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Abstract
Objective Aim of this study was to investigate the impact of human PDL-derived fibroblasts (HPDF) and human alveolar bone-
derived osteoblasts (HABO) co-culture on the expression of cytokines involved in tissue remodeling using an in vitro compres-
sive force (CF) model.
Materials and methods Static compressive force (CF) of 47.4 g/cm2 was applied on mono- and co-cultured HPDFs and HABOs
for 1, 2, or 4 h at 30 °C. TNFA, PTGS2, and IL6 gene expressions were determined by quantitative real-time polymerase chain
reaction. TNF, PGE2, and IL6 concentrations were measured using enzyme-linked immunosorbent assay.
Results In mono-culture, TNFA, PTGS2, and IL6 gene expressions were upregulated under CF as compared to controls for each
time period in both cell types. PGE2 increased at 1 and 2 h in both cell types, and IL6 increased only at 2 and 4 h in HPDFs. Co-
culture alleviated the force-induced increase of the expression of TNFA, PTGS2, IL6, PGE2, and IL6 in HPDFs at any time point.
In HABOs, co-cultivation decreased the expression of PGE2 after 1 h and 4 h, and that of IL6 after 1 h compared tomono-culture.
Conclusions CF application on co-cultures of HPDFs and HABOs causes significant changes of TNFA, PTGS2, and IL6 gene
expressions and PGE2 and IL6 production in comparison to mono-culture indicating intercellular communication.
Clinical relevance Mechanical stimulation of HPDFs and HABOs in co-culture induces a different gene expression pattern than
stimulation of individual cell types alone. Co-culture might therefore be a relevant method to elucidate periodontal regeneration
during orthodontic therapy.
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Time factors

Introduction

The periodontal supporting tissue including the alveolar bone
keeps the teeth in their position in order to maintain their

normal physiological function [1]. Teeth are surrounded by a
layer of periodontal ligament, consisting of a heterogeneous
population of different cell types, among which are periodon-
tal ligament fibroblasts together with blood vessels, nerves,
and connective tissue fibers [2]. During orthodontic therapy,
mechanical forces are applied to the teeth. Within certain
limits, the periodontal ligament absorbs and distributes these
forces to the surrounding tissue compartments and induces a
subtle inflammatory response which is essentially mediated
by various cytokines and enzymes ultimately leading to tissue
remodeling in the surrounding alveolar bone [3, 4].

Numerous studies [5–8] evidenced that particularly pro-
inflammatory cytokines and enzymes normally involved in
physiological tissue homeostasis play pivotal roles in ortho-
dontically induced bone remodeling. Among others, the cyto-
kine tumor necrosis factor (TNF) is not only present under
inflammatory conditions [9] but plays a central role also
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during the exposure of the periodontal ligament against ortho-
dontic force [8]. Detailed analyses of the role of TNF in this
context shows that it gathers apoptotic bone cells under me-
chanical pressure, inhibits osteoblasts, and stimulates osteo-
clastogenesis [10], ultimately leading to a net bone resorption.
Also, interleukin 6 (IL6) is linked to the homeostasis of osse-
ous tissue [11, 12]. The lack of IL6 can impair the bone mass
via reduction of the number of osteoblasts [13, 14]. Moreover,
a previous study identified a significant role of IL6 in the
mediation of periodontal tissue remodeling during orthodontic
tooth movement [6]. Cyclooxygenase-2 (prostaglandin-
endoperoxide synthase 2, PTGS2) is one of the key regulators
for the production of the various prostaglandin entities includ-
ing prostaglandin E2, which is a strong inducer of bone re-
sorbing processes [7, 15]. PTGS2 is ubiquitously expressed
and is present within the periodontal tissue. Apart from genu-
ine inflammatory reactions, its expression is also amplified
under the influence of mechanical force [7, 15] ultimately
leading to an increasing production of PGE2 under mechanical
loading [16].

