 catalyze the initial degradation of the major 

ECM proteins, collagen types I and III, in the PDL when periodontal tissue suffers 

inflammatory or mechanical injuries [10].  PDL cells also constitutively produce both 

TIMP-1 and -2 proteins, which inhibit the activity of MMPs.  In infections such as 

periodontitis, lipopolysaccharide (LPS) from gram-negative microbacterial endotoxin 

induces the production of various inflammatory cytokines such as interleukin (IL) -1α, 

IL-1β and TNF-α in PDL cells to promote active bone resorption [11,12].  However, the 

effects of intermittent tensile stress in regulating the expression of these factors in 

cultured cells derived from adult human periodontal tissue and their modulation in the 
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presence of LPS have not been investigated. 

In this study, we investigated how intermittent tensile stress regulates the 

mRNA expression of OPG, RANKL, TIMPs and MMPs, and the OPG protein content of 

conditioned medium, using a Flexercell Strain Unit in cultures of PDL cells.  We assessed 

the modulation of LPS on induced mRNA expression in order to elucidate the role of 

tensile stress in the progression of inflammation and alveolar bone resorption in 

periodontal and periapical diseases.  Our studies show that expression of OPG is 

regulated by tensile stress and these changes in expression are modulated by the presence 

of endotoxin in PDL cells.  Furthermore, diverse signaling pathways exist to transduce 

intracellular signaling of tensile stress in PDL cells, leading to the induction of expression 

of  specific mRNAs.   
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Materials and Methods 

Materials 

Materials used in this work were obtained from the following sources: Fetal bovine serum 

(FBS), alpha modified Eagle’s minimum essential medium (α-MEM), HEPES buffer, 

trypsin/EDTA solution, Salmonella abortus equi LPS, cycloheximide, indomethacin, 

genistein, PD098059, cytochalasin B and Y-27632 were from Sigma (St. Louis, MO, 

USA); penicillin-G was from Banyu (Tokyo, Japan), and streptomycin from Meiji (Tokyo, 

Japan). 

 

Cell cultures 

The protocol for this experiment was reviewed and approved by the Hokkaido University 

Graduate School of Dental Medicine Ethics Committee, and informed consent was 

obtained from all volunteers.  Pieces of human PDL were obtained from premolars 

extracted for orthodontic reasons from healthy young donors.  Explants were taken 

exclusively from the middle of tooth roots, to exclude intermixing of gingivae and dental 
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pulp, according to the methods described by Ragnarsson et al. [13].  The resected tissue 

was immediately rinsed several times in phosphate buffered saline and transferred to a 

24-well culture plate (Costar, NY, USA).  Tissues were cultured in α-MEM containing 

100 units/ml penicillin-G, 0.1 mg/ml streptomycin and 25 mM HEPES buffer, 

supplemented with 20% FBS, at 37 °C in a humidified atmosphere of 5% CO2 in air; the 

medium was changed every 3 days throughout the experiment.  Outgrowth cells were 

subcultured and maintained in α-MEM supplemented with 10% FBS in a humidified 

atmosphere of 5% CO2 and 95% air at 37°C and used for experiments at passage four.   

 

Mechanical strain devices 

PDL cells were seeded at a density of 1.0×105 cells/well on flexible-bottomed culture 

plates coated with type I collagen (Flex I; Flexcell International Co. McKeesport, PA, 

USA), and cultured in α-MEM supplemented with 2% FBS.  A Flexercell Strain Unit 

(Flexcell International Co.) was used to generate tensile stress in PDL cells.  This unit was 

placed in a humidified atmosphere of 5% CO2 and 95% air at 37°C, and a vacuum was 
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applied across the plate surface according to instructions provided by the manufacturer.  

During the application of tensile stress, the cells were maintained in α-MEM 

supplemented with 2% FBS.   

 

Inhibitors 

Protein synthesis and signal transduction pathways that mediated cellular responses to 

tensile stress were investigated using specific inhibitors: Cycloheximide (10 µM) for 

inhibition of de novo protein synthesis, indomethacin (10 µM) for inhibition of 

cyclooxygenase (COX), genistein (20 µM) for inhibition of tyrosine kinase, PD098059 

(10 µM) for specific inhibition of extracellular signal-related kinase (ERK), cytochalasin 

B (10 µM) for inhibition of actin de-polymerization, and Y-27632 (10 µM) for a protein 

inhibitor of RhoK.  With regard to the concentration of each inhibitor, we used the 

effective doses previously reported [14,15].  After PDL cells were pre-incubated in the 

presence of each inhibitor for 30 min to permit these compounds to penetrate into the 

cells and block their respective pathways, intermittent stretching with 20% elongation, 10 
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cycles/min was applied to PDL cells in culture for 48 hr.  

