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Abstract Periostin is essential for the integrity and
function of the periodontal ligament (PDL), and periostin
knockout is related to an enhanced inflammatory status in
PDL. High mobility group box 1 (HMGBI), a late in-
flammatory cytokine, is up-regulated in PDL cells in re-
sponse to mechanical stress. This study aimed to
investigate the effect of periostin deficiency (Pn-/-) on
HMGB1 expression in PDL during orthodontic tooth
movement. We used 8-week-old male mice homozygous
for the disrupted periostin gene and their wild-type (WT)
littermates. Tooth movement was performed according to
Waldo’s method, in which 0.5-mm-thick elastic bands
were inserted between the first and second upper molars of
anesthetized mice. After 3 days of mechanical loading,
mice were fixed by transcardial perfusion of 4 %
paraformaldehyde in phosphate buffer, and the maxilla was
extracted for histochemical analyses. Compared with the
WT group, Pn-/- mice showed higher basal expression of
HMGBI in the absence of mechanical loading. Following
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3 days of orthodontic tooth movement, the PDL in the
compression side of both groups was almost replaced by
cell-free hyaline zones, and Pn-/- mice showed a much
wider residual PDL than WT mice. In the tension side, the
number of HMGB I-positive cells in PDL in both Pn-/- and
WT groups increased remarkably without a significant
difference between the two groups. Our findings suggest an
inhibitory effect of periostin on HMGBI1 production by
PDL and confirmed the critical role of periostin in integrity
of PDL collagen fibrils during orthodontic tooth move-
ment, although mechanical loading is the predominant
stimulant of HMGBI1 expression relative to periostin
deficiency.

Keywords Periostin - HMGBI1 - Orthodontic tooth
movement - Periodontal ligament

Introduction

Many molecular mediators for adaptive responses to stress
are involved in the orthodontic force-induced PDL re-
modeling process. Periostin, a disulfide-linked 90 kDa se-
creted matricellular protein first identified by Takeshita
et al. (Norris et al. 2008; Takeshita et al. 1993), is primarily
expressed in the periosteum and PDL, which are subjected
to constant mechanical stress, supporting effective trans-
mission and distribution of force (Yamada et al. 2014) and
maintaining the integrity of the PDL during occlusal
function and inflammation (Choi et al. 2011). The up-
regulation of periostin mRNA was found in PDL com-
pression sites compared with tension sites in an ex-
perimental tooth movement model (Wilde et al. 2003).
Periostin-null mice showed a dramatic loss of periodontal
support and a compromised attachment apparatus that lead
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to pathologic tooth migration in a mechanically challeng-
ing environment (Rios et al. 2008). In addition, a drop in
periostin levels and degradation of the PDL fiber system
were observed in rats in the absence of mechanical stress
(Choi et al. 2011). Based on the above evidence, it is
suggested that periostin protein is involved in PDL main-
tenance and remodeling in response to mechanical stress.

High mobility group box protein 1 (HMGBI1), a
nonchromosomal nuclear protein that is constitutively ex-
pressed in the nucleus of eukaryotic cells, functions as a
regulator for nucleosome structure maintenance and gene
transcription regulation (Klune et al. 2008). HMGBI1 also
acts as an alarmin that can be actively secreted by activated
immune cells or passively released by injured/dead cells to
participate in the regulation of the immune response (An-
dersson et al. 2002; Yang et al. 2002). Recently, HMGB1
has been found basally expressed in periodontal tissue, e.g.,
in PDL and alveolar bone, and extracellularly released by
human PDL cells. It can thus upregulate the expression of
various pro-inflammatory and osteoclastogenic cytokines
such as IL-1p, IL-6, IL-17, and RANKL by which HMGB1
could modulate alveolar bone resorption and remodeling
(Kim et al. 2010). In addition, by using a rat experimental
tooth movement model, Wolf et al. (2013c) showed
HMGBI1 expression was modulated in a time-dependent
manner in both compression and tension sides. Our previ-
ous study also confirmed the orthodontic force-triggered
up-regulation of HMGB1 in mice PDL (Lv et al. 2014a).
Considering the altered expression of periostin and
HMGBI in PDL cells under stress condition, it is possible
that there is a correlation, direct or indirect, between both
proteins, which may be involved in the modulation of
stress-induced PDL remodeling.

