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Abstract Enamel matrix derivative (EMD) used to pro-
mote periodontal regeneration has been shown to exert anti-
inflammatory effects. This in vitro study was performed to
investigate if the anti-inflammatory actions of EMD are
modulated by the local cellular environment, such as
inflammation or occlusal, i.e., biomechanical, loading.
Human periodontal ligament cells were seeded on BioFlex
plates and incubated with EMD under normal, inflamma-
tory, and biomechanical loading conditions for 1 and 6 days.
In order to mimic inflammatory and biomechanical loading
conditions in vitro, cells were stimulated with interleukin
(IL)-13 and exposed to dynamic tensile strain, respectively.
The gene expression of IL-1f3, IL-1 receptor antagonist
(IL-1RN), IL-6, IL-8, IL-10, and cyclooxygenase (COX)-2
was analyzed by real-time RT-PCR and the IL-6 protein
synthesis by enzyme-linked immunoassay. For statistical
analysis, Student's ¢ test, ANOVA, and post-hoc compari-
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son tests were applied (p<0.05). EMD downregulated
significantly the expression of IL-13 and COX-2 at 1 day
and of IL-6, IL-8, and COX-2 at 6 days in normal
condition. In an inflammatory environment, the anti-
inflammatory actions of EMD were significantly enhanced
at 6 days. In the presence of low biomechanical loading,
EMD caused a downregulation of IL-13 and IL-8, whereas
high biomechanical loading significantly abrogated the
anti-inflammatory effects of EMD at both days. Neither
IL-1RN nor IL-10 was upregulated by EMD. These data
suggest that high occlusal forces may abrogate anti-
inflammatory effects of EMD and should, therefore, be
avoided immediately after the application of EMD to
achieve best healing results.

Keywords EMD - Wound healing - Biomechanical
loading - Inflammation - Periodontium

Introduction

Periodontitis represents a multifactorial inflammatory
disease and is characterized by the destruction of
periodontal tissues. Periodontopathogenic microorgan-
isms, their components, and products from the subgin-
gival biofilm trigger the production of inflammatory
molecules, such as interleukin (IL)-13, IL-6, IL-8, and
cyclooxygenase (COX)-2, by infiltrating immunoinflam-
matory and resident cells of the periodontium and,
thereby, initiate and perpetuate soft tissue degradation
and bone resorption [1—4]. Although anti-inflammatory
cytokines, such as IL-1 receptor antagonist (IL-1RA
encoded by IL-1RN) and IL-10, are also produced by
periodontal and inflammatory cells, the balance is shifted
toward inflammation [5, 6].
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The main goal of periodontal therapy is to arrest the
inflammatory and tissue-destructive processes by removing
the subgingival biofilm and creating a local environment
and microflora which is compatible with periodontal health.
However, conventional periodontal treatment, which com-
prises nonsurgical or surgical debridement, sometimes
applied in combination with antibiotics, achieves periodon-
tal healing mainly by repair but not by reconstitution of the
initial form, structure, and architecture, i.e., regeneration, of
the lost periodontal tissues [7, 8]. Several bioactive
molecules have been suggested to promote periodontal
regeneration, enamel matrix derivative (EMD) being one of
them. EMD has been shown in preclinical and clinical
studies to support the formation of periodontal ligament
(PDL), cementum, and bone [9-14].

Interestingly, in addition to its role in periodontal
regeneration, EMD seems to reduce the incidence of
postoperative pain/swelling and to accelerate wound heal-
ing, suggesting an anti-inflammatory role for EMD in
periodontal healing [12, 15-18]. Healing is mainly charac-
terized by inflammation, cell migration, and proliferation,
followed then by matrix deposition and, finally, tissue
remodeling [19, 20]. Parkar and Tonetti have revealed that
EMD downregulates the expression of genes involved in
the early inflammatory phase of periodontal wound healing,
while simultaneously upregulating genes encoding growth
and repair-promoting molecules [21]. These findings are in
accordance with observations by Myhre and co-workers,
who found that EMD limits the release of proinflammatory
cytokines from stimulated blood cells, suggesting that EMD
has anti-inflammatory properties [22]. Similarly, EMD has
been shown to exhibit anti-inflammatory properties in rat
monocytes, which were exposed to bacterial lipopolysac-
charide [23]. All these studies suggest that EMD may
support periodontal healing by downregulation of proin-
flammatory molecules and, thereby, shortening the inflam-
matory stage of healing.

