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Orthodontic force causes gradual compression of the
periodontal ligament tissues, which leads to local hypoxia
in the compression side of the tissues. In this study, we
investigated whether antioxidants exert a regulatory effect
on two factors: the expression of pro-inflammatory cyto-
kines in human periodontal ligament fibroblasts (PDLFs)
that were exposed to mechanical compression and hy-
poxia and the rate of orthodontic tooth movement in rats.
Exposure of PDLFs to mechanical compression (0.5-3.0
g/lem?) or hypoxic conditions increased the production of
intracellular reactive oxygen species. Hypoxic treatment
for 24 h increased the mRNA levels of IL-1f, IL-6 and IL-8
as well as vascular endothelial growth factor (VEGF) in
PDLFs. Resveratrol (10 nM) or N-acetylcysteine (NAC, 20
mM) diminished the transcriptional activity of hypoxia-
inducible factor-1 and hypoxia-induced expression of
VEGF. Combined treatment with mechanical compression
and hypoxia significantly increased the expression levels
of IL-1B, IL-6, IL-8, TNF-a. and VEGF in PDLFs. These levels
were suppressed by NAC and resveratrol. The maxillary
first molars of rats were moved mesially for seven days
using an orthodontic appliance. NAC decreased the amount
of orthodontic tooth movement compared to the vehicle-
treated group. The results from immunohistochemical
staining demonstrated that NAC suppressed the expres-
sion of IL-1p and TNF-a in the periodontal ligament tissues
compared to the vehicle-treated group. These results sug-
gest that antioxidants have the potential to negatively
regulate the rate of orthodontic tooth movement through
the down-regulation of pro-inflammatory cytokines in the
compression sides of periodontal ligament tissues.

INTRODUCTION

Classically, orthodontic tooth movement has been explained by
the “pressure-tension” hypothesis. Bone resorption is dominant
in the compression side of the periodontal ligament (PDL) tis-
sues, whereas placing the PDL tissues under tensile force
leads to bone deposition. The recruitment and differentiation of
osteoclasts in the compression side of PDL tissues is essential
for bone resorption and tooth movement. Numerous studies
have shown that pro-inflammatory cytokines, such as tumor
necrosis factor-o. (TNF-o), interleukin-1 (IL-1), IL-6 and IL-8,
play an important role in orthodontic tooth movement through
the regulation of osteoclast differentiation and matrix metallo-
proteinase expression (Jager et al., 2005; Meier et al., 1989). In
addition to the pro-inflammatory cytokines, vascular endothelial
growth factor (VEGF) is also involved in orthodontic tooth move-
ment. VEGF is detected within the periodontal tissues during
orthodontic tooth movement, and local administration of recom-
binant VEGF enhances the extent of tooth movement (Kaku et
al., 2001; Kohno et al., 2003). Factors that affect the production
and/or function of these cytokines exert regulatory effects on
the rate of orthodontic tooth movement. Local administration of
soluble receptors to IL-1 or TNF-a or neutralizing antibodies to
VEGF blocks the function of IL-1, TNF-o or VEGF, respectively,
and retards orthodontic tooth movement, whereas stimulation
of the expression of pro-inflammatory cytokines by osteoperfo-
ration near the moving teeth increases the rate of tooth move-
ment (Jager et al., 2005; Kohno et al., 2005; Teixeira et al.,
2010).

Orthodontic force causes gradual compression of the PDL,
which leads to circulatory disturbances, such as ischemia and
hypoxia, in the compression side of the PDL tissues at the early
stages of orthodontic tooth movement (Arai et al., 2010). Both
hypoxia and compression stimulate the production of reactive
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oxygen species (ROS) (Chandel et al., 1998; Xu et al., 2005).
Several lines of evidence indicate that activation of NF-xB can
be controlled by ROS, and antioxidants block pro-inflammatory
cytokine transcription by preventing NF-xB migration to the
nucleus (Janssen-Heininger et al., 2000; Schubert et al., 2002).
Furthermore, previous studies have demonstrated that N-
acetylcysteine (NAC), an antioxidant, decreases lipopolysac-
charde-induced production of pro-inflammatory cytokines in
gingival fibroblasts, and NAC decreases alveolar bone loss in
experimental periodontitis (Kim et al., 2007; Toker et al., 2009).
These reports suggest that antioxidants may exert a regulatory
effect on the rate of orthodontic tooth movement by regulating
the production of pro-inflammatory cytokines. The consumption
of antioxidant supplements in developed countries has become
widespread, and about one-third of adults are addicted to these
supplements (Millen et al., 2004). Their widespread use has
created a need to address the possibility that antioxidants might
delay orthodontic tooth movement. Therefore, in this study, we
investigated whether antioxidants exert a regulatory effect on
two factors: the expression of pro-inflammatory cytokines in
human periodontal ligament fibroblasts (PDLFs) that were ex-
posed to mechanical compression and hypoxia and the rate of
orthodontic tooth movement in rats.