 

Total RNA isolation 

Total cellular RNA was isolated from each culture using an RNeasy Mini Kit (Qiagen, 

Chatsworth, CA, USA), according to protocols provided by the manufacturer.  In order to 

remove contaminated genomic DNA, total RNA samples were treated with RNase-Free 

DNase I (Qiagen) at 37°C for 30 min.  

 

Reverse transcriptase-polymerase chain reaction (RT-PCR)  

Two µg of total RNA was used as a template to synthesize first-strand complementary 

DNA (cDNA) with oligo (dT) primer and reverse transcriptase, using the Omniscript RT 

Kit (Qiagen).  Then, l µl of the cDNA mixture was subjected to polymerase chain reaction 

(PCR) amplification using specific primers.  The primer sequences, amplification cycles 

and annealing temperatures used in this study are shown in Table 1.  Each PCR reaction 

was carried out in a 50 µl mixture containing 1 µl of cDNA, 5 µl of 10× Qiagen PCR 
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buffer, 10 µl of 5× Q-Solution, 1 µl of 10 mM each deoxynucleotide triphosphate mix, 0.1 

µM each of sense and antisense primers, and 0.5 µl of Taq DNA polymerase (Qiagen).  

Each reaction consisted of initial denaturation at 94°C for 3 min, followed by 3-step 

cycling: Denaturation at 94°C for 30s, annealing at a temperature optimized for each 

primer pair (Table 1) for 30s and extension at 72°C for 1 min.  After the requisite number 

of cycles, reactions underwent a final extension at 72°C for 10 min.  Amplification 

products were electrophoresed on 2% agarose gels and visualized by ethidium bromide 

staining.  The relative intensity of the gel bands was measured using NIH Image software 

and results were normalized to the mRNA level of GAPDH, a housekeeping enzyme.  We 

performed these experiments using samples from at least five different cell preparations 

and quantification of mRNA was confirmed using the same cell sample at least in 

triplicate. 

 

Quantitative real time PCR  

Quantification of OPG mRNA was performed using an ABI Prism 7000 sequence 
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detection system (Applied Biosystems, Foster City, CA, USA).  One µg of each RNA 

sample was subjected to reverse transcription using the omniscript RT kit (Qiagen) and 

RNase-free DNase Set (Qiagen) in a total volume of 20 µl.  Then, 2.5 µl of the reaction 

mixture were incubated with the double-stranded DNA dye SYBR Green I (Qiagen) in a 

total volume of 25 µl.  The primers used for detection were as described in Table 1.  All 

reactions were run in with a hot start pre-incubation step of 10 min at 95°C, following by 

cycles of 15 sec at 95°C, 1min at 60°C.  We performed these experiments using samples 

from at least three different cell preparations and quantification of mRNA was confirmed 

using the same cell sample at least in triplicate.  The amount of template was quantified 

using the comparative cycle threshold method as outlined in the manufacturer’s technical 

bulletin.  Measured OPG mRNA levels were normalized to the mRNA level of β-actin.  

  

Enzyme-linked immunosorbent assay (ELISA) for the quantitative determination of 

OPG concentration 

Conditioned media harvested from cultured cells were used as samples.  The 
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concentration of OPG was determined by enzyme-linked immunosorbent assay (ELISA) 

using an OPG ELISA Kit (Biomedica, Vienna, Austria).  Measurements were performed 

in triplicate in samples diluted 1:10 according to the manufacturer's instructions in 

triplicate.  In brief, 100 µl of assay buffer, 50 µl of sample and 50 µl of detection 

antibody were added to a well.  After incubation for 16 hr at 4°C, the wells were 

washed with wash buffer.  Two hundred µl of streptavidin-horseradish peroxidase 

conjugate were added to all wells and then incubated for 60 min at room 

temperature.  After wells were washed, substrate was added to all wells and 

incubated for 20 min, followed by stop solution.  The absorption was determined 

with a microplate reader at 450 nm against 620 nm as a reference.  