The metabolic pathways of periodontal ligament fibro-
blasts, osteoblasts, and osteoclasts are cross-linked via various
signaling cascades controlling and maintaining their physiol-
ogy [17, 18]. So far, intercellular communication during me-
chanical force loading cannot be fully elucidated. Most
in vitro studies use a single cell type (mono-culture) to inves-
tigate the effect of mechanical stimulation. Recently, commu-
nication between cells has received increasing attention using
co-culture techniques [18, 19]. Two kinds of experimental co-
cultivation setups are available to explore the reciprocities of
two cell types under loading conditions: direct- and indirect-
contact co-culture. Direct-contact co-culture (two cell types
are grown in contact to each other) is commonly used to in-
vestigate the molecular signaling pathways between cells [18].
Nevertheless, it is technically demanding to separate different
cell types which have been grown together in a direct-contact
co-culture following force application. Indirect-contact co-
culture [20] circumvents this obstacle since two different types
of cells share the same growth environment having no direct
contact to each other. Cells share the same culture medium,
but cytokines, growth factors, and other mediator molecules
can pass through a porous bio-membrane, separating both cell
types. This particular method of co-cultivation allows analyz-
ing and assessing different cells separately [20].

This study aimed to establish an indirect-contact co-culture
system of human PDL-derived fibroblasts (HPDFs) and alve-
olar bone-derived osteoblasts (HABOs) under static compres-
sive force (CF) application. Using this, it should be tested if
intercellular communication between HPDFs and HABOs ex-
ists and if it has an impact on the regulation of various me-
chanically induced cytokines, enzymes, and metabolites, i.e.,
TNF, PTGS2, IL6, and PGE2. The null hypothesis states that
there is no difference in expression and activation of these

mediators between cells in mono-culture and co-culture, re-
spectively. The primary endpoint was that the co-culture of
both cell types has significant impact on the expression of
the marker molecules tested herein. The null hypothesis was
that there is no difference when culturing the cells alone or
together. The secondary endpoint can be defined as the influ-
ence of the compressive force on the expression of the tested
marker molecules. The null hypothesis was that the compres-
sive force has no influence on the expression of these mole-
cules. A third endpoint was formulated regarding the effect of
the compressive force on the apoptosis. The null hypothesis
was that the force has no impact on the rate of cellular
apoptosis.

Materials and methods

Primary cell culture

Human periodontal ligament-derived fibroblasts (HPDFs)
were derived from first molars obtained from healthy peri-
odontal sites of patients extracted for orthodontic reasons.
They were generated using the explant technique according
to Somerman et al. [21]. Human alveolar bone-derived osteo-
blasts (HABOs) derived from alveolar bone obtained from a
patient undergoing orthognathic surgery [22]. The protocol
was approved by the Ethics Committee of the University
Hospital of the Ludwig-Maximilians-Universität Munich
(no. 045-09). Prior to enrolment into the study, each study
subject gave written informed consent. HPDFs were cultivat-
ed in Dulbecco’s Modified Eagle’s medium (Biochrom,
Berlin, Germany) supplemented with 10% fetal bovine serum
(FBS) (Sigma-Aldrich, St. Louis, MO, USA) and 2% L-gluta-
mine (Sigma-Aldrich, St. Louis, MO, USA). HABOs were
cultivated in Dulbecco’s Modified Eagle’s Medium/Nutrient
Mixture F-12 Ham (DMEM/F-12) (Sigma-Aldrich, St. Louis,
MO, USA) with 10% FBS and 2% MEM-vitamins
(Biochrom, Berlin, Germany). Both cell types were grown
in a standard cell culture incubator with 5% CO2 at 37 °C in
a humidified atmosphere. Cells were passaged at regular in-
tervals depending on their growth characteristics using 0.05%
trypsin-EDTA solution (Biochrom, Berlin, Germany). Cells at
the fifth passage were used in all experiments.

Force application with the centrifugal model

To mimic orthodontic force application, a modified centrifu-
gal model for induction of compressive force (CF) onto the
cell culture was used [23–25] (Fig. 1).

Temperature control and stability during centrifugation In
pre-tests, the temperature setting of the centrifuge (Sigma 4-
16 K, Sigma, Osterode am Harz, Germany) was calibrated
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using a temperature data logger (Thermochron iButton®,
DS1921H-F5, Maxim Integrated, San Jose, USA). This de-
vice measures the temperature at pre-defined intervals (here
set to 1 min) with an accuracy of ± 1 °C. Due to technical
reasons, the maximum temperature that could be kept stable
for up to 8 h was 30 °C at 200×g. Accordingly, all cell culture
experiments were done at 30 °C. Negative control samples
were cultured at 30 °C using an incubator (Binder,
Tuttlingen, Germany). The temperature within the incubator
was continuously monitored.