In this study, we examine the effect of periostin defi-
ciency on the expression of HMGBI in PDL in response to
mechanical stimulus using periostin gene knockout mice.

Materials and methods
Animal and tissue preparation

Eight-week-old male mice homozygous for the disrupted
periostin gene and their wild-type (WT) littermates were
used in these experiments. Pn-/- mice were generated as
described previously (Lv et al. 2014a). In brief, the targeted
disruption of the periostin gene was performed in mouse
embryonic stem cells using a homologous recombination,
and the inserted Neo gene was deleted in deficient mice by
crossing with CAG-Gre mice to excise the neo cassette; no
periostin expression was observed in Pn-/- mice. All animal
experiments in this study were conducted according to the
Guidelines for Animal Experimentation of Shandong
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University, Hokkaido University, and Tokyo Institute of
Technology.

Waldo’s model was used to induce orthodontic tooth
movement. In brief, an elastic band of 0.5 mm thickness
and 2 mm width was inserted into the space between the
right first and second maxillary molars under anesthesia.
The untreated sides were used as controls. Mice were
housed under specific pathogen-free conditions, in a room
with continuously filtered air, maintained between 21 and
22 °C, with 40-60 % humidity on 12 h light and dark
cycles and given free access to soft diet and water.

At 3 days after orthodontic force application, all animals
were subjected to transcardial perfusion with 4 %
paraformaldehyde in a 0.1 M phosphate buffer (pH = 7.4)
after anesthesia with an intraperitoneal injection of 8 %
chloral hydrate (400 mg/100 g body weight). Afterwards,
the maxilla of each animal was dissected, divided in half,
and immersed in the same fixative for an additional 24 h
prior to decalcification with 10 % EDTA-2Na solution for
2 weeks at 4 °C. After that, specimens were dehydrated
with ethanol solutions in ascending concentrations prior to
paraffin embedding. Five-micrometer thick serial sections
were prepared for histological analysis. Six animals were
sacrificed for each group at each time point. Schematically
illustrated in Fig. 1.

Immunohistochemistry for HMGB1 and periostin

After xylene treatment, dewaxed paraffin sections were
pretreated with 0.3 % hydrogen peroxide for 30 min at
room temperature. Then, sections were pre-incubated with
1 % bovine serum albumin in phosphate-buffered saline for

Fig. 1 Hematoxylin-eosin staining of the upper first molar reveals
the area of interest in this experiment. The elastic band was inserted
between the upper first and second molars to induce tooth movement.
TS tension side; CS compression side; Ab alveolar bone
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20 min to reduce non-specific staining. The treated sections
were incubated for 2 h at room temperature with a rabbit
anti-HMGBI1 antibody (Epitomics, Burlingame, CA, USA)
at a dilution of 1:200, or a rabbit anti-Periostin antibody
(Santa Cruz, Dallas, TX, USA) at a dilution of 1:100. They
were then immersed in horseradish peroxidase-conjugated
secondary antibodies (Dako, Glostrup, Denmark) at a di-
lution of 1:100 for 1 h at room temperature. The im-
munoreaction was visualized with diaminobenzidine
(Sigma-Aldrich, St. Louis, MO, USA). Staining results
were assessed under light microscopy (BXS53, Olympus
Corp., Tokyo, Japan), and all sections were faintly coun-
terstained with methyl green.

Immunostaining intensity was analyzed using Imagepro
Plus 6.2 software (Media Cybernetics, Silver Spring, MD,
USA). Positive reaction areas of periostin in the regions of
PDL were manually selected in a color cube-based manner.
At least six sections from each group were analyzed. All
values are presented as mean =+ standard deviation. Dif-
ferences among the groups were assessed by the Student’s t
test, and considered statistically significant at P < 0.01.

