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Abstract Orthodontic force application is well known to
induce sterile inflammation, which is initially caused by the
compression of blood vessels in tooth-supporting apparatus.
The reaction of periodontal ligament cells to mechanical load-
ing has been thoroughly investigated, whereas knowledge on
tissue reactions of the dental pulp is rather limited. The aim of
the present trial is to analyze the effect of orthodontic treat-
ment on the induction and cellular regulation of intra-pulpal
hypoxia. To investigate the effect of orthodontic force on
dental pulp cells, which results in circulatory disturbances
within the dental pulp, we used a rat model for the immuno-
histochemical analysis of the accumulation of hypoxia-
inducible factor-1α in the initial phase of orthodontic tooth
movement. To further examine the regulatory role of circula-
tory disturbances and hypoxic conditions, we analyze isolated
dental pulp cells from human teeth with regard to their specific
reaction under hypoxic conditions by means of flow cytome-
try, immunoblot, ELISA and real-time PCR on markers (Hif-
1α, VEGF, Cox-2, IL-6, IL-8, ROS, p65). In vivo experiments
showed the induction of hypoxia in dental pulp after ortho-
dontic tooth movement. The induction of oxidative stress in
human dental pulp cells showed up-regulation of the pro-
inflammatory and angiogenic genes Cox-2, VEGF, IL-6 and
IL-8. The present data suggest that orthodontic tooth move-
ment affects dental pulp circulation by hypoxia, which leads
to an inflammatory response inside treated teeth. Therefore,

pulp tissue may be expected to undergo a remodeling process
after tooth movement.
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Introduction

During orthodontic treatment, dental crowns are subjected to a
continuous force, which results in bone resorption on the
compression side and appropriate bone apposition on the
tension side to achieve tooth movement. The process of tissue
remodeling to resolve necrotic tissue and to induce the repair
of these tissues has been described in detail for periodontal
apparatus (Meikle 2006). The special role of periodontal
ligament cells (PDL cells) in the homeostasis and induction
of PDL as well as in alveolar bone remodeling processes
during orthodontic tooth movement has also been well
established (Henneman et al. 2008). Besides the already
well-described process of periodontal remodeling, a number
of reports have addressed the effects of dental pulp on the
process of orthodontic tooth movement (von Böhl et al. 2012;
Yamaguchi and Kasai 2007). Since, in orthodontic therapy,
vital teeth are moved over long distances, dental pulp tissue
needs to adapt. The initial response of dental pulp tissue after
the application of orthodontic force still remains unclear.

Orthodontic force is assumed to evoke transient circulatory
disturbances in the periodontal tissue as well as in the dental
pulp, since the initial force application is believed to compress
blood vessels (Hamersky et al. 1980; Goz et al. 1992). In
response to orthodontic force application, dental pulp tissue
has been shown to decrease its rate of tissue respiration, while
reduced alkaline phosphatase activity, vacuolisation of odon-
toblasts and apoptosis have been observed (Stenvik and Mjor
1970; Hamersky et al. 1980; von Böhl et al. 2012).
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Kvinnsland et al. (1989) reported mild inflammatory re-
sponses to orthodontic force in the dental pulp. Loss of tooth
vitality during orthodontic treatment has been described oc-
casionally, which was presumably preceded by a previous
dental trauma (Brin et al. 1991; Bauss et al. 2010). Moreover,
some authors have described increased enzymatic activity of
aspartate amino transferase in dental pulp tissue, indicating
metabolic changes and possible cell damage due to orthodon-
tic force application (Perinetti et al. 2004; Veberiene et al.
2009). The production of neuropeptides, such as substance P,
neurokinin A and calcitonin gene-related peptide, is thought to
be induced by a mechanical force, which promotes neurogenic
inflammation in dental pulp (Yamaguchi et al. 2004;
Caviedes-Bucheli et al. 2011). These neuropeptides were
abundant in both the pulp tissue and the periodontal ligament.
The increased release of these mediators induces vasodilation
but also promotes the production of pro-inflammatory cyto-
kines, such as IL-6 (Caviedes-Bucheli et al. 2008). Further-
more, Kojima et al. (2006) observed in vitro the promoting
effect of substance P on the synthesis of prostaglandin-E2
(PGE2) and the receptor activator of the nuclear factor κB
Ligand (RANKL) by human dental pulp fibroblasts.