  

Enzyme immunoassay (EIA) for the quantitative determination of bicyclo 

prostaglandin E2 (PGE2)  

Conditioned media harvested from cultured cells were used as samples.  The 

concentration of bicyclo prostaglandin (PG) E2 of the conditioned medium was 
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determined using a bicyclo PGE2 EIA kit (Cayman Chemical, Ann Arbor, MI, USA) 

according to the manufacturer's instructions.  Bicyclo PGE2 is a stable breakdown 

product of PGE2 and 13,14-dihydro-15-keto PGE2.  Due to the inherent instability of 

13,14-dihydro-15-keto PGE2, we quantified it as bicyclo PGE2 to estimate PGE2 

biosynthesis in cultures.  The assay is based on the competition between free bicyclo 

PGE2 and a bicyclo PGE2 tracer-acetylcholinesterase conjugate (bicyclo PGE2 tracer) 

for a limited number of bicyclo PGE2-specific rabbit antiserum binding sites.  In brief, for 

derivatization of standard and samples, 300 µl of carbonate buffer was added and 

incubated at 37 °C overnight.  Four hundred µl of phosphate buffer was then added, 

followed by 300 µl of EIA buffer.  After sample, bicyclo PGE2 tracer and bicyclo PGE2 

antiserium were added to wells, the plate was incubated for 18 hr at room temperature, 

and then washed with wash buffer.  For development, 200 µl of Ellman’s reagent was 

added to all wells and the plate was incubated for 60 min in the dark.  The resultant color 

reaction was measured with a microplate reader at 405 nm, the color development being 

inversely proportional to the concentration of free bicyclo PGE2 measured.  
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Statistical analysis 

Values were calculated as the mean ± standard deviation (SD).  Some data were subjected 

to multiple measurement analyses of variance (ANOVA) and Student’s t-test was used for 

analysis of the difference between the cultures tested.  A P value of less than 0.05 was 

accepted as significant. 
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Results 

Initially, PDL cells were exposed to stretching at a frequency of 10 cycles/min; 

each cycle consisting of 3s of strain and 3s of relaxation with 20% elongation for 2 days.  

No damaged, dead or apoptotic cells were observed microscopically in stretch-loaded 

cultures (Fig. 1).  The distribution of orientation of cells grown on stretched culture 

dishes was different from the uniform random distribution observed in non-stretched 

cultures (Fig. 1).  Cells from stretched and non-stretched cultures were harvested and 

extracted to quantify the level of mRNA expression by RT-PCR.  Fig. 2A shows the 

amplification products of OPG cDNA separated on a 2% agarose gel.  Although no 

significant change in the OPG mRNA expression level was observed with strain from 0 hr 

through to 24 hr of culture, the expression level of OPG mRNA was up-regulated by 

exposure to mechanical strain for 48 hr in comparison with non-stretched cultures at the 

corresponding time (Fig. 2A).  This induction of OPG mRNA was also observed at 72 or 

120 hrs of culture.  Analysis of the OPG mRNA/GAPDH mRNA ratio in the stretched 

culture is shown in Fig. 2B.  To further confirm the specific induction of expression of the 
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transcript by stretch, we performed quantitative real-time RT-PCR analysis.  The OPG 

mRNA copies were increased to about 3-fold within 48 h compared to no stretch controls 

(Fig. 2C). We then asked whether different magnitudes of strain affect the OPG mRNA 

expression level in PDL cells.  The expression of OPG mRNA was significantly increased 

by mechanical strain with 20% or 25% elongation in comparison with the level of 0% 

elongation cultures, while no significant difference was seen with 5% elongation (Fig. 3).  

Next, we examined whether stretch-induced OPG mRNA expression was 

modulated by the presence of LPS in PDL cells, by incubating PDL cell cultures with 1 

µg/ml of LPS and applying tensile stress.  In the presence of LPS, OPG mRNA 

expression did not increase with 20% elongation, 10 cycles/min, for 2 days (Fig. 4), 

indicating that LPS suppressed expression of tensile stress-induced OPG mRNA in PDL 

cells.   

The elevated expression of OPG mRNA in stretched cells was further 

confirmed by ELISA for quantification of OPG protein using conditioned medium from 

these cells.  The amount of OPG protein in stretched cultures increased 3-fold compared 
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with non-stretched cultures at 48 hr (Table 2).  In cultures treated with tensile stress and 

LPS in combination, the OPG protein level did not alter compared to the non-stretched 

cultures (Table 2) confirming the changes in mRNA expression shown by RT-PCR 

analysis (Fig. 4).   