Preparation of mono-cultured cells for CF application HPDFs
and HABOs were seeded separately in 12-well plates at a
density of 1 × 105 cells/well. After 6 h, the medium was
changed to medium with reduced FBS (1%) and cultivation
was continued for 10 h. Afterwards, they were subjected to CF
application or served as negative controls as described above.

Preparation of cells in co-culture for CF application HPDFs
were seeded in 12-well plates at a density of 1 × 105 cells/well,
and HABOs at 5 × 104 cells/insert were seeded in ThinCert™
cell culture inserts (pore size, 1.0 μm; culture area,
113.1 mm2; Greiner Bio-One, Frickenhausen, Germany), thus
preventing cross-membrane migration of cells. After attach-
ment (about 6 h), cell culture media were removed. DMEM/F-
12 containing 1% FBS was added to the wells. The seeded
inserts were placed into the corresponding wells and DMEM/
F-12 medium was added to each well giving a total volume of
900 μL/well. They were co-cultivated for at least 10 h before
centrifugation. Centrifugation was done as described above.
The co-cultures were repeated with switched positions
(HPDFs in inserts and HABOs in wells) using identical cell
densities for insert and well as given above. Cell culture su-
pernatant of the whole well and cell lysates for total RNA
preparations were extracted from the cells in the wells after
removal of the inserts.

CF applicationAll centrifugations were done at 200×g for 1, 2,
and 4 h. This setting equals to 47.4 g/cm2 CF [25]. To shorten
total centrifugation time and to reach the temperature of 30 °C
more quickly, the centrifuge was pre-run at 800×g for 47 min
prior to the placement of cells. Cells in the negative control
groups received similar processing and were kept in the incu-
bator at 30 °C for the same time periods. For each cell type/
culture combination six replicates were done.

Apoptosis

Cellular apoptosis induction was tested after incubation at
30 °C for up to 4 h in comparison to 37 °C. HPDFs and
HABOs were seeded in 12-well plates with 1 × 105 cells/well,
followed by an overnight incubation at 37 °C with 5% CO2.
Plates representing the experimental (30 °C) and negative

control group (37 °C with 5% CO2) were incubated for 4 h
at the given temperatures. An apoptosis-positive control was
established using stimulation with 4 mM dithiothreitol
(Applichem, Darmstadt, Germany) for 24 h at 37 °C and 5%
CO2 in a humidified atmosphere [26]. Cells were stained
using the Multi-Parameter Apoptosis Assay Kit (Cayman,
Ann Arbor, MI, USA) according to the manufacturer’s proto-
col following the single-step staining protocol. Nuclear frag-
mentation was detected by Hoechst dye staining, reversal of
the mitochondrial membrane potential with TMRE, and the
flipping of the membrane lipids using Annexin V-FITC.
Immediately after staining, the cells were examined using an
EVOSfl fluorescence microscope (Invitrogen, Carlsbad, CA,
USA) at × 200 and × 400 magnifications. All test procedures
were repeated at least three times for each cell types.

Real-time polymerase chain reaction

Total RNA lysates of HPDFs and HABOs were prepared
using the Quick-RNA™ MicroPrep Kit (Zymo, Irvine, CA,
USA). After removal of the supernatant (and inserts, if appli-
cable), the cells seeded on the bottom of the wells were lysed
using the lysing solution provided with the Quick-RNA kit
(Zymo, Irvine, CA, USA). The cell lysates were passed
through QIAshredder™ columns (Qiagen, Hilden,
Germany). To remove impurities by genomic DNA, DNase I
digestion was done as suggested by the manufacturer (Zymo,
Irvine, CA, USA).

Total RNA was quantified using the NanoDrop1000
(Peqlab, Erlangen, Germany). From each sample, 600 ng total
RNA was reverse-transcribed into complementary DNA
(cDNA) using the SuperScript IV First-Strand Synthesis
System (Thermo Fisher Scientific, Waltham, MA, USA).

Mono-culture

Co-culture

F

F

Fig. 1 Schematic drawing of the experimental setup for force application
through centrifugation [modified after 34]. The right panel shows the
situation for the mono-culture (top) and co-culture (bottom) setup.
During centrifugation, the buckets swing out due to the centrifugal force

F
!

that is perpendicular to the growth plane of the cells in culture.
According to the manufacturer, the distance between insert and the bot-
tom of the well is less than 1 mm (Greiner Bio-One)
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The cDNA was then diluted 1:5 for real-time polymerase
chain reaction (real-time PCR) amplification.