The aim of the present trial was to evaluate in vivo the
effect of orthodontic tooth movement on inducing circulatory
disturbances and hypoxic conditions in dental pulp. These
findings were transferred to an in vitro model to further
analyze the cellular response of dental pulp fibroblasts after
orthodontically-induced short-time hypoxia.We hypothesized
that dental pulp circulation would change after the application
of orthodontic force and that these alterations would modify
the cellular response of dental pulp cells over the course of
tooth movement. To identify the specific cellular response and
to evaluate the immunomodulatory function of dental pulp
fibroblasts during hypoxic cell stress, we analyzed the activa-
tion and expression of pro-inflammatory factors after induc-
tion of hypoxic cell stress by different in vitro models. We
hypothesized that hypoxic cell stress leads to enhanced ex-
pression of the hypoxia marker Hif-1α, of pro-inflammatory
cytokines and of the vascular growth factor VEGF that are
induced by the activation of the NF-κB pathway, thus activat-
ing an immune-related tissue response.

Materials and methods

In vivo experiments of orthodontic tooth movement

Ten 12-week-old male Wistar rats weighing 300–350 g each
(Harlan Winkelmann, Borchen, Germany) were used in the
experiment. They were provided with food and water ad
libitum. The animal use protocol was reviewed and approved
by the Institutional Animal Care and Use Committee of the
local district government and the Animal Care Commissioner

of the University of Bonn, Germany. The rats were anaesthe-
tized with 0.01 ml Rompun (Bayer, Leverkusen, Germany) and
0.24 ml Ketavet (Pharmacia and Upjohn, Erlangen, Germany).
By inserting a NiTi-coil spring (GAC International®, Germany)
between the blocked incisivi and the first maxillary molar
(Fig. 1), the molar was moved mesially by a constant force of
0.5 N for 4 h. The molars of 5 untreated rats served as controls.
Upon completion of the experiments, the anesthetized animals
were killed and then perfused with phosphate-buffered saline
supplemented with 4 % paraformaldehyde for fixation pur-
poses. Afterwards, the maxilla of each animal was dissected,
divided into two halves and prepared for light microscopical
examination as recently described (Jäger et al. 2005).

Histology and immunohistochemistry

Before being processed for paraffin histology, specimens were
decalcified in neutral 10 % ethylene diamine tetra-acetic acid.
For orientation purposes, 5- to 7-μm serial sagittal sections
were prepared and selected sections were stained with hema-
toxylin and eosin. Tissue sections were processed for immu-
nohistochemical detection of Hif-1α protein expression using
a monoclonal primary antibody of mouse origin against rat
Hif-1α (anti-HiF-1α sc-53546; Santa Cruz Biotechnology,
USA) in a 1:50 working solution and a secondary HRP
conjugate antibody (Dako Invision) or fluorescence antibody
(texas red) according to previously established protocols
(Gotz et al. 2008; Abuduwali et al. 2013).

Semiquantitative assessment of the Hif-1α protein expression

Randomly chosen light microscopical images (microscope:
Axioscope 2 Microscope; camera: Axio-CamMRC; Carl Zeiss,
Germany) were captured per specimen at the dental pulp of the
first root of maxillary first molars (magnification ×100). Hif-1α
immunoreactivity was analyzed semi-quantitatively in relation to

Fig. 1 Presentation of an inserted orthodontic appliance that was fixed
between the blocked incisivi and the first maxillary molar in a wistar rat.
The maxillary molar was drawn to the mesial side
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total pulp space by the help of the analyzing software axio vison
(Carl Zeiss).