Mechanisms translating mechanical stress into a signal that activates increased 

OPG gene expression are as yet unidentified.  In order to investigate whether 

up-regulation of OPG mRNA expression by stretching was dependent on de novo protein 

synthesis, we added cycloheximide to the PDL cell cultures.  Cycloheximide did not 

reduce the level of OPG mRNA expression induced by stretching (Fig. 5).  In conrast, 

indomethacin suppressed strain-induced OPG mRNA expression, suggesting that OPG 

mRNA induction by tensile stress in PDL cells was mediated by cyclooxygenase and/or 

PG synthesis (Fig. 5).  The concentration of PGE2 in the conditioned medium also 

increased in stretched cultures (Table. 3).  Genistein also significantly suppressed 

stretch-induced OPG mRNA expression, suggesting that strain-induced OPG mRNA 

expression was also dependent on protein tyrosine phosphorylation by certain tyrosine 
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kinases (Fig. 5).  In contrast, PD098059, cytochalasin B and Y-27632 showed no 

inhibitory effects on the up-regulation of OPG mRNA (Fig. 5).  These results indicate that 

strain-induced OPG mRNA expression in PDL cells is not mediated by signaling 

molecules related to ERK, RhoK or actin de-polymerization.  

Previously, PDL cells were shown to produce RANKL which activates mature 

osteoclasts and causes the differentiation of preosteoclastic cells to osteoclasts.  To 

elucidate the effect of tensile stress on RANKL mRNA expression in PDL cells, we 

performed RT-PCR analysis using primers specific for RANKL cDNA.  Although PDL 

cells expressed RANKL mRNA, its expression level did not change when the cells were 

loaded by intermittent stretching with 20% elongation at 10 cycles/min for 2 days (Fig. 

6).   

MMPs are a family of metalloenzymes, which, once activated, can digest 

various protein components of the ECM.  To address whether mechanical strain affects 

matrix degradation, we measured the levels of TIMP-1, -2, MMP-1 and -2 mRNA 

expression in PDL cells.  RT-PCR analysis of TIMP-1 and -2 cDNAs revealed that tensile 
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stress increased TIMP-1 and -2 mRNA expression by PDL cells in comparison to 

non-strained cells (Fig. 7A and B).  In contrast, expression levels of MMP-1 and -2 

mRNA in PDL cells did not change with exposure to stretching with 20% elongation at 10 

cycles/min for 2 days (Fig. 7C and D).  We further examined whether the aforesaid 

inhibitors were able to inhibit the expression of TIMP-1 mRNA induced by mechanical 

strain.  Stretch-induced TIMP-1 mRNA expression was inhibited by the addition of 

cycloheximide but not indomethacin, genistein, PD098059, cytochalasin B or Y-27632, 

suggesting that stretch-induced TIMP-1 mRNA expression depended on de novo protein 

synthesis (Fig. 8).   
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Discussion  

The PDL is a soft connective tissue, which serves to anchor the tooth to the 

alveolus and functions as a cushion between two mineralized tissues.  It has been shown 

that certain mechanical stresses appear to regulate cellular function in PDL cells.  In 

addition, mechanical strain is known to be one of the stimuli for alveolar bone remodeling.  

Previously, many devices have been used to simulate the loading of mechanical forces on 

cells in vitro.  Since PDL cells are repeatedly stretched and relaxed by mechanical forces 

under normal conditions in vivo, we used the Flexercell system to apply intermittent 

tensile stress to PDL cells in culture.  We estimated that an orthodontic force of 1 N on the 

average human premolar equates to a strain level of approximately 1% in the PDL cell 

cultures [23].  In most clinical studies, 500–3,000 g of bite force have been used [24].  

