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Abstract
Objectives Mechanical loading is a potential activator of in-
flammation and able to stimulate factors for periodontal and
alveolar bone destruction. Aim of this study was to investigate
the inflammatory response and synthesis of proteinases by
human periodontal ligament fibroblast (HPdLF) dependent
on different strengths of static tensile strain (STS).
Materials and methods HPdLFs were loaded with different
STS strengths (1, 5, and 10 %) in vitro. Gene expressions of
cyclooxygenase (COX)-2 and interleukin (IL)-6 were ana-
lyzed by quantitative real-time polymerase chain reaction.
Production of IL-6, prostaglandin E2 (PGE2), matrix metal-
loproteinase (MMP)-8, and tissue inhibitors of matrix metal-
loproteinase (TIMP)-1 were measured by enzyme-linked
immunosorbent assay. Receptor activator of nuclear factor-
kappa ligand (RANKL) synthesis was detected by immuno-
cytochemical staining.
Results Ten percent STS led to an increased gene expression of
IL-6 and COX-2 (34.4-fold) in HPdLF, and 1 and 5 % STS
slightly reduced the gene expression of IL-6. Synthesis of IL-6
was significantly reduced by 1 % STS and stimulated by 10 %
STS. Ten percent STS significantly induced PGE2 production.
RANKL was not detectable at any strength of STS. MMP-8
synthesis showed significantly higher values only at 10% STS,

but TIMP-1 was stimulated by 5 and 10 % STS, resulting into
highest TIMP-1/MMP-8 ratio at 5 % STS.
Conclusions High-strength STS is a potent inducer of peri-
odontal inflammation andMMP-8, whereas low-strength STS
shows an anti-inflammatory effect. Moderate-strength STS
causes the highest TIMP-1/MMP-8 ratio, leading to appropri-
ate conditions for reformation of the extracellular matrix.
Clinical relevance Furthermore, this study points out that
the strength of force plays a pivotal role to achieve ortho-
dontic tooth movement without inducing periodontal inflam-
mation and to activate extracellular matrix regeneration.

Keywords Orthodontic tooth movement . Aseptic
inflammation . Static strain . Parodontitis

Introduction

Tensile forces applied to the tooth during orthodontic therapy
are transmitted to the periodontal ligament (PDL), which is
composed of cellular and extracellular components. The
predominant cell types such as human periodontal ligament
fibroblasts (HPdLFs) and undifferentiated mesenchymal and
epithelial cells are then exposed to a tensile strain [1].

Parodontitis represents a multifactorial inflammatory dis-
ease that can cause the destruction of periodontal ligament.
When stimulated by microorganisms and products of the
subgingival biofilm, the production of inflammatorymolecules
such as interleukin (IL)-6, cyclooxygenase (COX)-2, and pros-
taglandin E2 (PGE2) by infiltrating immunoinflammatory and
resident cells of the periodontium initiates and perpetuates soft
tissue degradation and bone resorption [2–4].

The mechanical forces during orthodontic therapy can also
cause an increased production of these cytokines by the PDL
cells [5, 6]. This is called aseptic inflammation because these
cytokines are usually caused by an inflammation associated with
a bacterial component. However, the effect of these cytokines is
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the same as during inflammation. They attract macrophages
and promote their differentiation to osteoclasts, leading to
bone resorption [7].

The receptor activator of the nuclear factor-kappa ligand
(RANKL) is an important activator for bone and root resorp-
tion via osteoclast activation. RANKL is known to be
upregulated in different cells by inflammation or mechanical
loading, especially due to compressive forces [8–10].

Matrix metalloproteinases (MMPs) play a central role in
PDL remodeling both physiologically and pathologically
due to their ability to cleave native triple-helical interstitial
collagens. Active remodeling of PDL must occur in order to
cope with orthodontic force and mechanical loading during
orthodontic treatment. It is known that orthodontic forces
upregulate the production of MMP-1 and MMP-8, particu-
larly on the compression site of tooth movement [11].

In contrast, tissue inhibitors of matrix metalloproteinases
(TIMPs) are endogenous inhibitors of matrix degradation by
binding to active MMPs, downregulating their activity, and
help to regenerate the extracellular matrix on the tension site
of tooth movement [12].