Real-time PCR was carried out to determine the relative
expression of the TNFA, PTGS2, and IL6 genes in the cell
samples using Luminaris Color HiGreen qPCR-Mastermix
(Thermo Fisher Scientific, Waltham, MA, USA) in a
LightCycler® 480 (Roche Molecular Diagnostics, Basel,
Switzerland) according to the manufacturer’s protocol with
the following modifications: in addition to the qPCR
mastermix, each PCR reaction contained 2 μL of diluted
cDNA and 6 μM of each forward and reverse primers
(Table 1). A four-step cycling protocol was used that included
an additional data acquisition step (5 s) after the extension step
5 °C below the melting point of the specific PCR product
(Table 1) in a total of 45 PCR cycles. From a panel of ten
different reference genes (HHK-1, Real-Time Primers, LLC,
Elkins Park, PA, USA), beta-2-microglobulin (B2M) showed
no change in gene expression between experimental condition
and negative controls at all and was therefore used as the
reference gene. The ΔΔCq method was applied for quantifi-
cation of gene expression [18]. To evaluate the primer effi-
ciencies, standard curves prepared from serial dilutions of
cDNA (undiluted, 1:10, 1:100, 1:1000, and 1:10000) were
quantified in the LightCycler® 480 (Table 1). All cDNA sam-
ples were measured twice, giving a total of 12 PCR amplifi-
cations for each gene-cell type-culture combination.

Enzyme-linked immunosorbent assay

Cell culture supernatants were collected for enzyme-linked
immunosorbent assay (ELISA) quantification. The concentra-
tion of IL6, TNF, and PGE2 was measured using Duo Set
ELISA Kits (IL6, TNFα) or the PGE2 Parameter Assay kit
according to manufacturer’s instructions (R&D Systems,
Minneapolis, MN, USA). Measurements were done using
the Varioscan microplate reader (Thermo Electron
Corporation, Vantaa, Finland). All samples were measured
in triplicate. In co-culture setups, the cell type reported is the
one seeded on the bottom of the wells.

Statistics

Results were presented as mean ± standard error of mean
(SEM). To evaluate significant changes between groups (CF
vs. control; mono-culture vs. co-culture), the independent-
samples Mann-Whitney U test was applied using IBM SPSS
Statistics 25 (IBM Corp., Armonk, NY, USA). All test proce-
dures were two-tailed considering p values < 0.05 significant.
Since three genetic loci have been tested herein, the p values
were corrected for multiple testing applying the Bonferroni
procedure finally adjusting the level of significance pcorr to
0.017.

Results

Determination of temperature

Temperature development was recorded throughout all exper-
iments (Fig. 2). The room temperature was kept constant at 23
(± 1) °C. During application of compressive force (CF), the
temperature inside the centrifuge running at 200×g was 30.5
(± 1) °C. The mean temperature of the incubator used for the
negative controls was 30.0 (± 1) °C.

Influence of temperature on cell viability

Amulti-parameter kit was used for testing apoptosis progres-
sion at different time points under two different temperatures
(30 °C vs. 37 °C). Both, the experimental group at 30 °C and
the negative control group at 37 °C provided identical find-
ings (Fig. 3). There were no signs of apoptosis detectable up
to 4 h of incubation at both, 30 °C and 37 °C. Hoechst
staining showed that all cells presented with round shape
and intact nuclei. TMRE staining revealed that cells had
undisrupted mitochondrial membranes. Testing with
Annexin V was negative in all samples irrespective of culti-
vation temperature. In contrast, the apoptosis-positive con-
trols showed distinctly different staining patterns after 24 h
of apoptosis induction with 4 mM dithiothreitol (Fig. 3). In
both human PDL-derived fibroblasts (HPDFs) and alveolar
bone-derived osteoblasts (HABOs), cells showed clearly
signs of apoptosis: condensed and fragmented nuclei,
abolished or diminished membrane potential, and positive
Annexin V staining.

Gene expression

Gene expression results following mono- and co-culture of
HPDFs are shown in Fig. 4, and the results derived from
HABOs are presented in Fig. 5.