Therefore, we subjected PDL cells in culture to cyclic stretching with 20% elongation at a 

frequency of 10 cycles/min, each cycle consisting of 3s of strain and 3s of relaxation; thus 

we propose that our experiment is a valid reproduction of the physiologic mechanical 

forces of mastication.  
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There have been several studies regarding the regulation of mRNA expression 

and protein synthesis in PDL cells under stretched conditions.  They include studies on 

mRNA expression of type I collagen, fibronectin, tropoelastin, COX-2, IL-1ß, protein 

synthesis of transforming growth factor-β1, macrophage colony stimulating factor and 

others [25-27].  It is thought that an increased or decreased expression of specific mRNAs 

and production of proteins by PDL cells is a significant part of their adaptive response to 

several types of mechanical stress.  We found an up-regulation of OPG mRNA and 

protein and stable expression of RANKL in PDL cells exposed to tensile stress, 

suggesting that the soluble protein may modulate the differentiation of osteoclasts rather 

than a direct interaction between PDL cells and preosteoclasts/osteoclasts, at least under 

physiologic loading of stress in PDL cells.  Using an in vivo experimental model of tooth 

movement in rat, Kobayashi et al. [28] demonstrated that preexisting osteoclasts 

disappeared from the bone surface through apoptosis during a force-induced rapid shift 

from bone resorption to bone formation.  They also showed that a marked increase in 

OPG mRNA expression was observed in the stretched cells on the tensioned distal bone 
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surface, simultaneously with the loss of osteoclasts.  Since osteoclast formation is 

dependent upon RANKL expression, strain-induced reductions in this factor may 

contribute to the accompanying reduction in osteoclastogenesis [5].  Therefore, the 

conditions of cyclic stretching used in our experiments may represent the tensioned distal 

alveolar bone surface and appropriate tensile stress may reduce the differentiation and/or 

function of surrounding osteoclasts in PDL tissue.  The degradation of ECM proteins is a 

critical aspect of tissue damage due to mechanical stress and inflammation.  Under our 

experimental conditions of stretched cells, TIMP-1 and -2 mRNA increased, but MMP-1 

and -2 mRNA did not, suggesting that certain appropriate stress may act as an inhibitor of 

the degradation of ECM in the PDL.  In inflamed periodontal tissues, PDL cells are 

infected by various bacterial endotoxins, which are capable of producing MMPs and 

various inflammatory cytokines such as IL-1 and -6.  These cytokines promote bone 

resorption, which may in turn initiate or augment periodontal disease [29].  In our study, 

the combination of the presence of LPS and loading with tensile stress reduced 

expression of OPG mRNA in PDL cells.   
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What is the mechanism by which tensile stress controls expression of OPG in 

PDL cells?  It is possible that stretching with 20% elongation enhanced the activity of 

COX and thus increased production of PGE2.  There are two COX isoforms, COX-1 and 

COX-2, which are variably expressed in different cell types.  We were not able to 

determine which isoform of COX is up-regulated by cyclic stretching in PDL cells.  

Several previous reports have indicated that COX-2 is a key molecule in the response of 

PDL cells to various mechanical stresses [30].  We could adequately explain the cellular 

response to tensile stress in terms of regulation of intracellular COX and PGE2 release 

alone.  It is proposed that induction of OPG mRNA in PDL cells by stretching could 

partially involve an intracellular tyrosine kinase cascade, since genistein partially blocked 

the induction of OPG mRNA in the stretched cells.  Furthermore, protein synthesis 

inhibitor affected the decrease in TIMP-1 mRNA expression induced by tensile stress, 

suggesting that complex pathways are involved in stress-induced mRNA expression.  In 

yeast, upon a shift to high osmolarity, cells rapidly activate a mitogen-activated protein 

kinase cascade, the high-osmolarity glycerol pathway, which orchestrates part of the 
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transcriptional response [31].  Possibly, the function of the related mammalian pathway 

may be to mediate activation of the response of PDL cells to tensile stress. 

In the present study, we demonstrated that when tension was applied to PDL 

cells with the addition of LPS, there was a significant difference in the expression levels 

of OPG between cells subjected to tension forces and untensioned cells.  It is already 

established that toll-like receptor (TLR) 4 is a cell surface receptor of LPS and that MD2 

acts as a cell surface co-receptor [32].  PDL cells express TLR4 and the several functions 

of LPS in PDL cells may be mediated by TLR4 [33].  Activation of NF-kappa B, p38 

MAP kinase and c-Jun N-terminal kinase is known to be involved in both the intracellular 

signaling via TLR [32] and the various responses to mechanical stress.  Therefore, it is 

possible that LPS modulates activation of the signaling molecules activated by tensile 

stress in PDL cells.  It has been reported that LPS enhances the production of several 

inflammatory cytokines including IL-1β, -6, and -8 in PDL cells [29].  Therefore, the 

soluble cytokines in conditioned medium could modulate the response of PDL cells to 

tensile stress.  Further investigation is needed to determine the molecular mechanisms 
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involved in the effects of tensile stress and the presence of LPS on PDL cells.  