Semiquantitative assessment of the intra-pulpal Hif-1α ex-
pression was performed according to a modification of the
previously published protocol (Wolf et al. 2012). In brief, the
chosen sections of specimen were analyzed for the immune
reactivity for Hif-1α. Immunoreactivity was determined semi-
quantitatively by assigning one of the following grades to the
specimen: 0, no Hif-1α immunoreactivity; 1, weak immunore-
activity with only single cells presenting faint immunoreactions;
2, moderate immunoreactivity with about 50% close to the tooth
dentin area showing a visible Hif-1α protein expression; 3,
strong immunoreactivity with about 75 % of the cells close to
the tooth dentin; and 4, very strong immunoreactivity: 75 % of
cells close to the tooth dentin and in the other pulpal tissue
showing a visible Hif-1α protein expression. Reproducibility
of the readouts was ensured by analyzing selected specimens
in duplicate. An intraobserver error was demonstrated to happen
in less than 4% of the cases and the deviation did not exceed one
grade. All measurements were performed by the same investi-
gator. To avoid bias, the investigator was blinded with respect to
the origin of the specimens under analysis.

Isolation and cultivation of human dental pulp fibroblasts

Teeth extracted for orthodontic reasons from healthy individ-
uals (19–30 years old) were collected after informed consent.
The collection of teeth was approved by the Ethics Committee
of the University of Regensburg. The teeth were washed with
sterile phosphate-buffered saline (PBS) immediately after ex-
traction and cracked by a sharp blow with a hammer. The
dental pulp tissue was removed from the cracked teeth and
washed again with sterile PBS. Then, the pulp tissue was
minced, placed onto a 35-mm well culture dish and covered
with a sterilized glass cover slip. The tissue was cultured in
Dulbecco modified Eagle medium with 10 % FCS and antibi-
otics (100 U/ml penicillin and 100 μg/ml streptomycin) at
37 °C in a humidified atmosphere of 5 % CO2. After the
confluent outgrowth of cells, the dental pulp fibroblasts were
trypsinized and propagated onto cell culture flasks. Only cells
of the fourth and fifth passage were used for the trial. The
successful isolation of dental pulp fibroblasts was confirmed
by their fibroblast-like morphology (Fig. 2a) and the expression
of characteristic marker genes (Fig. 2b), such as osteonectin
(Tsukamoto et al. 1992; Martinez and Araujo 2004), type I and
III collagen (Suguro et al. 2008), vimentin (Suguro et al. 2008)
and alkaline phosphatase (Tsukamoto et al. 1992).

Induction of in vitro hypoxia in human dental pulp cells

For hypoxic treatment, dental pulp cells were transferred to
GasPak® pouches for anaerobic cultures (Becton-Dickinson,
Heidelberg, Germany) for 6 h as previously described by

Steinbach et al. (2003). Hypoxic cells and supernatants were
collected and further processed for transcriptomic and prote-
omic analyses. All experiments were repeated in triplicates.

Treatment of human dental pulp cells with ROS

To investigate the contribution of oxidative stress to the pro-
duction of pro-inflammatory cytokines, we stimulated human
dental pulp cells with 100μMhydrogen peroxide (H2O2). The
activation of NF-κB protein p65 and Hif-1α were analyzed
with the immunoblot technique. The stimulation of cytokine
and growth factor expression (IL-6, IL-8, Cox-2 and VEGF)
was proved by reverse transcription real-time PCR.

Measurement of oxidative stress by DCF staining in flow
cytrometric analysis

Intracellular reactive oxidative species (ROS) was measured
using 2′,7′-dichlorodihydrofluorescein-diacetat (DCFH-DA).
This organic compound diffuses across cell membranes into
cells, in which it is converted to fluorescent dichlorofluorescein
by a ROS-mediated chemical reaction. Cells were incubated
under hypoxic conditions for 6 h. Then, cells were stained in the
medium with 50 μMDCFH-DA (Sigma Aldrich, Taufkirchen,
Germany) at 37 °C for 30 min in a humidified atmosphere of
5 % CO2. Cells were detached by trypsin, resuspended in
culture medium and collected by centrifugation (3,000g for
5 min). The cell pellet was then washed three times with
PBS. After resuspension, fluorescence was determined by flow
cytometry (BD FACSCanto; BD Biosciences, Heidelberg, Ger-
many) at an excitation wavelength of 495 nm and an emission
wavelength of 530 nm (FL-1).