MATERIALS AND METHODS

Materials

Alpha-modified Eagles medium (a-MEM), fetal bovine serum
(FBS) and other cultural reagents were obtained from Hyclone
(USA). The 2',7'-dichlorofluorescein diacetate (DCFH-DA),
NAC, N-acetylalanine (NAA) and resveratrol were purchased
from Sigma (USA). GasPak™ EZ CO, Pouch System was pur-
chased from BD (USA). The easy-BLUE™ was purchased from
iNtRON Biotechnology (Korea), the AccuPower RT-PreMix was
purchased from Bioneer (Korea), and the SYBR Premix Ex
Tag™was purchased from TaKaRa (Japan). The PCR primers
were synthesized by CosmoGenetech (Korea). Human IL-1p,
IL-6, IL-8, TNF-a. and VEGF ELISA kit pink-ONE were obtained
from Koma Biotech (Korea). Anti-IL-1p and anti-TNF-a antibod-
ies were purchased from Bioworld Technology (USA), and the
Rabbit Vectastatin Elite ABC kit was obtained from Vector
Laboratories (USA). LipofectAMINE 2000 reagent was pur-
chased from Invitrogen (USA). The Bright-Glo™ luciferase
assay system was ordered from Promega (USA).

Cell culture and exposure to mechanical compression and
hypoxia

Human PDLFs (ScienCell™ research laboratories, USA) were
maintained in o-MEM supplemented with 10% FBS, 100 U/ml
penicillin and 100 ug/ml streptomycin. PDLFs were used be-
tween passages four and six. To examine the effect of antioxi-
dants, the PDLFs were exposed to 10 nM resveratrol or 20 mM
NAC.

Mechanical compression was applied to the PDLFs using the
following procedure. PDLFs were seeded in six-well culture
plates and grown to confluence. Then, a cover glass (diameter,
25 mm; Marienfeld, Germany) was put on the confluent cell
layer, and a plastic cylinder was placed over the cover glass in
the wells. The compressive force was adjusted by adding metal
slices to the cylinder. PDLFs were subjected to 0.5, 1.0, 2.0 or
3.0 g/em? of compressive force for the indicated period of time.

To induce hypoxia, the PDLFs were transferred to a GasPak
Pouch, where the total oxygen concentration was reduced to
less than 1%, and the PDLFs were incubated for the indicated
period of time (Steinbach et al., 2004). To induce hypoxia
inducible factor (HIF), the PDLFs were incubated for 24 h in the

ducible factor (HIF), the PDLFs were incubated for 24 h in the
presence of desferoxamine (200 uM), a high affinity iron chela-
tor (Hamrick et al., 2005).

Measurement of intracellular ROS

Intracellular ROS were measured using DCFH-DA. DCFH-DA
diffuses into cells and is hydrolyzed to DCFH. DCFH is then
converted by ROS-mediated oxidation to the highly fluorescent
derivative, 2',7'-dichlorofluorescein (DCF) (Bass et al., 1983).
To examine the effect of mechanical compression on ROS
production, the PDLFs were seeded onto cover glasses (di-
ameter, 25 mm) at a density of 8 x 10* cells/cover glass, incu-
bated in six-well culture plates and grown to confluence. PDLFs
were serum-starved for 16-18 h, pre-incubated for 30 min in
serum-free medium containing 50 pM DCFH-DA and trans-
ferred to fresh serum-free medium. Then, mechanical com-
pression was applied to the PDLFs as described above for 4 h.
At the end of incubation period, the cells were washed and
immediately observed using the OLYMPUS FV300 (OLYMPUS,
Japan) at an excitation wavelength of 488 nm. About 30 cells
were randomly selected from three independent experiments,
and DCF fluorescence intensities were quantified using Flou-
View 4.3 (OLYMPUS). To examine the effect of hypoxia on
ROS production, the PDLFs were seeded into 96-well culture
plates, incubated overnight and serum-starved for 16-18 h.
Cells were then pre-incubated for 30 min in serum-free medium
containing 50 uM DCFH-DA, transferred to fresh serum-free
medium and incubated for 4 h in a GasPak Pouch. DCF fluo-
rescence was measured using a FLUOstar OPTIMA (BMG
Lab-Technologies, Germany).