In summary, we have provided evidence that expression of OPG and TIMP-1 

and -2 is specifically up-regulated by the application of tensile stress at levels similar to 

those to which PDL cells are subjected under physiologic conditions.  Because OPG is 

involved in the regulation of osteoclastogenesis and bone resorption, it is tempting to 

speculate that a change in its expression is an immediate adaptive response of PDL tissue 

to the altered tensile stress.  Moreover, loading by cyclic stretching is likely to increase 

the up-regulation of TIMP in PDL cells.  Appropriate tensile stress may act to conserve 

physiologic function in the PDL via OPG and TIMP production.  In turn, endotoxins may 

augment tissue and bone resorption via a reduction of OPG production in the PDL.  
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Figure legends 

Figure 1   PDL cells of stretched and non-stretched cultures.  PDL cells were seeded at a 

density of 1.0×105 cells/well on Flex Ι culture plates and cultured in α-MEM 

supplemented with 10% FBS for 3 days.   Then, cells were loaded with (+) or without (-) 

tensile stress with 20% elongation at 10 cycles/min for 2 days using a Flexercell strain 

unit.  During application of the mechanical stress, the cells were incubated in α-MEM 

supplemented with 2% FBS.  Original magnification ×100.   

 

Figure 2   Osteoprotegerin (OPG) mRNA expression with the application of tensile stress 

in human periodontal ligament (PDL) cells.  PDL cells were seeded at a density of 

1.0×105 cells/well on Flex Ι culture plates, and cultured in α-MEM supplemented with 

10% FBS for 3 days.  Then, cells were loaded with (+) or without (-) tensile stress for the 

indicated hours with 20% elongation at 10 cycles/min using a Flexercell strain unit.  Total 

RNA was extracted from the cells and the expression levels of OPG mRNA were 

determined by RT-PCR (A and B) and quantitative real time PCR (C) as described in 
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Materials and Methods.  A: Agarose gel electrophoresis demonstrating amplification 

products of OPG and GAPDH cDNAs.  B: Relative density of OPG mRNA to GAPDH 

mRNA.  C: Ratio of OPG mRNA to β-actin mRNA copies measured by quantitative real 

time PCR.  The results shown are the mean ± SD of five independent experiments (B) and 

three independent experiments (C).  * Significant difference from stress (-) culture 

(P<0.05): ANOVA, Student’s t–test.    

 

Figure 3   Effects of percentage of elongation on OPG mRNA expression with the 

application of tensile stress in human periodontal ligament (PDL) cells.  PDL cells were 

seeded at a density of 1.0×105 cells/well on Flex Ι culture plates, and cultured in α-MEM 

supplemented with 10% FBS for 3 days.  Then, cells were loaded with (+) or without (-) 

tensile stress for the indicated percentage of elongation at 10 cycles/min using a 

Flexercell strain unit for 48 hours.  Total RNA was extracted from the cells, the 

expression levels of OPG mRNA were determined by RT-PCR as described in Materials 

and Methods.  A: Agarose gel electrophoresis demonstrating amplification products of 
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OPG and GAPDH cDNA.  B: Relative density of OPG mRNA to GAPDH mRNA.  The 

results shown are the mean ± SD of five independent experiments.  * Significant 

difference from stress (-) culture (P<0.05): ANOVA, Student’s t–test.  

   

Figure 4   Effects of tensile stress and Salmonella abortus equi lipopolysaccharide (LPS) 

in combination on OPG mRNA expression of PDL cells.  PDL cells were seeded at a 

density of 1.0×105 cells/well on Flex Ι culture plates, and cultured in α-MEM 

supplemented with 10% FBS for 3 days.  Then, cells were incubated with LPS (1 µg/ml) 

(+) or vehicle (-) and loaded with (+) or without (-) tensile stress with 20% elongation at 

10 cycles/min for 48 hours.  Total RNA was extracted from the cells, and expression 

levels of OPG mRNA were determined by RT-PCR as described in Materials and 

Methods.  A: Agarose gel electrophoresis demonstrating amplification products of OPG 

and GAPDH cDNA.  B: Relative density of OPG mRNA to GAPDH mRNA.  The results 

shown are the mean ± SD of five independent experiments.  * Significant difference from 

stress (-) culture (P<0.05): ANOVA, Student’s t–test.    
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Figure 5   Effects of inhibitors on OPG mRNA expression induced by tensile stress in 