Counting of HMGB1-positive cells

Stained sections were observed and microscopical images
were taken with a light microscope. Randomly chosen,
equally-sized images of PDL tissue at the compression and
tension sides of the maxillary first molars were captured for
each specimen. The number of immunoreactive cells was
counted and calculated with the aid of the cell analyzing
software Imagepro Plus (Media Cybernetics). Extracellular
immunoreactivity was not analyzed because of difficulties
with quantification of such staining results. All operations
were performed by the same person experienced in inter-
pretation of histological sections. To avoid bias, the cell
counting was performed automatically by software after
definition of the corresponding thresholds.

Results

Periostin expression in periodontal tissue of WT
mice after orthodontic tooth movement

To investigate the periostin expression profiles in peri-
odontal tissue during orthodontic tooth movement, we per-
formed immunohistochemistry and found that the expression
of periostin was predominantly observed in the PDL of
control specimens without experimental tooth movement.
There was no apparent difference in intensity of immunos-
taining between the mesial and distal PDL surrounding the
root in control specimens (Fig. 2a, b, e). The cells expressing
periostin protein were mainly fibroblasts in PDL; a region of

osteoblasts on the surface of alveolar bone was also
positively stained. However, osteocytes located in alveolar
bone were negative for periostin (Fig. 2a, b). After 3 days of
experimental tooth movement, the expression of periostin
was slightly reduced at the tension side compared with the
control group (Fig. 2a, c, e), although without significant
difference. At the compression side, the immunostaining for
periostin was dramatically lowered to an undetectable level
along with the formation of hyaline zones (Fig. 2b, d, e).

HMGBI1 expression in PDL of the compression side
in both WT and Pn-/- groups after orthodontic tooth
movement

In untreated WT mice, PDL at the compression side
showed a basal expression of HMGBI1 and the faint im-
munostaining for this protein was mainly located at the cell
nucleus of fibroblasts (Fig. 3a). Compared with WT mice,
PDL at the compression side in Pn-/- mice exhibited a
higher basal expression of HMGB1 with a larger number of
HMGBI1-positive cells (Fig. 3a, b, e). After 3 days of
orthodontic tooth movement, the PDL of both groups was
almost replaced by cell-free hyaline zones filled with dis-
organized collagen fibers, thus no visible HMGB 1-positive
cells were observed in these areas (Fig. 3c, d). However,
the residual PDL of the compression side was much wider
in Pn-/- mice than in their WT littermates (Fig. 3c, d, f).

HMGBI1 expression in PDL of the tension side
in both WT and Pn-/- groups after orthodontic tooth
movement

For the untreated WT mice, PDL at this side showed similar
levels of basal expression of HMGB1 compared with the
compression side (Figs. 3a, 4a). Similar to the manifestation
of the compression side, Pn-/- mice also displayed a higher
level of basal expression of HMGB1 in PDL cells than in WT
mice (Fig. 4a, b, e). After 3 days of orthodontic force ap-
plication, PDL in both groups exhibited different extents of
stretch (Fig. 4c, d). This increased PDL width in Pn-/- mice
was about 25 % less than that of WT mice (Fig. 4f). More
importantly, the numbers of HMGB 1-positive cells in PDL
of this side from WT and Pn-/- mice were both increased
compared with their respective unloaded counterparts
(Fig. 4a—d), but there was no significant difference between
the two groups (Fig. 4c—e).

Discussion
In this study, we examined the expression of HMGBI1 by

using immunohistochemistry analysis in WT and Pn-/-
mice periodontal tissue during experimental tooth
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Fig. 2 Immunohistochemistry for periostin and statistical analysis for
periostin immunochemical intensity. At O day, periostin was pre-
dominantly localized in PDL and uniformly distributed in the mesial
and distal PDL surrounding the root (a, b). There is no significant
difference between the mesial and distal PDL surrounding the root
(e). Following orthodontic tooth movement, periostin expression in

movement. In 1954, Waldo et al. introduced a method for
inducing tooth movement through inserting an elastic band
into the space between maxillary first molar and second
molar. Compared with the Ni-Ti coil spring method now in
wide use, Waldo’s method is characterized by its ease of
application and good short-term stability (1-5 days).
Therefore, it is suitable for evaluating the effect of short-
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PDL was weakened slightly compared with O day group at tension
sides (c, e). At the compression side, due to the formation of cell free
hyaline zones, the immunostaining for periostin was dramatically
lowered even to an undetectable level (d). P < 0.01. PDL periodontal
ligament; D dentin; Ab alveolar bone; TS tension side; CS compres-
sion side. a-d, x400