Quantitative reverse transcription-polymerase chain
reaction (RT-PCR) analysis

Quantitative RT-PCR was performed to evaluate mRNA ex-
pression. Total RNA was isolated using easy-BLUE™ RNA
Extraction Reagents. Complementary DNA was synthesized
from 1 ug of total RNA using the AccuPower RT-PreMix and
subsequently used for PCR amplification. Real-time PCR was
performed using the SYBR Premix Ex Tag™ and AB 7500 Fast
Real-Time system (Applied Biosystems, USA). Each sample
was analyzed in triplicate, and target genes were normalized to
the reference housekeeping gene, GAPDH. Fold differences
were calculated for each treatment group using normalized Cr
values for the control. Primer sequences used for real-time
PCR were as follows: IL-1B-forward (f) 5-GTCATTCGCTCCC
ACATTCT-3, IL-1B-reverse (r) 5-ACTTCTTGCCCCCTTTGA
AT-3; IL-6-f 5-ATGCAATAACCACCCCTGAC-3, IL-6-r 5'-
AAAGCTGCGCAGAATGAGAT-3; IL-8-f 5'-CAGGAATTGAAT
GGGTTTGC-3, IL-8-r 5-AGCAGACTAGGGTTGCCAGA-3';
TNF-o-f 5-TAGGCTGTTCCCATGTAGCC-3, TNF-o-r 5-CA
GAGGCTCAGCAATGAGTG-3; VEGF-f 5-GCTGTCTTGGG
TGCATTGGA-3', VEGF-r 5'-ATGATTCTGCCCTCCTCCTTCT
-3; and GAPDH-f 5-CCATCTTCCAGGAGCGAGATC-3,
GAPDH-r 5-GCCTTCTCCATGGTGGTGAA-3.

Enzyme-linked immunosorbent assay (ELISA)

PDLFs were exposed to mechanical compression and hypoxia
in the presence or absence of resveratrol (10 nM) for 48 h. The
concentrations of IL-6, IL-8, TNF-a and VEGF that were se-
creted by PDLFs into culture medium were analyzed using the
respective ELISA kits according to the manufacturer’s instruc-
tions.

Luciferase reporter assay
The erythropoietin enhancer-driven luciferase reporter gene
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(EPO-luc) was a generous gift from Prof. J.-W. Park at Seoul
National University (Chun et al., 2002). PDLFs were seeded in
a 96-well plate at a density of 5 x 10° cells/well. After overnight
culture, the cells were transiently transfected with EPO-luc
using the LipofectAMINE™ reagent. After 24 h incubation in the
presence or absence of desferoxamine and antioxidants, the
cells were harvested, and the luciferase activity was measured
using the Bright-Glo luciferase assay kit.

Induction of tooth movement in rats

All experimental procedures were approved by the Institute of
Laboratory Animal Resources at Seoul National University. Six-
week-old male Sprague Dawley rats (body weight around 200
g) were used in this study. The rats were anesthetized with a
peritoneal injection of a mixture of Zoletil (Virbac, France) and
Rompun (Bayer Korea, Korea). Twelve rats divided into groups
of six were subjected to orthodontic forces. A closed coil nickel-
titanium spring (0.009 x 0.036, Sentalloy, GAC International,
USA) was connected between the maxillary first molar and
maxillary central incisors with ligature wires (Fig. 6A). To pre-
vent dislodgement of the spring, the maxillary first molar and
maxillary central incisors were notched on the mesial and distal
surfaces. After the ligatures were tied up, light-curing composite
resin bonding material (3M Unitek, USA) was placed over the
wire to prevent slipping. The appliance was activated immedi-
ately upon insertion with an initial force of 40 g, and the fit was
checked daily. No reactivation was performed during the ex-
perimental period. To examine the effect of antioxidants on
tooth movement, a split-mouth design was used. The experi-
mental side was randomly chosen, and the contralateral was
used as the vehicle. A daily injection of 50 pl of antioxidant or
vehicle was performed in the buccal mucosa adjacent to the
mesial surface of the first molars. The first injection was per-
formed 10 min before the placement of the appliance. Resvera-
trol was solved in ethanol and diluted with phosphate-buffered
saline immediately before injection (final concentration, 200
ng/50 pl). Ethanol of the same concentration that was diluted in