PDL cells.  PDL cells were seeded at a density of 1.0×105 cells/well on Flex Ι culture 

plates, and cultured in α-MEM supplemented with 10% FBS for 3 days.  Then, cells were 

cultured in a medium containing cycloheximide (10 µM), indomethacin (10 µM), 

genistein (20 µM), PD098059 (10 µM), cytochalasin B (10 µM), Y-27632 (10 µM) or 

vehicle (control) for 30 min.  The cells were cultured with (+) or without (-) loading with 

tensile stress with 20% elongation at 10 cycles/min for 48 hours.  Total RNA was 

extracted from the cells, and expression levels of OPG mRNA were determined by 

RT-PCR as described in Materials and Methods.  A: Agarose gel electrophoresis of the 

products of PCR using specific primers for OPG or GAPDH.  B: Relative density of the 

OPG mRNA to GAPDH mRNA.  The results shown are the mean ± SD of five 

independent experiments.  * Significant difference from stress (-) culture (P<0.05): 

Student’s t–test. 

 

Figure 6   Receptor activator of NF-kappa B ligand (RANKL) mRNA expression with 
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the application of tensile stress in PDL cells assessed by RT-PCR.  PDL cells were seeded 

at a density of 1.0 × 105 cells/well, and cultured for three days.  The cells were exposed to 

LPS (1 µg/ml) (+) or vehicle (-) and were loaded with (+) or without (-) tensile stress with 

a rate of 20% elongation at 10 cycles/min for 48 hours.  Total RNA was extracted from the 

cells, and expression levels of RANKL mRNA were determined by RT-PCR.  A: Agarose 

gel electrophoresis of the products of PCR using specific primers for RANKL or GAPDH.  

B: Relative density of  RANKL mRNA to GAPDH mRNA.  The results shown are the 

mean ± SD of five independent experiments. 

 

Figure 7   Tissue inhibitors of matrix metalloprotease (TIMPs) or matrix 

metalloproteases (MMPs) mRNA expressions with the application of tensile stress with 

or without LPS in PDL cells.  PDL cells were seeded at a density of 1.0 × 105 cells/well, 

and cultured for 3 days.  Then, cells were incubated with LPS (1 µg/ml) (+) or vehicle (-) 

and loaded with (+) or without (-) tensile stress with 20% elongation at 10 cycles/min for 

48 hours.  Total RNA was extracted, and then the expression levels of TIMP-1, -2 (A and 
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B), MMP-1 or -2 (C and D) mRNA were determined by RT-PCR.  A: Agarose gel 

electrophoresis of the products of PCR using specific primers for TIMP-1, -2 or GAPDH.  

B: Relative density of expression levels of TIMP-1 or -2 mRNA to GAPDH mRNA.  C: 

Agarose gel electrophoresis of the products of PCR using specific primers for MMP-1, -2 

or GAPDH.  D: Relative density of MMP-1 or -2 mRNA to GAPDH mRNA.  The results 

shown are the mean ± SD of five independent experiments.  * Significant difference from 

stress (-) culture (P<0.05): Student’s t–test. 

 

Figure 8   Effects of inhibitors on TIMP-1 mRNA expression induced by tensile stress in 

PDL cells.  PDL cells were seeded at a density of 1.0×105 cells/well, and cultured for 3 

days.  Then, cells were cultured in medium containing cycloheximide (10 µM), 

indomethacin (10 µM), genistein (20 µM), PD098059 (10 µM), cytochalasin B (10 µM), 

Y-27632 (10 µM) or vehicle (control).  The cells were cultured with (+) or without (-) 

loading with tensile stress with 20% elongation at 10 cycles/min for 48 hours.  Total RNA 

was extracted from the cells, the expression levels of TIMP-1 mRNA were determined by 
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RT-PCR.  A: Agarose gel electrophoresis of the products of PCR using specific primers 

for TIMP-1 or GAPDH.  B: Relative density of TIMP-1 mRNA to GAPDH mRNA.  The 

results shown are the mean ± SD of five independent experiments.  * Significant 

difference from stress (-) culture (P<0.05): Student’s t–test. 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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