During orthodontic treatment, cyclic forces are applied
to the teeth by a multibracket appliance overlaid with oc-
clusal forces. These forces are simulated in vitro by cyclic
tensile strain [13]. Modern materials as nickel titanium coil
springs are able to provide continuous forces during tooth
movement [14, 15]. These continuous forces lead to a static
tensile strain in the PDL. The cellular response to tensile
strain depends on the magnitude, frequency, and type of the
tensile strain imposed. The effect of cyclic tensile strain on
the expression of inflammatory molecules and MMPs has
been demonstrated using different cell types [16, 17].
However, few reports have examined the correlation be-
tween different strengths of cyclic tensile strain and the
cellular activity of PDL cells, including inflammation cy-
tokines and extracellular matrix metabolism [18, 19]. The
relationship between static tensile strain (STS) and the
development of periodontal inflammation and the synthesis
of MMPs and TIMPs by HPdLF is not yet known, partic-
ularly with respect to varying STS strengths.

The aim of this in vitro study was, therefore, to investigate
whether the production of the inflammatory cytokines IL-6,
PGE2, RANKL, or the proteinase MMP-8 and its controller
TIMP-1 by HPdLF is dependent on the STS strength.

Material and methods

Cell culture

Cell cultures were prepared and maintained according to stan-
dard cell culture procedures. Commercially available HPdLFs
(Lonza, Basel, Schweiz) were maintained in the Dulbecco's

modified Eagle's medium (DMEM; Invitrogen, Carlsbad,
USA) containing 10 % FCS, 1 % L-glutamine, and 1 %
penicillin/streptomycin/neomycin. The cells were cultured in
an incubator with 5 % CO2 and 95 % air at 37 °C. Cells were
passaged at regular intervals depending on their growth charac-
teristics using 0.05 % trypsin–EDTA solution (PAA, Pasching,
Austria). Cells were used for experiments at passages 4 to 6.

Tensile strain devices

As an experimental model of mechanical stretch, HPdLFs were
seeded at a density of 1.0×105 cells/well on six-well flexible-
bottomed plates coated with pronectin (Bioflex® plates;
Flexcell International Corporation, Hillsborough, USA) and
cultured in supplemented DMEM. Pronectin provides optimal
cell adhesion and simulates interaction of extracellular matrix
proteins with integrin receptors of the cells [20]. After 2 days
for cell attachment, spread and growth to a subconfluence
medium was replaced by a medium as described above, but
without fetal calf serum (starvation medium). A Flexercell
Strain Unit (Modell FX 3000, Dunn Labortechnik GmbH,
Asbach, Germany), which is capable of controlling the magni-
tude, type, and frequency of cell deformation, was used to
generate STS in cells. This unit was placed in a humidified
atmosphere of 5 % CO2 and 95 % air at 37 °C, and a vacuum
was applied across the plate surface according to instructions
provided by the manufacturer. Cells were subjected to STS of
1 % (0.7 cN/mm2), 5 % (3 cN/mm2), and 10 % (5.2 cN/mm2)
for 12 h to simulate low, moderate, and high forces.

Messenger RNA extraction and reverse transcriptase
polymerase chain reaction

Cells were detached with 0.05 % trypsin–EDTA solution direct-
ly after stretching and were individually harvested. Messenger
RNA (mRNA)was isolated using the peqGOLDTotal RNAKit
(peqLab Biotechnologie Gmbh, Erlangen, Germany). This in-
cluded a DNAse digestion step. Both the quantity (260 nm) and
quality (ratio, 260/280 nm) of the RNA were determined by
using the NanoDrop Spectrophotometer ND-100 (peqLab
Biotechnologie Gmbh, Erlangen, Germany). Reverse transcrip-
tion of RNA (100 ng) was performed by standard protocols with
GeneAmp PCR System 2400 (Perkin Elmer, Massachusetts,
USA) and iScript cDNA Synthesis Kit (Bio-Rad Laboratories,
Hercules, USA) in a total volume of 20 μl.

COX-2 and IL-6 primers (Eurofins MWG Operon,
Ebersberg, Germany) were designed using the NCBI nucle-
otide library and primer3 design to detect the mRNA levels
(Table 1). The primers had been matched to the mRNA
sequences of the target genes (NCBI Blast Software).

As housekeeping genes, actin and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were evaluated. We were
able to show the most stable expression for the actin and
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GAPDH by comparing the stretched versus non-stretched cells
using specialized freeware called GeNorm.