The cell culture conditions chosen in most in vitro
studies on EMD undoubtedly allowed to assess the full
potential of EMD and helped unravel the mechanism
whereby EMD directs healing under optimal conditions.
Clinically, the beneficial effects of EMD may be jeopar-
dized by the local cellular environment, such as inflamma-
tion because of a residual periodontal infection, or
biomechanical loading. The periodontium comprises load-
bearing tissues, and teeth affected by periodontitis are
frequently subject to comparatively high occlusal, i.e.,
biomechanical, forces during mastication and functional
dental habits. However, the role of biomechanical signals in
the response of periodontal cells to bioactive molecules has
yet to be eclucidated. A better understanding of the
interactions between regenerative molecules, biomechanical
forces, and inflammatory mediators may improve the
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outcome of regenerative treatment approaches with bioac-
tive molecules in periodontally diseased patients. The aim
of this in vitro study was therefore to investigate whether
the anti-inflammatory effects of EMD are modulated by
biomechanical and inflammatory signals.

Materials and methods
Cell culture

PDL cells were harvested from six donors, who had to
undergo tooth extraction for orthodontic reasons. Approval
of the ethics committee of the University of Bonn and
informed parental consent were obtained. Cells were
dissected from the mid-third portion of the roots of the
periodontally healthy and caries-free teeth grown in
Dulbecco's minimal essential medium (Invitrogen®,
Karlsruhe, Germany) supplemented with 10% fetal bovine
serum (FBS, Invitrogen®), 100 units penicillin, and 100 pg/
ml streptomycin (Biochrom®, Berlin, Germany) at 37°C in
a humidified atmosphere of 5% CO,; seeded (50,000 cells/
well) on BioFlex® collagen-coated culture plates (Flexcell
International, Hillsborough, USA); and grown to 80%
confluence. One day before experiments, the FBS concen-
tration was reduced to 1%, and the medium was changed
every other day. Cells were used between passages 3 and 5.

In vitro inflammation and biomechanical loading

PDL cells were stimulated with EMD (0.1 mg/ml;
Straumann AG, Basel, Switzerland) dissolved in 0.1%
acetic acid (Fisher Scientific, Schwerte, Germany) in PBS
(PAA Laboratories, Colbe, Germany) under normal, in-
flammatory, or biomechanical loading conditions. Cells in
the absence of EMD under these conditions served as
control. In order to mimic inflammation in vitro, cells were
stimulated with IL-13 (1 ng/ml; Calbiochem, San Diego,
USA), the levels of which are raised in the gingival
crevicular fluid and gingival tissues at inflamed periodontal
sites [24-27]. Biomechanical loading conditions were
created by exposing PDL cells to equibiaxial cyclic tensile
strain (CTS) of low (CTSL, 3%) and high (CTSH, 20%)
magnitudes at a rate of 0.05 Hz by using a strain device,
which was developed at the University of Bonn. This
system had already been used for the application of static
strain in previous studies [28, 29]. Briefly, the BioFlex®
culture plates were positioned in such a way that posts were
centered directly beneath the flexible-bottom wells of the
plates. By cyclic upward and downward movement of a
moving table, which was located directly above the culture
plate, the flexible membrane of each well was pulled over
the posts, which caused the cells grown on the flexible
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membrane to be dynamically stretched. In order to unravel
the intracellular signaling induced by EMD, some cells
were preincubated with a specific nuclear factor-kB (NF-
kB) inhibitor [pyrrolidine dithiocarbamate (PDTC), 10 uM;
Calbiochem] or a SMADI/5/8 inhibitor (dorsomorphin,
5 uM; Calbiochem) 1 h prior to the experiments.