HPDFs A slight upregulation of TNFA gene expression in
mono-culture was observed after 1, 2, and 4 h of CF applica-
tion (Fig. 4a). In comparison to unloaded controls, the relative
PTGS2 gene expression showed a significant increase after
1 h (2.25 ± 0.25, p = 0.001) and 2 h (4.86 ± 0.47, p < 0.001)
but not at 4 h of CF (Fig. 4c). A significant upregulation of the
IL6 gene expression was found in samples that have been
exposed to CF after 1 h (p < 0.001) and 2 h (p < 0.001) but
not after 4 h (Fig. 4e).

In co-culture, no significant changes in TNFA gene expres-
sion were found between cells exposed to CF and negative
control samples (Fig. 4b). However, relative gene expression
of PTGS2 was increased after 1 h (p = 0.005) of CF and sig-
nificantly reduced after 4 h of CF (p < 0.001) in comparison to
that of the control samples (Fig. 4d). IL6 gene expression
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showed no significant differences between cells with and
without exposure to CF after 1 h and 2 h, but was significantly
decreased at 4 h (p = 0.001) (Fig. 4f).

HABOs In mono-culture, CF induced a stronger TNFA gene
expression (4.0 ± 0.38, p < 0.001) in comparison to control
samples after 1 h only (Fig. 5a). PTGS2 gene expression
was significantly stronger under CF in these cells and showed
a constant increase with time (Fig. 5c). Similar was observed
for IL6 gene expression indicating only a small but significant
increase in comparison to unloaded controls after 1 h
(p < 0.001) and 2 h (p < 0.001) of CFwhich was even stronger
after 4 h (5.15 ± 0.46, p < 0.001) (Fig. 5e).

In co-culture, relative gene expression of TNFA showed a
slight increase after 2 h (p = 0.002) of CF but remained un-
changed in comparison to negative control samples at 1 h and
4 h (Fig. 5b). CF induced a stronger PTGS2 gene expression
after 1 h (p < 0.001) and 2 h (p < 0.001) but not at 4 h (Fig. 5d).
Considering IL6 gene expression CF caused a significant in-
crease at 2 h (2.91 ± 0.46, p = 0.001) and 4 h (1.39 ± 0.11, p =
0.005) (Fig. 5f).

Effects of CF on TNF, PGE2, and IL6 protein expression

Protein expression of PGE2 and IL6 in mono- and co-cultured
HPDFs and HABOs subjected to CF is shown in Fig. 6.
Protein levels of TNF were below the detection limit of the
ELISA kit in all samples and are therefore not shown here. To
discriminate between both co-culture configurations (HPDFs
in the well and HABOs in the insert, or vice versa), the cell
type in the well is named.

Application of CF in mono-cultured cells In HPDFs, PGE2 was
found at higher concentrations in cells exposed to CF than in
controls at any time point, but the difference reached signifi-
cance at 1 h (p = 0.016) and 4 h (p = 0.004) only (Fig. 6a). In
HABOs, PGE2 was increased after 1 h and 2 h of CF applica-
tion (p = 0.038), being not significant after correction for mul-
tiple testing in both cases. A non-significant decrease after 4 h
of CF was observed (Fig. 6c). The IL6 protein levels in
HPDFs were significantly higher than in controls only after
2 h (p = 0.002) of CF application (Fig. 6b). No significant
difference was found in HABOs at any time point (Fig. 6d).

Table 1 Primers used for gene quantification of PTGS2, IL6, TNFA, and B2M

Target
gene

Primer sequence (5′→ 3′)a or order information Primer annealing
temperature (°C)

Data acquisition
temperature (°C)

Amplicon
length (bp)

GenBank
accession
number

Primer
efficiency

PTGS2 f: AAG CCT TCT CTA ACC TCT CC
r: GCC CTC GCT TAT GAT CTG TC

58 77 234 NM_000963.3 1.915

IL6 f: TGG CAG AAA ACA ACC TGA ACC
r: TGG CTT GTT CCT CAC TAC TCT C

58 76 168 NM_000600 1.882

TNFA Order number: VHPS-9415b 58 79 173 NM_000594 1.847

B2M Order number: HHK-1b 58 77 86 NM_004048.2 1.887

a Forward (f) and reverse (r) primer sequence
b Real-Time Primers, LLC, Elkins Park, PA, USA
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Fig. 2 Temperature profile of a
typical experiment running in
total over 8 h. The temperatures
(centrifuge, biological incubator,
and room temperature) were
monitored using iButton®

temperature data loggers in all
experiments. Centrifuge was pre-
run at 800×g to reach the required
temperature (30 °C) quickly.
Then, the experiments were per-
formed at 200×g