phosphate-buffered saline was used as a vehicle for resveratrol.

NAC was solved in distilled water, and the pH of the solution
was adjusted to 7.4 (final concentration, 25 mg/50 pl). To mini-
mize the effect of high osmolarity, NAA of the same concentra-
tion was used as a vehicle control for NAC. Seven days after
appliance placement, the rats were sacrificed, and the maxilla
was dissected, divided into two halves and prepared for micro
CT examination (Skyscan 1172, Belgium). The micro CT im-

ages of the maxilla were reconstructed three dimensionally (Fig.

6B), and the amount of tooth movement was compared by
measuring the distance between the mesial margin of the me-
sial fossa of the first molar and the distal margin of the distal
fossa of the third molar with Rapidform2006 software (Inus Tech-
nology, Korea).

Immunohistochemical staining

The animals were sacrificed, and the maxillae were dissected,
fixed in 10% buffered neutral formalin for 48 h and decalcified in
10% EDTA for 3 weeks. The decalcified specimens were de-
hydrated and embedded in paraffin. Each sample was sliced
into 5 um continuous sections in the horizontal direction and
prepared for immunohistochemical staining. Deparaffinized
sections were immersed in 0.3% H.O»/methanol for 20 min to
quench the endogenous peroxidase activity. The sections were
pre-incubated with 1% goat serum in phosphate-buffered saline
for 30 min and incubated overnight at 4°C with rabbit anti-IL-13
or rabbit anti-TNF-o antibodies at a 1:1000 dilution. After wash-
ing, these antibodies were detected using the Rabbit Vectas-
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Fig. 1. Mechanical compression and hypoxia increase intracellular
ROS production in human PDLFs. Human periodontal ligament
fibroblasts (PDLFs) were exposed to mechanical compression (A)
or hypoxic conditions (B) for 4 h, and intracellular reactive oxygen
species (ROS) were measured using DCFH-DA, which is converted
to fluorescence emitting DCF by ROS. *p < 0.05.

tatin Elite ABC kit. Antigen-antibody complexes were visualized
using 3',3'-diaminobenzidine and counterstaining with hema-
toxylin. Staining specificity was tested by the omission of pri-
mary antibody.

Statistic analysis

The data were expressed as the mean + S.D., and the statisti-
cal significance was analyzed by Student’s ttest. Because the
distribution of the data from the animal experiments had a
Gaussian distribution (Kolmogorov-Smirnov test; p > 0.05), the
paired ttest was used to compare the amount of tooth move-
ment. A p value less than 0.05 was considered to be statisti-
cally significant.

RESULTS

Both mechanical compression and hypoxic treatment
increases ROS production

PDL tissues on the compression sides are exposed to me-
chanical compression and hypoxia during orthodontic tooth
movement. Because previous studies have demonstrated that
hypoxic condition or mechanical compression stimulates ROS
generation, we first examined whether the intracellular ROS
level is increased by mechanical compression or hypoxic
treatment in human PDLFs cultured in vitro (Chandel et al.,
1998; Xu et al., 2005). The levels of intracellular ROS were
significantly increased when PDLFs were exposed to a me-
chanical compression of 0.5 to 3 g/cm® for 4 h (Fig. 1A). When
the PDLFs were incubated in hypoxic conditions for 4 h, intra-
cellular ROS levels were much higher than levels in the PDLFs
incubated in normoxic conditions (Fig. 1B).