Quantitative real-time polymerase chain reaction (PCR) was
performed with the IQ5 I-Cycler and IQ5 Optical System
software version 2.0 (Bio-Rad Laboratories, Hercules, USA)
according to the manufacturer's instructions, which included an
initial denaturation at 95 °C, annealing temperature of 56 °C,
and an elongation temperature of 71 °C over 40 cycles. q-PCR
amplification was conducted with a reactionmixture containing
SYBR Green Supermix (Bio-Rad Laboratories, Hercules,
USA), an appropriate amount of paired primers, and 2 μl
template cDNA; the backgroundwas to determine the threshold
at the SYBR Green fluorescence curve at the exponential part.
This method was applied to calculate the cycle number and
cycle threshold (CT) value for quantitation. Furthermore, theCT

values of actin and GAPDH as housekeeping genes and the
individual primer efficacy were taken into account. Single
product formation was confirmed by melting point analysis.
Data were obtained from three individual experiments and
normalized to the CT of actin and GAPDH. CDNA from
individual cell experiments was analyzed in triplicate PCR.
The relative expression levels of each mRNA were evaluated
by using a modification of the ΔΔCT method [21].

Enzyme-linked immunosorbent assay

The production of IL-6, PGE2, MMP-8, and TIMP-1 was
measured in supernatants using the Human DuoSet IL-6
ELISA Development System, the Human DuoSet PGE2

ELISA Development System, the Human DuoSet MMP-8
ELISA Development System, and the Human DuoSet
TIMP-1 ELISA Development System (R&D Systems, Inc.,
Minneapolis, USA) according to the manufacturers' instruc-
tions using a microplate reader (Metertech, Inc., Taipei,
Taiwan). The assays were performed in triplicate.

Immunocytochemical staining

To illustrate the localization of RANKL after stretching
procedure, HPdLFs were fixed with methanol/acetone (1:1)
at −20 °C for 10 min. Cells were blocked with 0.25 %

casein/0.1 % bovine serum albumin (BSA) for 30 min at
room temperature. The antibody against RANKL (FL-317,
1:50 diluted in phosphate-buffered saline (PBS) with 1 %
BSA, rabbit antihuman; Santa Cruz Biotech, Heidelberg,
Germany) was incubated overnight at 4 °C. Staining was
visualized by using a serum (goat anti-rabbit) IgG (H + L)
conjugated with Alexa 594 for 45 min (1:50 diluted in PBS
with 1 % BSA; Life Technologies, Darmstadt, Germany).
Counterstaining (nuclear staining) was performed with 4′,6-
diamidine-2-phenylindole (DAPI) for 5 min. HPdLFs were
incubated with IL-1β (10 ng/ml) for 24 h as a positive
control, which is known to stimulate RANKL expression
[8, 22]. Photomicrographs of immunofluorescent staining
were made using the Keyence fluorescence microscope
(BZ-9000; Keyence, Osaka, Japan).

Statistical analysis

SPSS 19.0 (IBM-SPSS, Ehningen, Germany) was used for
statistical analyses. To detect any difference between the
groups, one-way ANOVA was used with the post hoc Tukey
test. A p value of <0.05 was considered statistically significant.

cDNA from individual cell experiments was analyzed in
triplicate PCR. The relative expression levels of each mRNA
were evaluated by using a modification of the ΔΔCT meth-
od. The mean values and standard deviations were calculated
using IQ5 Software (Bio-Rad Laboratories, Hercules, USA).
Each time point for relative mRNA is noted as the mean ±
standard deviation. Results from immunocytochemical stain-
ing were analyzed by descriptive statistics.

Results

Effects of STS on gene expression of IL-6 and COX-2

The key regulator gene of inflammation COX-2 showed a
31.4-fold upregulation compared to the unstretched control
cells at 10 % STS (p<0.001); 1 and 5 % STS did not cause an
increased gene expression compared to the unstretched con-
trol cells (Fig. 1).

Gene expression of the cytokine IL-6 increased at 10 %
STS, whereas 1 and 5 % STS caused a halving of IL-6 gene
expression (Fig. 1).

Effects of STS on PGE2, IL-6, and RANKL production

The production of PGE2 and IL-6 was detected in superna-
tants. HPdLF produced undetectable levels of PGE2 when
remaining unstretched or at 1 % STS, and low levels were
produced at 5 % STS (2.6 pg/ml). Ten percent STS stimu-
lated the production of PGE2 significantly to more than
47.9 pg/ml (p≤0.001; Fig. 2).

Table 1 Oligonucleotide primer sequences used for real-time PCR

Primer Sense Antisense

IL-6 ATCTCTGTACTTTG
CTTGCT

AGTACATGGATAT
TCCCAAA

COX-2 AGAACTGGTACAT
CAGCAAG

GAGTTTACAGGA
AGCAGACA

Actin GGAGCAATGATCT
TGATC

CCTTCCTGGGCA
TGGAG

GAPDH AAAAACCTGCCAA
ATATGAT

CAGTGAGGGTCT
CTCTCTTC
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HPdLF showed a significant decrease in IL-6 production
at 1 % STS compared to unstretched control cells (5.6 vs.
9.5 pg/ml, p≤0.005). Five percent STS led to an unchanged
IL-6 production, but 10 % STS increased the IL-6 production
of HPdLF significantly to 13.8 pg/ml (p≤0.005; Fig. 2).