Real-time RT-PCR

In order to analyze the effect of EMD at transcriptional
level, RNA was extracted with a Qiagen® RNA extraction
kit (Qiagen®, Hilden, Germany) and reverse transcribed
with iScript™ Select cDNA Synthesis Kit (Bio-Rad,
Munich, Germany) at 42°C for 90 min followed by 85°C
for 5 min. The expression of IL-13, IL-1RN, IL-6, IL-8,
IL-10, COX-2, and GAPDH was analyzed by real-time
RT-PCR using the iCycler iQ detection system (Bio-Rad),
SYBR Green (Qiagen®) and specific primers (QuantiTect
Primer Assay, Qiagen®). One microliter of ¢cDNA was
amplified as a template in a 25-pl reaction mixture containing
12.5-ul 2x QuantiFast SYBR Green PCR Master Mix
(Qiagen®), 2.5 ul of primers, and deionized water. The mixture
was heated initially at 95°C for 5 min and then followed by
40 cycles with denaturation at 95°C for 10 s and combined
annealing/extension at 60°C for 30 s. For data analysis, the
comparative threshold cycle method was applied [30].

ELISA

Concentration of IL-6 in cell supernatants was measured by
a commercially available enzyme-linked immunoassay
(ELISA) kit (RayBiotech, Norcross, USA) according to
the manufacturer's instructions and a microtiterplate reader
(PowerWave X, BioTek Instruments, USA) at 450 nm. Data
were normalized by cell number.

Data analysis

The statistical analysis was performed by using SPSS 17.0
(SPSS Inc., USA). Mean values and standard errors of the
mean were calculated (n=6). For statistical analysis,
Student's 7 test as well as ANOVA with post-hoc Dunnett's
and Tukey's tests were applied (p<0.05). Experiments were
repeated at least twice.

Results

Effects of EMD on inflammatory mediators in normal
condition

At 1 day, EMD downregulated significantly the mRNA
expression of IL-13 and COX-2 as compared to control.

Although EMD also reduced the IL-8 mRNA expression,
the inhibitory effect was not significant. IL-6 was the only
inflammatory mediator, the gene expression of which was
significantly increased in EMD-treated cells as compared to
control (Fig. 1a). At 6 days, EMD had no effect on the IL-
13 mRNA expression and caused a significant IL-6, IL-8,
and COX-2 mRNA downregulation (Fig. 1b). The regula-
tory effects of EMD on IL-6 were also analyzed and
confirmed at protein level. While IL-6 protein levels in
supernatants were significantly increased by EMD at 1 day,
significant lower levels of IL-6 protein were measured in
EMD-treated cells as compared to control at 6 days (Fig. 1c).
Furthermore, incubation of cells with PDTC, a specific
inhibitor of NF-kB signaling, partially abrogated the stimu-
latory effect of EMD on the IL-6 mRNA expression
(Fig. 1d). By contrast, dorsomorphin, which inhibits SMAD
signaling, did not interfere with the stimulation of IL-6 gene
expression by EMD (data not shown).

Actions of EMD on inflammatory mediators in the presence
of IL-1f3

Next, we wondered whether the gene expressions of IL-13,
IL-6, IL-8, and COX-2 are regulated by EMD in an
inflammatory environment. As shown in Fig. le, EMD
caused a significant decrease of mRNA levels for IL-1f3
and COX-2 but not IL-6 and IL-8 under inflammatory
condition at 1 day. By contrast, the mRNA expression of all
molecules was significantly reduced when cells were
exposed to EMD for 6 days in this condition (Fig. 11).

Regulation of inflammatory mediators by EMD in low
biomechanical loading

Since PDL represents a load-bearing tissue, we also studied
if low biomechanical strain would alter the response of cells
to EMD with regard to the expression of proinflammatory
molecules. At 1 day, the gene expression of IL-1(3 and
IL-8 in cells exposed to low biomechanical forces was
downregulated by EMD but a significant reduction was
only observed for IL-8 (Fig. 2a). Furthermore, EMD
induced an IL-6 mRNA upregulation and did not exert a
regulatory effect on COX-2 gene expression (Fig. 2a).
Similarly, EMD raised the IL-6 mRNA level at 6 days
(Fig. 2b). Moreover, mRNA levels of IL-1{3 and IL-8 were
again decreased and of COX-2 not altered in EMD-treated
cells at this time point (Fig. 2b).