term orthodontic force on the local periodontal tissue.
Specially, Wolf et al. (2013c¢) reported the peak expression
of HMGBI in periodontal ligament cells following 3 days
of mechanical loading. Furthermore, our previous study
showed the fully formed cell free hyaline zones in PDL of
the compression side at day 3 after the application of me-
chanical stress using Waldo’s method (Lv et al. 2014b).
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Fig. 3 The HMGBI1 expression level and the width of PDL at
compression side. In Pn-/- group, the number of HMGBI positive
cells was significantly increased compared with WT group (a—d, i).
Following 3 days of orthodontic tooth movement, there were apparent
hyaline zones formed in both group (the red dotted line) (e-h). There
were only a few HMGBI1 positive cells in the compression sides.

Based on the above-mentioned evidence, we choose Wal-
do’s method to induce orthodontic tooth movement and
day 3 as our targeted time point in this experiment.

Our previous study demonstrated that periostin plays an
essential role in the function of collagenolytic enzymes
such as cathepsin K, MMP1 and MMP?2 in the compressed
PDL after orthodontic force application. This aided the
degradation of collagen fibers and facilitating orthodontic
force-induced tooth movement, while deficiency of pe-
riostin inhibited the elimination of collagen fibers and ob-
structed the corresponding tooth movement (Lv et al.
2014b). In this study, we obtained similar results showing

Statistical analysis for width of PDL (j). The width of PDL in both
groups showed narrowed, however, in the Pn-/- group, the width of
compressed periodontal ligament was wider than that of WT group at
3 days after orthodontic tooth movement. P < 0.01. PDL periodontal
ligament; D dentin; Ab alveolar bone; CS compression side. a—d,
%x400. (Color figure online)

that both groups exhibited extensive formation of cell-free
hyaline zones at the PDL of the compression side and the
PDL at this side was less compressed in Pn-/- mice than in
WT mice. Although the critical roles of periostin in col-
lagen fibrillogenesis and connective tissue integrity have
been highlighted in the literature (Choi et al. 2011; Norris
et al. 2007; Rios et al. 2008), it appears that the tendency of
excessive tooth migration caused by periostin deficiency-
induced defects in biomechanical properties of the peri-
odontium is counter-balanced by the impairment of
degradation of collagen fibers resulting from periostin
deficiency.
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Fig. 4 The HMGBI expression level and the width of PDL at tension
side. There was a basal expression of HMGBI1 in both untreated
groups (a—d), and in Pn-/- group, the number of HMGBI1 positive
cells exhibited a significant increase. At 3 day after orthodontic tooth
movement, HMGB1 expression was increased significantly in tension
side of both groups, but the increased value of PDL width in Pn-/-

We have revealed, for the first time to our knowledge,
that PDL of Pn-/- mice exhibited a higher level of basal
HMGBI expression than that in WT mice in the absence of
mechanical force. It is demonstrated that periostin-null
mice develop with a highly inflamed background in their
tooth-supporting tissue including PDL and alveolar bone
(Rios et al. 2005), and the inflammatory response is though
to be associated with a high level of HMGBI1 expression
(Yang et al. 2002). Hence, these findings suggest that it
might be the periostin deficiency-induced systemic in-
flammatory response that upregulated HMGB1 expression
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in PDL. Additionally, other than the indirect regulation, it
is also possible that periostin directly inhibited HMGB1
expression by interacting with specific receptors expressed
on periodontal ligament fibroblasts. However, the exact
regulatory role of periostin on HMGB1 expression of PDL
cells and the underline mechanism still needs further
in vitro confirmation.