RANKL was not detectable at immunocytochemical
staining after application of any strength of STS. RANKL
was only detectable in the positive control composed of
HPdLF after stimulation with the proinflammatory cytokine
IL-1β for 24 h, which is known to increase RANKL protein
synthesis (Fig. 3).

Effects of STS on MMP-8 and TIMP-1 production

Constitutive production of MMP-8 was very low (3.2 pg/ml)
and did not increase at 1 or 5 % STS. Ten percent STS,
however, significantly increased MMP-8 production of
HPdLF from 3.2 to 38.8 pg/ml (p≤0.001; Fig. 4).

According to the MMP-8 levels, HPdLF showed low
concentrations of TIMP-1 when remaining unstretched
(18.9 ng/ml) and at 1 % STS (17.9 ng/ml). However, 5 %
STS caused a significant increase in TIMP-1 production to
54.5 ng/ml, which was enhanced at 10 % STS to 71.2 ng/ml

(p≤0.002). TIMP-1/MMP-8 ratio was highest at 5 % STS
(Fig. 4).

Discussion

This study investigated for the first time the effect of different
strengths of STS on the expression and production of inflam-
mation cytokines and proteinases by HPdLF. STS in vitro
corresponds with the continuous force applied to the tooth
in vivo, e.g., by modern materials like nickel titanium coil
springs during orthodontic tooth movement [14, 23].

We were able to show an increased gene expression of
COX-2 and IL-6 at 10 % STS, accompanied by changes in

Fig. 1 Quantitative RT-PCR results for inflammation regulator genes
cyclooxygenase-2 (COX-2) and interleukin-6 (IL-6) in HPdLFs, ana-
lyzed after 12 h of STS at strengths of 1, 5, or 10 % relative to control
cells (0 %) (means ± SD). An asterisk represents a significant difference
between this value and the control (p<0.05)

Fig. 2 Prostaglandin E2 (PGE2) and interleukin-6 secretion in supernatant
liquor of HPdLFs, analyzed after 12 h of STS at strengths of 1, 5, or 10 %
relative to control cells (0 %) as measured by ELISA. Data are given in
picogram per milliliter. The black bar in the middle of each box represents
the median. The box includes all values between the 25th and 75th percen-
tiles. Whiskers indicate values still within the 1.5 interquartile range. An
asterisk represents a significant difference between the values under the lines
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the PGE2 and IL-6 protein production as a pro-inflammatory
response. One percent STS, however, led to a decreased gene
expression of IL-6 and its protein production, indicating an
anti-inflammatory effect of low-strength STS. Long et al.
investigated the effect of cyclic tensile strain on human
periodontal ligament cells in vitro, which mimics occlusal
forces or forces applied by a multibracket appliance in vivo.
They found an anti-inflammatory effect of cyclic strain with
low magnitude, corresponding with our results for STS [18].

Another study analyzed the COX-2, MMP-1 expression,
and PGE2 production in human patellar tendon fibroblasts
when applied to repetitive mechanical stretching. The au-
thors also described an anti-inflammatory effect of 4 %
stretching, whereas 8 % of stretching led to an increased
expression and production of COX-2, MMP-1, and PGE2

[24]. These and our results show that a tensile strain, regard-
less of whether it is cyclic or static, has a potential pro- or
anti-inflammatory effect on different types of fibroblasts,
depending on the strength of the strain.

It is important to know whether inflammation and ortho-
dontic strain impair the bone regeneration on the tension site of
tooth movement. Nokhbehsaim et al. analyzed the contribution

of tensile strain and IL-1β to inflammation-mediated periodon-
tal destruction. They concluded that the tensile strain and the
presence of inflammation do not lead to an augmentation of the
periodontal inflammation, but to a downregulation of matrix
and osteogenic proteins [19].