Regulation of inflammatory mediators by EMD in high
biomechanical loading

In cells exposed to high biomechanical strain, EMD did not
induce a significant mRNA downregulation of any inflam-
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Fig. 1 Effect of EMD on IL-1§, IL-6, IL-8, and COX-2 under normal
and inflammatory conditions. Regulation of IL-1f3, IL-6, IL-8, and
COX-2 mRNA expression by EMD under normal condition at 1 day
(a) and 6 days (b). Asterisk, significantly different from control. IL-6
protein concentration in supernatants of cells cultured in the presence
and absence of EMD under normal condition for 1 and 6 days (c).
Asterisk, significant difference between groups. Effect of PDTC, a

matory mediator at 1 day. By contrast, the IL-6 mRNA
expression was significantly increased by EMD (Fig. 2c¢).
At 6 days, the gene expression of IL-6 and COX-2 was
significantly upregulated by EMD, whereas no significant
effects of EMD on the IL-1(3 and IL-8 mRNA expression
were observed (Fig. 2d). EMD also caused a significant
increase in protein levels for IL-6 at 1 and 2 days, as
revealed by ELISA (Fig. 2e, f). The highest IL-6 protein
synthesis was observed in cells which were treated with
EMD and simultaneously exposed to high biomechanical
forces (Fig. 2e, f).

Effect of EMD, biomechanical loading, and IL-1[3
on anti-inflammatory cytokines

Finally, we sought to investigate if EMD, biomechanical

forces, or IL-1f3 can regulate the gene expression of anti-
inflammatory cytokines in PDL cells under normal condi-
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specific inhibitor of NF-«kB signaling, on the EMD-induced upregu-
lation of IL-6 under normal condition at 1 day (d). Asterisk, significant
difference between groups. Actions of EMD on IL-1§3, IL-6, IL-8, and
COX-2 mRNA expression in the presence of IL-1f3, i.e., under
simulated inflammatory condition at 1 days (e) and 6 days (f).
Asterisk, significantly different from control

tion. EMD and biomechanical loading caused a significant
downregulation of IL-1RN gene expression, whereas IL-1f3
significantly increased the mRNA expression of this
molecule at 1 day (Fig. 3a). At 6 days, the IL-IRN mRNA
expression was upregulated by IL-1(3 and additionally by
biomechanical loading but not affected by EMD (Fig. 3b).
EMD, biomechanical loading, and IL-1(3 reduced signifi-
cantly the mRNA expression of IL-10 at 1 day (Fig. 3c). At
6 days, the IL-10 gene expression was significantly
regulated only by IL-13, which exerted a stimulatory effect
(Fig. 3d).

Discussion
The major and novel finding of this in vitro study is that

biomechanical loading and a proinflammatory environment
modulate the anti-inflammatory effects of EMD. While the
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Fig. 2 Effect of EMD on IL-1f3, IL-6, IL-8, and COX-2 under low
and high biomechanical loading conditions. Regulation of IL-13, IL-
6, IL-8, and COX-2 mRNA expression by EMD under low
biomechanical loading at 1 day (a) and 6 days (b) and under high
biomechanical loading at 1 day (¢) and 6 days (d). Asterisk,

inhibitory actions of EMD on proinflammatory cytokines
were enhanced under simulated inflammatory condition, no
significant inhibition of these molecules by EMD was
observed in the presence of high biomechanical loading.
These findings suggest that high occlusal forces may
possibly abrogate anti-inflammatory effects of EMD and
should therefore be avoided immediately after the applica-
tion of EMD to achieve best healing results.