Clin Oral Invest (2019) 23:2617–2628 2621



Application of CF in co-cultured cells In HPDFs, the concen-
tration of PGE2 was significantly smaller in samples treated
with CF than in controls after 1 h (p = 0.002) and 4 h (p =
0.002) (Fig. 6e). In HABOs, the PGE2 concentration signifi-
cantly increased after 2 h (p = 0.019; not significant after
Bonferroni’s correction) of CF, but was smaller after 1 h and

4 h of CF (Fig. 6g). Concerning IL6, a smaller amount was
found in HPDFs treated with CF at 1 h (p = 0.026; not signif-
icant after Bonferroni’s correction) (Fig. 6f). Also, in HABOs,
the IL6 protein concentration was smaller in samples after CF
application at 1 h (p = 0.041) of CF, but significantly higher at
2 h (p = 0.015) (Fig. 6h).

Fig. 3 Apoptosis induction at 30 °C in comparison to negative control
(37 °C, 5% CO2) and apoptosis-positive controls (4 mM dithiothreitol for
24 h) in HPDF and HABO. Cells were stained with TMRE/Hoechst Dye

and Annexin V-FITC. From left to right: phase contrast, Annexin V,
mitochondrial membrane potential, DNA fragmentation and their overlay
images are shown. Scale bar: 200 μm
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Comparison of the force-induced changes in gene
and protein expression according to culture
conditions

The changes in gene expression induced by CF showed con-
siderable dependency on the culture conditions. With excep-
tion of the TNFA gene expression at 1 h co-culture of both
tested cell types (Table 2) attenuated the CF-induced augmen-
tation of TNFA, PTGS2, and IL6 gene expression as well as the
PGE2 and IL6 protein expression in HPDFs in comparison to
mono-culture (Table 2). However, these differences between
mono- and co-culture reached significance not in all cases. A
comparable reduction of the force-induced changes in gene
and protein expression was also found in HABOs, but not

for those samples that have been exposed to CF for 2 h and
for the protein expression of IL6 at 4 h (Table 2).

Discussion

The effect of mechanical force on bone remodeling during
orthodontic tooth movement is yet mostly studied using
mono-cultured cells in vitro [3, 6]. However, in vivo, the peri-
odontal tissue represents a heterogeneous population of differ-
ent cell types which might be functionally closely interrelated
[17]. During orthodontic tooth movement, these cells are sub-
jected to mechanical force simultaneously leading to more or
less intensive intercellular communication in this complex
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tissue microenvironment [19, 27]. Therefore, co-culture of
various cell types together seems more appropriate since it
reflects the real physiological conditions much closer and, in
addition, enables the investigation of intercellular communi-
cation in vitro [20]. In this study, indirect-contact co-culture
was applied to show if there exists a kind of communication
between various periodontal cell types, i.e., human PDL-
derived fibroblasts (HPDFs) and alveolar bone-derived oste-
oblasts (HABOs) when subjected to static compressive force
(CF) application. The indirect-contact co-culture model as
used herein separated the HPDFs from the HABOs with a
porous membrane but kept both cell types under common
growth conditions allowing signaling molecules and other
mediators, e.g., cytokines, growth factors, and metabolites to
pass the membrane unrestrictedly.

To carry out orthodontic tooth movement, the effects of CF
inducing controlled bone resorption in the intended moving
direction is essential [28]. Several methods have been de-
scribed to apply mechanical forces in vitro on cell cultures,
e.g., hydrostatic pressure [29], direct weight application [15],
microgravity [30], or centrifugation [23, 31–34]. Only centri-
fugation applies equal amounts of CF to different types of
cells growing in indirect co-culture and allows individual gene
expression analysis of each cell type afterwards.

Since biological systems are temperature-sensitive, human
cell cultivation is commonly done at a temperature of 37 °C.
Cell culture at temperatures below 37 °C over longer periods
of time will most probably induce apoptosis and cell death.
Although the use of centrifugation has been widely accepted

as method for CF application, most of the previous studies
were done at room temperature (i.e., 20–24 °C) [23, 31–33].
Herein, we were able to create a stable temperature of 30 °C in
the experimental setup. The influence of this temperature on
cell viability and apoptosis induction was compared to cells
that were incubated at 37 °C. Our results showed no apoptosis
induction done after cell cultivation at 30 °C for up to 4 h in
comparison to incubation at 37 °C. This observation is in line
with previous studies on periodontal ligament fibroblast via-
bility after traumatic avulsion of permanent teeth [35]. Hence,
the cultivation of human cells at 30 °C seems to be feasible
during in vitro experiments for up to 4 h.