Hypoxic treatment increases the expression of
pro-inflammatory cytokines

Although the stimulatory effects of mechanical compression on
the expression of pro-inflammatory cytokines have been well
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Fig. 2. Hypoxic treatment induces the expression of pro-inflam-
matory cytokines and VEGF in human PDLFs. PDLFs were incu-
bated in GasPak pouches for 24 h to induce hypoxia. The levels of
pro-inflammatory cytokines and vascular endothelial growth factor
(VEGF) were determined by quantitative RT-PCR and normalized
to GAPDH. The data represent the mean + S.D. of three independ-
ent experiments. *p < 0.05, compared to control (normoxia).

known, there are only a few reports demonstrating the effect of
hypoxia on the expression of pro-inflammatory cytokines in
human PDLFs (Motohira et al., 2007). Therefore, we examined
whether hypoxic treatment induces the expression of pro-
inflammatory cytokines in PDLFs. When the PDLFs were incu-
bated in the hypoxic conditions for 24 h, the mRNA levels of IL-
1B, IL-6 and IL-8 were significantly increased, and the induction
folds were similar to or higher than VEGF (Fig. 2). Although not
statistically significant, the level of TNF-oo mRNA was also in-
creased (Fig. 2).

Antioxidants decrease the transcriptional activity of HIF-1
Recent reports have shown that antioxidants diminish the pro-
tein level of hypoxia-induced HIF-1 by destabilization (Gao et
al., 2007; Vissers et al., 2007). Because HIF-1 is an important
transcription factor for the expression of hypoxia-induced target
genes, we examined whether antioxidants decrease the tran-
scriptional activity of HIF-1 in PDLFs (Loboda et al., 2010; Storz
and Imlay, 1999). Desferoxamine, a well-known inducer of HIF-
1, significantly increased the HIF-dependent reporter activity of
EPO-luc (Fig. 3A). Furthermore, NAC and resveratrol blocked
desferoxamine-induced increases in reporter activity (Fig. 3A).
Because VEGF is a well-known target gene of HIF-1, we also
examined whether antioxidants exert a regulatory effect on
VEGF expression. Incubation of PDLFs under hypoxic condi-
tions increased the level of VEGF mRNA, whereas NAC and
resveratrol diminished hypoxia-induced VEGF expression (Fig.
3B).

Antioxidants decrease the expression of pro-inflammatory
cytokines induced by combined treatment with mechanical
compression and hypoxia

Because PDL tissues on the compression side are exposed to
both mechanical compression and hypoxia in vivo, we exam-
ined the effect of antioxidants on the expression of pro-
inflammatory cytokines in PDLFs incubated under these condi-
tions. Combined treatment with mechanical compression and
hypoxia significantly increased the mRNA levels of IL-13, IL-6,
IL-8 and TNF-o. whereas the addition of resveratrol significantly
diminished the induction folds of these cytokines (Fig. 4). For
NAC, there was a trend of decreasing induction folds, but a
statistically significant difference was only observed in IL-18
(Fig. 4). To further confirm the effect of resveratrol on the pro-
tein level, the levels of secreted cytokines were assessed by
ELISA after 48 h treatment. Consistent with the results from
RT-PCR analysis, combined treatment with mechanical com-
pression and hypoxia significantly increased the levels of IL-6,
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Fig. 3. Antioxidants decrease the transcriptional activity of hypoxia
inducible factor-1 and the expression of VEGF in human PDLFs.
(A) PDLFs were transiently transfected with EPO-luc, an erythro-
poietin enhancer-driven luciferase reporter gene and incubated for
24 h in the presence or absence of desferoxamine (200 pM, DFO),
resveratrol (10 nM, Res) or N-acetylcysteine (20 mM, NAC). Next,
the luciferase reporter assay was performed. Data represent the
mean + S.D. of six independent experiments. *p < 0.05, compared
to DFO treatment alone. (B) PDLFs were incubated for 24 h in the
presence or absence of antioxidants under the normoxic or hypoxic
conditions (Hyp), and quantitative RT-PCR was performed to de-
termine the levels of VEGF mRNA. The data represent the mean +
S.D. of three independent experiments. *p < 0.05, compared to
control (normoxia). #p < 0.05.

IL-8 and TNF-a secretion, whereas these levels were signifi-
cantly diminished by resveratrol (Fig. 5). VEGF secretion was
also increased by this combined treatment, whereas secretion
was significantly decreased by resveratrol (Fig. 5D). IL-13 was
not detected by ELISA kit used in this experiment.