Periodontitis represents an inflammatory disease caused
by periodontopathogenic microorganisms in the subgingi-
val biofilm, which trigger the production of inflammatory
molecules [1-4]. It has been reported that EMD may reduce
the incidence of postoperative pain/swelling and accelerate
gingival wound healing, suggesting an anti-inflammatory
role for EMD in addition to its stimulating effects on
periodontal regeneration [12, 15—18]. The sequential stages
of healing are inflammation, cell migration and prolifera-
tion, matrix deposition, and, finally, tissue remodeling [19,
20]. EMD has been shown to downregulate the expression
of genes involved in the early inflammatory phases of
healing and to limit the release of proinflammatory

significantly different from control. IL-6 protein concentration in
supernatants of cells cultured in the presence and absence of EMD
and/or biomechanical loading (3% or 20%) for 1 days (e) and 2 days
(f). Asterisk, significant difference between groups

cytokines from stimulated blood cells [21, 22]. These in
vitro and clinical studies suggest that EMD can accelerate
periodontal healing by downregulation of proinflammatory
molecules and, thereby, shortening of the inflammatory
stage of healing. In the present study, we sought to examine
if the anti-inflammatory properties of EMD are altered in
the presence of biomechanical and inflammatory signals.
First, we studied if EMD would downregulate the expres-
sion of proinflammatory mediators under normal condition,
i.e., in the absence of biomechanical loading and inflam-
mation. This cell culture condition has been chosen in most
in vitro studies on EMD and undoubtedly allowed to assess
the full potential of EMD. EMD caused an mRNA
downregulation of proinflammatory mediators in the pres-
ent study up to 6 days, which supports the assumption that
EMD may play a role in dampening inflammation.

Next, we wondered how the regulation of inflammatory
mediators by EMD would be altered under simulated
inflammatory conditions. Interestingly, the EMD-induced
effects were similar to those observed at normal condition
and even enhanced at 6 days, indicating that the full anti-
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Fig. 3 Effect of EMD, biomechanical loading, and IL-13 on IL-IRN
and IL-10. Actions of EMD, low (CTSL) and high (CTSH)
biomechanical loading, and IL-1f3 on IL-1IRN mRNA expression at

inflammatory potential of EMD does not develop until cells
are exposed to an inflammatory environment. In vivo, cells
can face inflammation due to a residual infection at the sites
where EMD is to be applied but also because of wounding
of the periodontal tissues due to the surgical trauma. In
order to mimic an inflammatory environment, cells were
treated with the proinflammatory cytokine IL-1[3, which is
increased in gingiva and gingival crevicular fluid at
inflamed sites [24-27]. IL-13 was applied at a concentra-
tion of 1 ng/ml, which is in the range of levels usually
found in the gingival crevicular fluid of periodontally
diseased patients.

The periodontium is subject to complex biomechanical
forces during mastication, dental trauma, and functional
dental habits. A more recent study focused on the
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relationship between occlusal loading and periodontitis on
an individual tooth level and demonstrated an association
between occlusal overloading caused by untreated occlusal
discrepancies and the progression of periodontitis [31, 32].
Notably, elimination of tooth overloading significantly
reduced the progression of periodontitis over time. These
findings implicate that biomechanical forces can interfere
with the progression and treatment of periodontitis. There-
fore, we also studied how biomechanical forces would
affect the anti-inflammatory potential of EMD observed
under normal and inflammatory conditions. While EMD
downregulated the IL-13 and IL-8 mRNA expression in the
presence of low biomechanical forces, the inhibitory
actions of EMD on the gene expression of these cytokines
were abrogated when cells were exposed to high biome-
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chanical forces. Moreover, expression and synthesis of IL-6
were significantly upregulated by EMD. These findings
suggest that the anti-inflammatory potential of EMD is lost
under high biomechanical loading conditions. Therefore, it
is tempting to speculate that high occlusal loading may lead
to a delayed and less-favorable healing as compared to low
occlusal loading at EMD-treated teeth after surgery.