The inflammatory reaction of periodontal tissue cells dur-
ing application of orthodontic forces is mediated by various
signaling molecules [5]. In this study, we found that the gene
expression of the pro-inflammatory and tissue remodelingme-
diators, TNFA, PTGS2, and IL6, were considerably influenced
by CF application, depending on the duration of exposure.
Roughly, the gene expression of TNFA, PTGS2, and IL6 as
well as the protein expression of PGE2 and IL6 was stimulated
in mono-cultured HPDFs and HABOs by the presence of CF.
Similar findings have been reported previously showing that
CF induces a strong amplification of pro-inflammatory and
bone resorbing mediators in various periodontal cell types
[3, 7, 15, 18].

Intriguingly, when HPDFs and HABOs are co-cultured to-
gether, the mechanically induced upregulation of gene expres-
sion shows considerable changes as compared to the mono-
cultured cells. When interpreting these changes, one has to
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Fig. 6 PGE2 and IL6 concentrations of mono-cultured (a–d) and co-
cultured (e–h) HPDFs (a, b, e, f) and HABOs (c, d, g, h) after 1, 2, and
4 h of CF at 47.4 g/cm2 were measured using ELISA. The schematic
drawings depict the cell type seeded in the well in both mono- and co-

culture setups (see also Fig. 1). Control groups were not subjected to CF.
Values are presented as mean ± SEM (*pcorr < 0.017, **pcorr < 0.003,
***pcorr < 0.0003). Black bars indicate control; white bars indicate com-
pressive force
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consider also the strong overall increase in the PGE2 and IL6
expression as found in the ELISA experiments for HPDF cells
that have been cultured alone or together with HABOs. So far,
the specific reason remains unclear, but this increase might
probably reflect the influence of different culture media as
used in mono- and co-culture experiments with HPDFs due
to biological reasons.

Several recent studies [19, 36, 37] have demonstrated that
co-culture of different cell types has the potential to induce
changes in the cellular phenotype including the expression of
various mediators. For example, co-culture with an osteo-
blastic cell line led to a strong increase of the expression of

the pro-inflammatory cytokines interleukin-6 and
interleukin-8 in oral keratinocytes [36]. Moreover, co-
culture of both cell types resulted in a stronger activation of
osteoclasts than each cell type alone. Most likely, these ob-
servations are mediated by the presence of elevated osteo-
pontin levels. Another study demonstrated that co-cultured
osteoblasts are able to induce the differentiation of adipose-
derived stem cells into osteoblasts [37]. Using co-cultures of
dental pulp cells and periodontal ligament cells, it was shown
that the presence of pulp cells enhances the expression of
RANKL, PGE2, and substance P in periodontal ligament
cells [19].

Table 2 Comparison of co-culture vs. mono-culture gene expression and ELISA results

Analysis
method

Gene, gene product,
metabolite

Cell
type

CF
duration

Mean ratio CF/control Comparison
(co-culture/
mono-culturea

p valuesb Significancec

Mono-
culture

Co-
culture

qPCR TNFA HPDFs 1 h 1.19 1.29 ↑ 0.887 n.s.

2 h 1.74 1.15 ↓ 0.198 n.s.

4 h 1.19 0.73 ↓ 0.089 n.s.

HABOs 1 h 4.00 1.19 ↓ < 0.001 ***

2 h 1.14 1.72 ↑ 0.014 *

4 h 1.03 0.87 ↓ 0.078 n.s.

PTGS2 HPDFs 1 h 2.23 1.89 ↓ 0.219 n.s.

2 h 4.86 1.16 ↓ < 0.001 ***

4 h 1.37 0.40 ↓ < 0.001 ***

HABOs 1 h 2.45 1.41 ↓ < 0.001 ***

2 h 2.56 2.87 ↑ 0.799 n.s.

4 h 4.37 1.06 ↓ < 0.001 ***

IL6 HPDFs 1 h 1.33 0.91 ↓ < 0.001 ***

2 h 1.40 1.14 ↓ 0.033 n.s.

4 h 1.13 0.76 ↓ 0.024 n.s.