NAC decreases orthodontic tooth movement in rats

Based on the in vitro results, it can be assumed that antioxi-
dants may affect orthodontic tooth movement by decreasing
the expression of pro-inflammatory cytokines. Therefore, we
examined whether local application of antioxidants delay ortho-
dontic tooth movement in rats. Because we used 3D-recon-
structed micro CT images to evaluate tooth movement, we had
to sacrifice the subjects to obtain the images. Therefore, in-
stead of measuring the actual amount of tooth movement in
each subject (differences in measurement before and after
orthodontic tooth movement), we measured the distance from
the first molar to the third molar in each subject and compared
the values of the vehicle control group to those of the antioxi-
dant treatment group. When compared with the vehicle-treated
group, the NAC-treated group showed a significant decrease in
the distance between the first molar and third molar (Fig. 6C).
However, there was no significant difference between the vehi-
cle and resveratrol treatment (Fig. 6C). These results suggest
that NAC delayed orthodontic tooth movement.

To verify whether antioxidants diminish the expression of pro-
inflammatory cytokines in vivo, we performed immunohisto-
chemical staining for IL-13 and TNF-a using the tissue sections
from the vehicle- and NAC-treated rats. There was no positive
staining in the absence of primary antibody (Fig. 6D). The im-
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Fig. 6. NAC retards orthodontic tooth movement and sup-
presses the expression of IL-1B and TNF-a in rat PDL
tissues. (A) lllustration for the design of orthodontic tooth
movement. The mesial movement of the maxillary first
molars was induced by applying closed nickel-titanium
spring. To examine the effect of antioxidants on tooth
movement, a split-mouth design was used. Daily injection
of 50 pl of antioxidant (Res 200 ng, NAC 25 mg) or vehicle
(Veh) was performed in the buccal mucosa adjacent to the
mesial surface of the first molar. Seven days after appli-
ance placement, the rats were sacrificed. Arrow shows the
direction of tooth movement. |; incisor, M; molar. (B) Rep-
resentative micro CT images of vehicle-treated group:
(upper) occlusal view, (lower) buccal view. The micro CT
images of maxilla were obtained and reconstructed three
dimensionally. (C) The distance between the mesial fossa
of first molar and the distal fossa of the third molar was
measured. The data represent the mean + S.D. of five in-
dependent experiments. *p < 0.05. (D) Horizontal slices of the decalcified specimens were prepared, and immunohistochemical staining for IL-
1B and TNF-a was performed. Scale bar = 50 um. -Ab, staining without primary antibody; R, root; B, alveolar bone.

C

Distance (mm)




194 Antioxidants Delay Orthodontic Tooth Movement in Rats

munoreactivity of IL-1p and TNF-a. was strongly localized in the
PDL tissues of the vehicle-treated group, whereas the immuno-
reactivity was very weak in the PDL tissues of the NAC-treated
group (Fig. 6D). Furthermore, inflammatory cell infiltration was
more severe in the vehicle-treated group compared to the NAC-
treated group. These results suggest that NAC exhibits anti-
inflammatory activity in PDL tissues subjected to orthodontic
force.

DISCUSSION

In this study, we evaluated the effects of antioxidants on the
compression and hypoxia-induced production of pro-inflam-
matory cytokines and orthodontic tooth movement in rats. We
aimed to determine the potential influence of antioxidants on
the rate of orthodontic tooth movement in humans. We have
shown that NAC and resveratrol suppressed the expression of
pro-inflammatory cytokines and VEGF, which were induced by
combined treatment with mechanical compression and hypoxia
in human PDLFs. Furthermore, in vivo experiments demon-
strated that NAC delayed orthodontic tooth movement in rats.