After the application of mechanical force in WT mice,
the expression of periostin in PDL of the tension side was
not significantly different from the unloaded counterpart,
which does not conform with the reports that periostin
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Fig. 5 Schematic diagram for HMGB1 expression profiles in PDL of
Pn-/- mice during experimental tooth movement. Normal PDL cells
exhibit low level of basal expression of HMGBI1. Both periostin
deficiency and mechanical stress can promote HMGB1 expression by
PDL cells independently. At the compression side, the PDL was
almost replaced by cell free hyaline zones due to hypoxia, but because
of the impeded collagen fiber degradation and the resulting obstruc-
tion of tooth movement, it showed a wider residual compressed PDL
than their WT littermates. At the condition of mechanical stress,

mRNA expression was decreased in tension sites during
experimental tooth movement (Wilde et al. 2003). Mean-
while, the number of HMGB 1-positive cells was increased
in the PDL of the tension side. This finding is consistent
with the well-recognized stimulatory effect of mechanical
stress on HMGB1 production (Wolf et al. 2013a, b, ¢). For
Pn-/- mice, the number of HMGBI positive cells in PDL at
the tension side was also increased, with no significant
differences compared with WT mice. It is seemed that the
promotive effect of periostin deficiency on HMGBI1 ex-
pression was so inconsiderable compared with that of
mechanical loading that lead to the similar extent of in-
crease in the number of HMGB1-positive cells between
two groups. Nevertheless, it has been reported that

l Tension side

- High mobility
group box 1

cell free hyaline
zones

periostin deficiency causes collagen fibers degradation impairment of
PDL at compression side, which obstructs orthodontic tooth move-
ment and further results in less stretch of PDL at the tension side. Less
stretch is reasonably associated with less tensile force in PDL of
tension side and less increase of HMGB1 expression compared with
WT mice. However, the additional promotive effect of periostin
deficiency on HMGB1 production makes up for it, leading to a
comparable HMGB1 expression level to WT mice

periostin is not only essential for the integrity and function
of the PDL during mechanical loading, but it also promotes
cellular tolerance against stress and inhibits cell death
(Rios et al. 2008). Deficiency of periostin is associated with
defects in cell-cell and cell-matrix connections (Norris
et al. 2007). Thus, under mechanical stress, the PDL tissue
of Pn-/- mice is vulnerable to damage and tearing. There-
fore, theoretically, with the same extent of tension, PDL of
Pn-/- mice should be easier to be stretched. However, the
periostin deficiency-induced impairment of collagen fiber
degradation impeded tooth movement and reduced the
value of tension force applied to PDL at the tension side
indicated by the less expanded width of PDL at the tension
side in Pn-/- mice compared with their WT littermates.
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Primary, tension of the PDL alters blood vessel mor-
phology and the vascular response in the alveolar socket
(Kuitert et al. 1988; Noda et al. 2009), leading to a re-
duction in blood volume (Packman et al. 1977), which can
eventually induce local hypoxia and apoptosis in PDL cells
(Rygh 1973). Both hypoxia-caused cell injury and apop-
tosis of cells are well recognized as stimulators for
HMGBI1 expression and release (Andersson et al. 2002;
Bianchi 2007; Wang et al. 1999). Therefore, presumably,
less tension force means less morphologic change of blood
vessel and less hypoxia-induced injury to PDL cells, which
further reduces HMGB1 expression. Moreover, stress is an
independent activator for HMGB1 expression. Experiments
in vivo and vitro demonstrated that stress could induce
HMGBI release and translocation from the nucleus to the
cytoplasm in an intensity-dependent manner (Wolf et al.
2013c). Thus, the attenuated tension force in the tension
side contributed to less enhanced HMGBI1 expression by
PDL cells in Pn-/- mice, which might generate a similar
increase in the number of HMGB1-positive cells to that of
WT mice combined with the additional promotive effect of
periostin deficiency on HMGBI1 expression.

In conclusion, our study reveals that periostin deficiency
increases basal expression of HMGBI in mice, suggesting
a direct or indirect inhibitory effect of periostin on HMGB1
production. In the process of orthodontic tooth movement,
mechanical force might act as a common mediator,
regulating the expression of HMGBI1 and periostin in ex-
perimental tooth movement, which further contributes to
maintenance of periodontal integrity and remodeling of
periodontal tissue (Fig. 5).
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