HABOs 1 h 1.56 1.11 ↓ 0.003 *

2 h 1.47 2.91 ↑ 0.114 n.s.

4 h 5.15 1.39 ↓ < 0.001 ***

ELISA PGE2 HPDFs 1 h 7.29 0.39 ↓ 0.009 *

2 h 3.79 0.74 ↓ 0.002 **

4 h 6.33 0.26 ↓ 0.002 **

HABOs 1 h 3.39 0.29 ↓ 0.024 *

2 h 1.85 4.29 ↑ 0.009 *

4 h 0.67 0.34 ↓ 0.381 n.s.

IL6 HPDFs 1 h 1.01 0.78 ↓ 0.002 **

2 h 1.36 0.88 ↓ 0.002 **

4 h 1.20 0.99 ↓ 0.015 *

HABOs 1 h 0.95 0.75 ↓ 0.065 n.s.

2 h 1.03 1.49 ↑ 0.015 *

4 h 1.15 1.33 ↑ 0.818 n.s.

a ↑ = increase; ↓ = decrease
bMann-Whitney U test
c Significance levels: *pcorr < 0.017; **pcorr < 0.003; ***pcorr < 0.0003
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The mechanical force induced a significantly increased tran-
scription of the IL6 gene in osteoblasts after 4 h but, on the
contrary, led to an increased protein level of IL6. Yet one can
only speculate on the specific reasons. As shown in rat alveolar
type II cells, cyclic mechanical forces differentially affect the
intracellular levels and the secretion of TNF and interleukin 6
which is further modulated according to the CO2 concentration
[38]. Hence, the collaborative influence of compressive force
and the cross talk between the two cell types might reduce the
transcription of the IL6 gene and increase the enhanced secre-
tion of intracellular IL6 in osteoblasts.

The changes of the force-induced upregulation of gene ex-
pression were dependent upon the specific placement of cells
within the experimental setup, i.e., the insert or the bottom of
the well. When placing the HPDFs in the bottom of the well,
the force-induced enhancement of the expression of the tested
marker molecules is strongly attenuated in presence of
HABOs. On the contrary, when HBAOs are placed at the
bottom of the well, the force-induced increasing expression
of some of the marker molecules received further enhance-
ment at several time points. Although this study did not spe-
cifically refer to this issue, one might speculate that each cell
type exerts different effects on the second cell type. During CF
application, the force vector F

!
is perpendicular to the growth

plane of both cells [25, 34]. Hence, functional effective mol-
ecules released by the cells seeded into the insert might mi-
grate along the force vector during centrifugation to the sec-
ond cell type at the bottom of the well leading to different
phenotypic changes. This might at least partially reflect the
real clinical situation during orthodontic tooth movements. At
the side of the tooth root in line to the movement, the pressure
as induced by the orthodontic appliance leads to controlled
resorption of osseous tissue. According to the present results,
the neighboring cells of the periodontal tissue probably might
enhance the osseous tissue resorptive activity by inducing IL 6
and TNF in osteoblasts. Conversely, the desmodontal connec-
tive tissue remains stable during the entire orthodontic tooth
movement and, thus, remains unaffected [39]. Hence, the os-
teoblasts adjacent to the periodontal ligament cells mediate the
attenuation of tissue resorbing signals.

It must be noted, that intercellular communication is a com-
plex bidirectional, spatial, and temporal process. Taken to-
gether, several studies and the present findings show consid-
erable differences between mono- and co-cultured cells in
inflammatory and bone remodeling mediators’ expression.
This indicates a kind of paracrine signaling pathway [40–42]
between HPDFs and HABOs. Herein, this communication
results in a strong downregulation of the TNFA, PTGS2, and
IL6 gene expressions during CF application. To identify sig-
naling molecules involved in regulation of mechanical force
transmission, further studies are necessary. In this context, the
TNF signaling pathway (KEGG [43] pathway no. ko04668)
might be an attractive candidate for further studies [3].

Conclusions

Our data show that CF enhances the gene expression of TNFA,
PTGS2, and IL6 and, in most instances, also, the protein ac-
tivity of PGE2 and IL6 in mono-cultured HPDFs and HABOs.
Co-culture of HPDFs and HABOs seems to result in a repres-
sive effect on the force-induced increase of both: gene and
protein expressions. This indicates a kind of intercellular com-
munication between both cell types in vitro.
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