Since upregulation of anti-inflammatory molecules may
represent another mechanism whereby EMD can inhibit
inflammation, we also studied the effect of EMD on IL-
IRN and IL-10. Interestingly, EMD did not stimulate either
IL-1RN or IL-10 mRNA expression at 1 and 6 days, which
suggests that the anti-inflammatory actions of EMD may
mainly be mediated by downregulation of proinflammatory
mediators but not upregulation of anti-inflammatory mole-
cules. Notably, the mRNA expression of IL-1RN and IL-10
was mainly enhanced in the presence of IL-1{3, which may
represent a negative feedback loop.

In the present study, we examined the effect of EMD on
the gene expression of IL-1f3, IL-6, IL-8, COX-2, IL-RN,
and IL-10 because these molecules are thought to play a
key role in periodontal inflammation and have been shown
to be produced by PDL cells [1-4]. In addition, previous
studies had revealed that some of these molecules are
regulated by EMD in blood cells [22, 23]. However, other
inflammatory mediators are also very likely involved in the
pathogenesis of periodontitis and whether these molecules
are also regulated by EMD has yet to be determined.

In order to study the influence of biomechanical loading
on possible anti-inflammatory effects exerted by EMD,
tensile strain was applied. In a clinical setting, PDL cells
are subject to complex forces, i.e., tension, compression,
and shear. Whether compressive, shear, and even combined
forces exert similar effects as observed for tensile strain
alone in our experiments has yet to be elucidated.

PDL cells were incubated with 0.1 mg/ml of EMD
because this concentration had been used by several
investigators before and ensured that our data were
comparable with those in other studies [21, 33-35].
However, the ability of high biomechanical forces to
abrogate the anti-inflammatory effects of EMD, as seen in
the present study, may depend on the EMD concentration
applied.

It has been reported that EMD exploits for its effects in
the SMAD and ERK signal transduction pathways [36, 37].
In the present study, EMD caused an upregulation of the
IL-6 mRNA expression via NF-kB but not SMAD
signaling. However, since incubation with the NF-kB
inhibitor did not completely suppress the IL-6 upregulation
by EMD, additional pathways seem to be involved in the
actions of EMD. Furthermore, the mechanisms whereby
biomechanical strain and IL-1{3 modulate EMD effects are
yet to be elucidated. Agarwal and co-workers have shown

that high biomechanical forces can exert proinflammatory
effects like IL-1 by using NF-kB [38]. However, in the
present study, high biomechanical strain and IL-1{ differed
in their influence on the anti-inflammatory effects of EMD,
suggesting that different regulatory mechanisms play a role.
It is also conceivable that the anti-inflammatory effects of
EMD are regulated at receptor level by biomechanical
forces and IL-1(3. So far, the involved receptors for EMD
are not fully known. Certainly, receptors for transforming
growth factor and bone morphogenetic proteins are in-
volved in EMD effects, since EMD seems to contain and
induce these growth factors [21, 36, 39—41]. Future studies
should unravel which receptors are required for the anti-
inflammatory effects of EMD and how the subsequent
signaling is regulated by biomechanical and inflammatory
signals.

In the present study, the regulatory effects of EMD on
proinflammatory and anti-inflammatory mediators were
mainly examined at transcriptional level. Since IL-6 has
recently gained increased attention due to its critical role in
T cell differentiation, we especially focused on IL-6 and
additionally investigated the regulation of this cytokine at
protein level [42—44]. Although the EMD-induced alter-
ations in IL-6 gene expression were paralleled with similar
changes at protein level, mRNA levels do not always
equate with protein synthesis and secretion. The results for
the other molecules, which were only studied at transcrip-
tional level, should therefore be interpreted with caution.

Taken together, our findings show for the first time that
biomechanical loading and a proinflammatory environment
modulate the anti-inflammatory effects of EMD. While
anti-inflammatory actions of EMD were enhanced under
simulated inflammatory conditions, high biomechanical
loading abrogated the anti-inflammatory effects of EMD.
Within the limits of this in vitro study, we conclude that
high occlusal tooth loading may reduce the anti-
inflammatory effects of EMD and, thereby, lead to a
delayed and/or less-favorable healing immediately after

surgery.
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