Protein isolation and immunoblot

Protein from the cytoplasma and nucleus was extracted with the
NE-PER Nuclear and Cytoplamic Extraction Kit (Thermo Sci-
entific, USA) and blotted to a PVDF-membrane. The primary
antibody used in this trial was rabbit polyclonal anti-p65, anti-
actin, anti-lamin a/c and anti-Hif-1α antibody (Abcam, Cam-
bridge, UK). The secondary antibody was anti-rabbit IgG-
horseradish-peroxidase (antibodies-online.com; Aachen, Ger-
many). After the membrane had been washed thoroughly,
immuno-positive bands were detected by means of chemilumi-
nescence using the Luminata™ Crescendo Western HRP Sub-
strate (EMD Millipore).

RT - Real time PCR analysis

The cell monolayers were rinsed with 1 ml Tri-Reagent
(Sigma-Aldrich, St. Louis, USA) and further processed accord-
ing to the manufacturer’s recommendations to obtain the total
RNA of each group. The cDNA synthesis (QuantiTect®Reverse
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Transcriptase, Qiagen, Germany) comprised 1 μg of the total
RNA of each group. Real time PCR was conducted with the
SYBR® Green JumpStart™ Taq ReadyMix™ (Sigma-Aldrich)
with triplets for each cDNA in Mastercycler® ep realplex
(Eppendorf, Hamburg, Germany). Real-time amplifications in-
cluded an initial step of 10 min at 95 °C (polymerase heat
activation) followed by 45 cycles of 10 s at 95 °C
(denaturation), 8 s at 60 °C (annealing) and 9 s at 72 °C
(elongation and data collection). Gene expression was calculat-
ed according to the ΔΔCT-method by Livak and Schmittgen
(2001). We chose appropriate intron spanning primers for PCR
amplification of RNA-Polymerase polypeptide A (forward
primer: 5′-gcaccacgtccaatgaca-3′, reverse primer: 5′-
agccatcaaaggagatgacg-3′), Cox-2 (forward primer: 5′-
c t t c a cgc a t c ag t t t t t c a ag - 3 ′ , r e v e r s e p r ime r : 5 ′ -
tcaccgtaaatatgatttaagtccac-3′), IL-6 (forward primer: 5′-
c a gg ag c c c ag c t a t g a a c t - 3 ′ , r e v e r s e p r ime r : 5 ′ -
agcaggcaacaccaggag-3 ′), IL-8 (forward primer: 5 ′-
agac agcagagcacacaagc -3 ′ , r ev e r s e p r ime r : 5 ′ -
atggttccttccggtggt-3′) and VEGF (forward primer: 5′-
ccttgctgctctacctccac-3′, reverse primer: 5′-ccacttcgtgatgattctgc-
3′) using the online Universal ProbeLibrary Assay Design
Center from Roche (http://www.roche-applied-science.com/
webapp/wcs/stores/servlet/CategoryDisplay?catalogId=
10001&tab=Assay+Des ign+Cen te r&iden t i f i e r=
Universal+Probe+Library&langId=-1#tab-3) to avoid the co-
amplification of genomic DNA.

Cytokine quantification in the cell supernatant

The cell supernatant of normoxia-treated and hypoxia-treated
cells were collected in Eppendorf tubes and further processed
for ELISA detection of IL6 and IL-8 according to the manu-
facturer’s instructions. The ELISA quantification of IL-6 and
IL-8 was conducted by the Institute of Clinical Chemistry at
the University Medical Center Regensburg.

Statistical analysis

Data are presented as mean and standard deviation (SD).
Student’s t test was employed to compare the results of the
reference and test groups.

Results

Detection of hypoxic conditions in dental pulp tissue
during the initial phase of orthodontic tooth movement in vivo

Immunohistochemical analyses of the dental pulp revealed a
slight basal expression of Hif-1α immune reactivity within the
dental pulp tissue, which was mainly located close to the
dentin surface of the tooth root (Fig. 3a, c, e). Following the
application of orthodontic forces, an increase in the hypoxia-
regulated Hif1-α inside the dental pulp of teeth could be
observed (Fig. 3b, d, e). In comparison to the pulp tissue of
untreated animals, the amount of Hif1-α-positive cells was
observed to be higher within the pulp tissue of orthodontically
moved teeth. In treated animals, Hif-1α immunoreactivity
was mostly visible in pulp cells at the surface of the root
and—to some extent—also in the entire tissue of the root
canal (Fig. 3).