NAC is a precursor of glutathione and functions as an ROS
scavenger (Aruoma et al., 1989). Interest in NAC has increased
because of its ability to inhibit synthesis of pro-inflammatory
molecules and to enhance the immune functions of phagocytes
and lymphocytes (Victor et al., 2003; Winyard and Blake, 1997).
Studies have also demonstrated that NAC suppresses osteo-
clast differentiation and stimulates osteoblast differentiation
(Jun et al., 2008; Lee et al., 2005). Furthermore, NAC has been
shown to inhibit the expression of lipopolysaccharide-induced
inflammatory mediators in gingival fibroblasts and suppress
alveolar bone loss in an experimental periodontitis model in rats
(Kim et al., 2007; Toker et al., 2009). Resveratrol is a naturally
occurring phytoalexin present in grapes and has attracted con-
siderable interest because of its anti-cancer effects (Jang et al.,
1997). Resveratrol has been also shown to suppress osteoclast
differentiation and promote osteoblast differentiation (Kupisie-
wicz et al., 2010). Orthodontic tooth movement is largely
achieved by remodeling changes in dental and paradental tis-
sues, especially in alveolar bone. Given that remodeling changes
in alveolar bone include bone resorption primarily in the com-
pression side and new bone formation primarily in the tension
side, there is a possibility that antioxidants may exert a negative
effect on orthodontic tooth movement by inhibiting osteoclastic
bone resorption and/or stimulating osteoblastic bone formation
in the compression side. Therefore, in this study, we examined
the effect of antioxidants using NAC and resveratrol.

In this study, combined treatment of PDLFs in vitro with me-
chanical compression and hypoxia was employed to reproduce
the conditions of compression and hypoxia during orthodontic
tooth movement. Previous studies have shown that mechanical
compression of cartilage or the spinal nerve increases the re-
cruitment of inflammatory cells to these tissues, resulting in
ROS production, inflammatory responses and subsequent
tissue damage (Burkhardt et al., 1986; Xu et al., 2005). How-
ever, it is not clear whether the mechanical compression of cells
induces ROS production in vitro. In the present study, we dem-
onstrated that mechanical compression increases ROS produc-
tion in human PDLFs per se. Furthermore, consistent with pre-
vious reports (Chandel et al., 1998), hypoxic treatment in-
creased ROS production in human PDLFs. These results sug-
gest that in addition to ROS of inflammatory cell-origin, PDLFs-
derived ROS may play a role in inflammatory responses in the
compression side of PDL tissues.

Although it is well known that hypoxia induces VEGF expres-

sion, the effect of hypoxia on the expression of pro-inflam-
matory cytokines in PDLFs is unclear. A previous report dem-
onstrated that hypoxia stimulates the PDLFs to produce VEGF,
IL-1B, IL-6 and prostaglandin E, (Motohira et al., 2007). Consis-
tent with this report, incubation of PDLFs under hypoxic condi-
tions induced the expression of VEGF, IL-1B, IL-6 and IL-8 in
the present study. As a mechanism for the induction of these
cytokines by hypoxia, it has been suggested that hypoxia in-
duces the activation of HIF-1 and NF-xB, promoting the ex-
pression of VEGF and pro-inflammatory cytokines, respectively
(Storz and Imlay, 1999). ROS activates NF-xB, and antioxi-
dants reduce the NF-kB-dependent transcription of pro-inflam-
matory cytokines (Janssen-Heininger et al., 2000; Schubert et
al., 2002). Furthermore, antioxidants destabilize HIF-1 and
reduce the expression of HIF-1 target genes (Gao et al., 2007;
Vissers et al., 2007). In the present study, we confirmed that
hypoxia increased ROS production and the expression of pro-
inflammatory cytokines. Furthermore, antioxidants suppressed
ROS production and the expression of IL-6 and IL-8 that were
induced by hypoxia (data not shown). As for HIF-1, both NAC
and resveratrol significantly diminished the transcriptional activ-
ity of HIF-1 and the mRNA level of VEGF, a target gene of HIF-
1. These results suggest that antioxidants may reduce the hy-
poxia-induced expression of pro-inflammatory cytokines and
VEGF through the down-regulation of HIF-1- and NF-«xB-
dependent transcription.