PGE2 at high dose is known to stimulate receptor activator
of nuclear factor kappa-B ligand gene expression, which
activates osteoclast differentiation, leading to bone and root
resorption [25]. RANKL was not increased by any strength
of STS, indicating that a tensile strain does not directly
induce RANKL synthesis in a strength-dependent manner
as it is known for compressive forces [8, 26]. The limit of our
study was the use of an in vitro model with a commercially
available cell line, which is an established experimental
setting but cannot imitate the in vivo situation of the peri-
odontal ligament completely [27]. Grant et al., however,
analyzed RANKL levels in the gingival crevicular fluid of
patients during orthodontic treatment. As consistent with our
in vitro results, they could also not detect an increased
RANKL level in vivo at tension sites [28], but the increased
synthesis of PGE2 at 10 % STS might lead to an increase of
RANKL at a later point of time. So, high levels of PGE2 at

Fig. 3 The expression of
receptor activator of the nuclear
factor-kappa ligand (RANKL)
was demonstrated on the protein
level using immunofluorescence
(red). Nuclei were
counterstained using DAPI
(blue). Positive control shows
detectable RANKL in the
cytoplasm of HPdLF after
stimulation with IL-1β (10 ng/
ml) for 24 h. HPdLF as control
(no stretch) and after application
of static mechanical strain (STS)
of 1, 5, and 10 % did not show
any detectable RANKL
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the tension site of tooth movement are not desirable because
they might interfere the apposition of new alveolar bone.

It has been demonstrated that MMPs and TIMPs regulate
matrix degradation. The balance between the activities of
MMPs in degradation of the extracellular matrix and TIMPs,
who control their activity, is believed to determine the rate of
this process [26, 29, 30]. Our data showed that 10 % STS
stimulated the synthesis of MMP-8 by HPdLF, which might
induce the degradation of the extracellular matrix. Analyzing
TIMP-1 synthesis showed that TIMP-1 was stimulated by
STS of 5 and 10 %. The related increased synthesis of TIMP-
1 at 10 % STS indicates that high forces do not degrade the
extracellular matrix, because TIMP-1 binds to activated
MMP-8 and inhibits its activity. Thus, 10 % STS rather
induces a high alteration of the extracellular matrix.

Another study investigated the expression of MMP-13
and TIMP-1 in mouse osteoblast cells when applied to cyclic
tensile strain and found a magnitude-dependent increase of
MMP-13 and TIMP-1 mRNA and protein levels starting at
6 % of elongation [16]. This study and our study can con-
clude that both cyclic and static tensile strains lead to a
strength-dependent increase of MMPs related with an in-
crease of TIMPs, resulting in an alteration, but not degrada-
tion of the extracellular matrix.

More important for the tension site of orthodontic tooth
movement is the reformation of the extracellular matrix,
which is promoted by TIMP-1 and its ratio to MMP-8.
TIMP-1/MMP-8 ratio was highest at 5 % STS, providing
favorable conditions for apposition of the extracellular ma-
trix at the tension site of tooth movement. Grant et al. [28]
and Bildt et al. [31] analyzed the expression of MMPs and
TIMP-1 in humans at different time points during tooth
movement in vivo. They both found a strong increase of
TIMP-1 on the tension site of tooth movement, indicating an
important role of TIMP-1 in promoting apposition of the
extracellular matrix at the tension site in vivo.

Bildt et al. also described elevated levels of MMP-1, MMP-
2, andMMP-9, but not ofMMP-8 [31]. Ingman et al., however,
detected MMP-8 in the gingival crevicular fluid of orthodontic
patients [32]. They concluded that different types of analysis
methods might be responsible for the varying results. Our
in vitro results give evidence that different strengths of force

Fig. 4 a Matrix metalloproteinase 8 (MMP-8) and tissue inhibitor of
matrix-metalloproteinase-1 (TIMP-1) secretion in supernatant liquor of
HPdLFs, analyzed after 12 h of STS at strengths of 1, 5, or 10 % relative
to control cells (0 %) measured by ELISA. Data are given in picogram
or nanogram per milliliter. b TIMP-1/MMP-8 ratio. The black bar in the
middle of each box represents the median. The box includes all values
between the 25th and 75th percentiles. Whiskers indicate values still
within the 1.5 interquartile range. An asterisk represents a significant
difference between the values under the lines

b
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applied to the patients might be responsible for the varying
results of the in vivo studies.

Conclusion

These findings point out potential stimulation of pro-
inflammatory cytokine production and MMP-8 synthesis in
periodontal fibroblasts at high-strength STS. However, low-
strength STS shows an anti-inflammatory effect. The highest
TIMP-1/MMP-8 ratio was found at 5 % STS, indicating the
best conditions for an increase of the extracellular matrix on
the tension site of tooth movement. The right strength of
mechanical strain plays a pivotal role to avoid aseptic in-
flammation during orthodontic treatment and to activate
extracellular matrix regeneration.
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