Cellular effects of short-term hypoxia (6 h) on human dental
pulp cells

The induction of hypoxic conditions in dental pulp cells
resulted in enhanced up-regulation of the typical hypoxic
marker Hif-1α in immunoblot analyses (Fig. 4). Hif-1α was
not stably expressed under normoxic conditions in control
experiments in human dental pulp fibroblasts. Hypoxic con-
ditions in dental pulp cells further induced pro-inflammatory
and angiogenic responses as shown by the significant increase
in IL-6, IL-8, Cox-2 and VEGF mRNA expression in re-
sponse to hypoxia (Fig. 5a). In addition, the inflammatory
response was also observed by means of the enhanced secre-
tion of IL-6 and IL-8 levels in the cell supernatants of the
treated cells (Fig. 5b). After hypoxic treatment, a significant
change in DCF fluorescence could be detected due to in-
creased oxidative stress (Fig. 6).

Effect of oxidative stress on human dental pulp cells

After stimulation with oxidative stress, we observed increased
expression of the cytokinemarker IL-6, IL-8 and Cox-2 and of
the angiogenic growth factor VEGF (Fig. 7). Furthermore, our

Fig. 2 Identification of dental
pulp fibroblasts by their a
fibroblast-like morphology
(magnification: ×200) and b
expression of characteristic gene
markers, such as osteonectin, type
I collagen, type III collagen,
vimentin and alkaline
phosphatase
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data clearly showed that oxidative stress leads to enhanced
accumulation of the NF-κB marker p65 and Hif-1α in the
nuclear fraction under normoxic conditions (Fig. 8a, b).

Discussion

To evidence the transient depletion of oxygen during the
initial phase of orthodontic treatment in dental pulp tissue,
we investigated the expression of the transcription factor Hif-
1α. The expression of this transcription factor enables the cell
to survive under hypoxic conditions by up-regulating numer-
ous genes, such as the vascular endothelial growth factor
(VEGF), erythropoietin (EPO), or lactate dehydrogenase

(LDH), which allow adaptive reactions by stimulating
neoangiogenesis and by regulating glycolysis (Weidemann
and Johnson 2008). The stable expression of Hif-1α is regu-
lated by oxygen-sensing Hif-hydroxylases. These hydroxy-
lases are active under normoxic conditions and hydroxylate
the Hif-1α on prolyl residues, which promote the Von Hippel-
Lindau tumor suppressor protein to recognize the Hif-1α for
ubiquitination and rapid degradation by the proteasom
(Weidemann and Johnson 2008). In the case of hypoxia,
Hif-1α escapes from the oxygen-requiring hydroxylation pro-
cess and translocates into the nucleus to trigger the hypoxic
response. The up-regulation of Hif-1α expression in the dental
pulp tissue of orthodontically-treated teeth in vivo conse-
quently shows an adaptive response of the dental pulp and
also ensures the vitality of the tissue under orthodontic force
application. The fact that there is also a faint basal expression
of Hif-1α under untreated conditions, which is up-regulated
under hypoxia, agrees with the findings of Stroka et al. (2001).
These authors observed stable Hif-1α protein expression in
different nomoxic tissues, such as the heart muscle, liver, brain
and kidney. These authors suggested that certain human tis-
sues under normoxic conditions stably express Hif-1α in
order to regulate tissue homeostasis. A further possibility for
the weak basal Hif-1α expression is the assumption that the
oxygen concentration in the dental pulp might be below a
threshold that enables weak stability of Hif-1α, since Hif-1α
was not expressed in dental pulp fibroblast under normoxic
conditions in vitro. In accordance with our findings, data