In this study, NAC and resveratrol decreased the expression
of pro-inflammatory cytokines, which were induced by a com-
bined treatment of mechanical compression and hypoxia. Im-
munohistochemical staining of IL-18 and TNF-a confirmed that
NAC blocked the expression of these cytokines. Furthermore,
the infiltration of inflammatory cells in PDL tissues was also
diminished by NAC. Although the inhibitory effect of NAC on the
combined treatment-induced expression of TNF-o in human
PDLFs was not statistically significant in vitro, NAC clearly sup-
pressed TNF-o. expression in vivo. Given that NAC strongly
inhibits the synthesis of pro-inflammatory molecules in leuko-
cytes (Victor et al., 2003; Winyard and Blake, 1997), it is likely
that NAC exerts a stronger inhibitory effect on the expression of
IL-18 and TNF-a through the inhibition of inflammatory cells in
vivo. Because the functional blocking of IL-1 or TNF-o by local
administration of soluble receptors is known to retard orthodon-
tic tooth movement (Jager et al., 2005), NAC may delay ortho-
dontic tooth movement through the inhibition of these pro-
inflammatory cytokines. Although resveratrol showed stronger
inhibitory effect than NAC in vitro, there was no statistically
significant difference in tooth movement between the vehicle-
treated group and the resveratrol-treated group. The reason for
this discrepancy is not clear. But resveratrol showed delayed
tooth movement at the fourth day samples (data not shown)
and there was a trend of decrease in mean distance of the
resveratrol-treated group compared to the vehicle-treated group
at the seventh day samples even if not statistically significant.
Therefore, there is a possibility that resveratrol might delay
tooth movement if sample size increased.

Hypoxia is known to stimulate bone resorption by promoting
the osteoclastic differentiation of hematopoietic precursor cells
and the bone-resorbing activity of osteoclasts in a HIF-1-depen-
dent manner (Amett et al., 2003). In addition to direct regulation
of osteoclast precursor cells, hypoxia enhances osteoclasto-
genesis indirectly by increasing the secretion of VEGF from
non-osteoclastic bone marrow cells (Knowles and Athanasou,
2008). Local administration of neutralizing antibody to VEGF
delays the orthodontic tooth movement (Kohno et al., 2005). In
the present study, hypoxic treatment increased the expression
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of VEGF in PDLFs, which were suppressed by NAC and resve-
ratrol. Furthermore, antioxidants prevented des-feroxamine-
induced transcriptional activation of HIF-1. These results sug-
gest that the inhibition of HIF-1 transcriptional activity and
VEGF expression is also involved in antioxidant-induced retar-
dation of orthodontic tooth movement through the down-regu-
lation of osteoclastogenesis and subsequent bone resorption.
Receptor activator of nuclear factor-kB ligand (RANKL) is an
essential factor for osteoclastogenesis, and RANKL expression
is up-regulated in the compression side of PDL tissues
(Ogasawara et al., 2004; Wada et al., 2006). RANKL expres-
sion was also up-regulated by hypoxia in PDLFs, and antioxi-
dants diminished hypoxia-induced RANKL expression in
PDLFs in vitro and in the rat PDL tissues in vivo [data not
shown, Park et al. (in press)]. These results further support the
hypothesis that antioxidants may exert a negative effect on the
orthodontic tooth movement through the down-regulation of
bone resorption.

Based on the in vitro data, the animal study was designed to
examine whether orthodontic tooth movement is delayed by
NAC and resveratrol. We used a nickel-titanium spring to pro-
vide a relatively constant force of 40 g over the course of the
experiment. Previous studies have shown that a 40-60 g of
force stimulated substantial molar tooth movement in rats
(Dunn et al., 2007). Although no significant decrease was ob-
served in the resveratrol group, NAC significantly decreased
the mesial movement of the maxillary first molar compared to
the vehicle control. The mean difference between the vehicle
and NAC group was 161 um, and this value is comparable to
the effect of locally delivered osteoprotegerin, a decoy receptor
of RANKL (Dunn et al., 2007). These results further support the
hypothesis that antioxidants might delay orthodontic tooth
movement. The drawbacks of our animal study are small sam-
ple size, short experimental period and local administration of
antioxidants. Despite the popularity of antioxidants, there is little
information available on the effect of antioxidants, especially in
the field of dentistry. Further studies based on the larger ani-
mals, such as beagles, with a long-term follow-up and systemic
administration of antioxidants, need to be conducted to verify
the findings of this study.

In summary, this study demonstrates that antioxidants de-
crease the expression of pro-inflammatory cytokines and VEGF
in human PDLFs, which were induced by combined treatment
with mechanical compression and hypoxia in vitro, and NAC
delays orthodontic tooth movement in rats. These results sug-
gest that antioxidants have the potential to retard orthodontic
tooth movement.
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