Fig. 3 Immunohistochemical and florescence staining (anti-Hif-1α sc-
53546; Santa Cruz, USA) shows the root canal and the pulp side of the
first maxillary molar of the rat before (a , c) and after (b , d) a 4-h
orthodontic treatment. In untreated specimens, a weak basal Hif-1α
immune reactivity (arrows) could be observed, which was up-regulated
after the application of orthodontic forces, DAB staining with

magnification ×200, fluorescence staining with magnification ×100; den-
tin (d), dental pulp (p). e Semiquantitative assessment of orthodontic
tooth movement-induced changes in Hif-1α protein expression. Each
value represents the mean ± SD for five animals per group. *P<0.05,
experimental groups versus untreated control

Fig. 4 Immunoblot analyses of the hypoxicmarker Hif-1α (anti- Hif-1α;
Abcam, Cambridge, UK) in dental pulp fibroblasts. Hypoxia was induced
by cultivating cells in the absence of oxygen in an anaerobic chamber for
6 h. Hypoxia enhances the expression of the intracellular hypoxic marker
Hif1α in treated cells. Untreated controls did not show any Hif1α
expression
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published by Derringer and Linden (2004) also showed the
enhanced expression of angiogenic factors, such as the fibro-
blast growth factor-2 (FGF-2), the platelet-derived growth
factor (PDGF), the transforming growth factor-β (TGF-β)
and VEGF, in pulp tissues subjected to orthodontic force,
which are under transcriptional control of the transcription
factor Hif-1α (Weidemann and Johnson 2008).

Besides the increase of the hypoxic factor Hif-1α, a further
important finding was the increased expression of pro-
inflammatory factors, such as Cox-2, IL-6 and IL-8, by dental
pulp fibroblasts in response to hypoxia. The production of
pro-inflammatory cytokines in the dental pulp tissue in re-
sponse to orthodontic loading has been discussed as being

exclusively caused by neurogenic inflammation (Norevall
et al. 1995; Yamaguchi et al. 2004). A number of different
neuropeptides, including substance P and calcitonin gene-
related peptide, were reported by Norevall et al. (1995) to be
involved in the inflammation of the dental pulp during ortho-
dontic tooth movement. These neuropeptides are derived from
nerve fibers that supply the periodontium and the dental pulp.
Moreover, substance P and calcitonin gene-related peptide
were found to be potent to stimulate dental pulp cells to
produce IL-1β, IL-6, prostaglandin-E2 and RANKL
(Yamaguchi et al. 2004; Kojima et al. 2006). In our cell
biological trial, we observed that short-term hypoxia due to
circulatory disturbances may be an important factor for

Fig. 5 a Changes in the expression of the pro-inflammatory factors Cox-
2, IL-6 and IL-8 and the angiogenic growth factor VEGF at a transcrip-
tional level. Gene expression: VEGFwas 4.2±0.1-fold up-regulated, IL-6
was 4.9±0.7-fold up-regulated, IL-8 was 4.5±0.5-fold up-regulated and
Cox-2 was 7.1±0.2-fold up-regulated; n =6. b Quantification of released
pro-inflammatory cytokines to cell supernatant after hypoxic treatment in

an anaerobic chamber. Hypoxic conditions induced the release of a
significant amount of IL-6 (62.6±2.3 pg/ml) and IL-8 (2,418.5±
148.9 pg/ml) proteins into the cell supernatant compared to untreated
controls (IL-6: 48.5±3.1 pg/ml; IL-8: 1,942.6±129.9 pg/ml). The bar
graph shows the mean ± SD of 6 independent cultures that were assayed
in duplicate. *P<0.05, hypoxia treated group versus vehicle control

Fig. 6 Evidence of enhanced
oxidative stress in hypoxic dental
pulp fibroblasts shown by a a
curve shift of DCF fluorescence
and b a comparison of the
geometric mean of DCF
fluorescence in flow cytometric
analyses. After 6 h of hypoxic cell
culture conditions, DCF
fluorescence was significantly
changed compared to untreated
control cells. *P<0.05, hypoxia
treated group versus vehicle
control
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stimulating inflammation in the dental pulp in the initial phase
of orthodontic tooth movement. Numerous trials have shown
that hypoxia affects the activity of the nuclear factor-kB
(NF-κB) transcription factor family (Eltzschig and Carmeliet
2011). Members of the NF-κB proteins (p65, RelB, RelC,
p50, p52) regulate cellular homeostasis, anti-apoptosis and
apoptosis and inflammation. For instance, NF-κB controls
the expression of pro-inflammatory cytokines (IL-1, IL-6,
IL-8 and TNF-α), adhesion molecules (E-selectin) and pro-
inflammatory enzymes (e.g., Cyclooxygenase-2 or nitric ox-
ide synthase). Moreover, the hypoxic activation of NF-κB is
considered to enable cells to survive a period of hypoxic
conditions by activation of anti-apoptotic genes. Hypoxic
activation of NF-κB is, at least, due to the activation of IkB
kinase (IKK) activation in the canonical pathway. But other
alternative activation pathways, such as the oxygen-sensing
hydroxylases responsible for directing Hif-1α stability and

activity, are considered to regulate components of the
NF-κB pathway (Cockman et al. 2006; Cummins et al.
2006). Based on this information and the present data, a
regulatory effect of hypoxic stress in dental pulp cells can be
expected over the course of orthodontic tooth movement.

A characteristic feature of hypoxic cells is the generation of
reactive oxygen species (ROS). Cellular ROS, similar to su-
peroxide or hydrogen peroxide, is generated in response to
hypoxia by the mitochondrial electron transport chain. By
means of dental pulp cells, we showed the supporting effect
of oxidative stress on the expression of pro-inflammatory
factors. Similarly, Chae et al. (2011) proved that anti-
oxidants reduce the production of pro-inflammatory cytokines
in PDL cells and slow the mobility of orthodontically treated
molars. A number of trials have indicated that ROS influence
the activity of redox-responsive transcription factors. We dem-
onstrated in our trial that dental pulp cells accumulate NF-κB
protein p65 upon challenge with moderate concentrations of
H2O2. The stimulatory effect of H2O2 on NF-κB activation
highly depends on the cell type and oxidative stress does not
generally stimulate NF-κB activation (Li and Karin 1999). It is
conceivable that the hypoxia-induced production of ROS may
be a further factor for enhancing the activation of NF-κB and
for promoting both anti-apoptotic and inflammatory processes.

Conclusion

We have shown up-regulation of the transcription factor Hif-1α
upon oxygen depletion in dental pulp tissue as a result of
circulatory disturbances in the initial phase of orthodontic tooth
movement in vivo. We provided further information about the
regulatory effects of short-term hypoxia on dental pulp fibro-
blasts in vitro. These findings showed that orthodontic tooth
movement induces periodontal, as well as intra-pulpal tissue
reactions in treated teeth. Furthermore, our findings suggest that
orthodontic force application during orthodontic therapy may
result in oxygen depletion in dental pulp tissue, which activates

Fig. 7 Stimulatory effect of H2O2 treatment on pro-inflammatory cyto-
kine and angiogenic growth factor expression. After a 6-h treatment, all
investigated markers showed a significant increase compared to untreated
controls. These changes were comparable to those of cell culture exper-
iments in the anaerobic chamber. Data are representative of two indepen-
dent experiments, both yielding comparable results. Each value is the
mean ± SD for 6 independent cultures. *P<0.05, experimental group
versus vehicle-treated control

Fig. 8 a Effect of oxidative stress on the accumulation of NF-κB by
means of changes of p65 in nuclear fraction after induction of oxidative
cell stress (100 μM H2O2) for 3 and 6 h. b Effect of H2O2 treatment on
transient Hif-1α stability. The induction of oxidative stress by the

administration of 100 μM H2O2 resulted in transient stability of Hif-1α
after a 3-h treatment compared to untreated cell cultures under normoxic
conditions. The figure exemplarily represents the result of 6 independent
cultures assayed in duplicate
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adaption responses, as well as inflammatory processes. The
regulation of hypoxia-induced protein expression shows the
immunomodulatory role of dental pulp fibroblasts during the
course of orthodontic tooth movement. This shows the involve-
ment of the dental pulp in the remodeling process during ortho-
dontic toothmovement, thus extending thewell-accepted knowl-
edge of hypoxia-related remodeling within the periodontal
ligament.
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