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Periostin is essential for periodontal ligament
remodeling during orthodontic treatment
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Abstract. Orthodontic tooth movement is a process stimulated
and maintained by external tensile stress; periodontal liga-
ment remodeling serves an important role during this process.
However, the function and underlying mechanism of periostin
(PN) during orthodontic periodontal ligament remodeling
remain unclear. The present study established in vitro and
in vivo models of orthodontic treatment to investigate the
expression levels of PN under conditions of external tensile
stress load. These results indicated that tensile stress load
increased the expression levels of PN in mouse peridontal
ligaments and human periodontal ligament cells (hPDLCs),
during orthodontic tooth movement. Furthermore, the present
study demonstrated that the expression levels of PN were regu-
lated by transforming grown factor 3, and that PN promotes
type I collagen and a-smooth muscle actin expression levels in
hPDLCs. Therefore, PN may be essential for periodontal liga-
ment remodeling during orthodontic treatment, and therefore
may represent a potential therapeutic target.
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Introduction

The correction of malocclusion involves adjusting tooth posi-
tion via external tensile stresses generated by orthodontic
appliances, thus causing internal responses to these forces (1,2).
During such orthodontic treatments, the periodontal tissues
often sustain reversible injury (3). Full rectification of the
dentition is only achieved following extensive treatment, due
to various factors that may affect a positive outcome (4-6).
Despite the development of advanced orthodontic techniques
and appliances (7), the underlying mechanisms of orthodontic
tooth movement remain unclear.

A previous study has suggested an important role for the
periodontal ligament in promoting the movement of teeth and
dental implants during orthodontic treatment (8). A variant
form of periosteum interposes between the cementum and
the alveolar bone; the periodontal ligament consists of dense
connective tissue arranged in fiber bundles with the two ends
buried in the cementum and the alveolar bone wall socket.
In addition to buffering and absorbing external forces (9),
the periodontal ligament additionally serves a vital role in
the transduction of external forces to promote alveolar bone
mineralization and resorption, and repair of injured peri-
odontal tissues (10-12). Dangaria et al (13) demonstrated that
stem cell colonies in the periodontal ligament and the extracel-
lular matrix may promote regeneration of periodontal tissues.

A recent study identified periostin (PN) as a critical extra-
cellular matrix protein that functions to regulate the steady
state of the periodontal membrane (14). PN is additionally
involved in maintaining periodontal tissue integrity, tooth
development, external stimuli-induced repair and tissue
regeneration, cell adhesion, collagen cross-linking, and fiber
formation (15). From a developmental perspective, rat embryos
exhibit PN expression on embryonic day 9.5, initially in the first
branchial arch, followed by the ectomesenchyme (16), dental
papilla cells, and odontoblasts during the bell and hard tissue
formation stages. Following birth, PN expression is detected
primarily in the fibroblasts of the periodontal ligament and the
osteoblasts of the alveolar bone (17).

In the absence of a biting force, the periodontal ligament
of Wistar rats becomes weakened and exhibits structural
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alterations, accompanied by a marked decrease in PN mRNA
expression levels after 24 h (18). In PN-knockdown mice,
X-ray and micro-computed tomography studies demonstrated
no marked alterations in the periodontal ligament during tooth
development and eruption, prior to the establishment of normal
occlusion, compared with healthy mice. However, in PN-null
mice with tooth eruption, significant damages occurred in
the periodontal tissue following exposure to a masticatory
force for three months (19), suggesting that PN is essential for
maintaining the integrity of the periodontal membrane when a
biting force is present.

PN is a multifunctional extracellular matrix protein that
may be induced by transforming growth factor-f (TGF-p),
and serves as a downstream factor of the latter to regulate
the synthesis and secretion of collagen in fibroblasts (20).
PN secreted by airway epithelial cells may activate TGF-f to
promote airway fibrosis (21,22). Norris et al (23) demonstrated
that in PN-knockout mice, the myocardial collagen has a
reduced denaturation temperature. Thus far, little is under-
stood concerning the role of PN in orthodontic periodontal
ligament remodeling, and of its association with TGF-3. The
present study aimed to investigate the role of PN in peri-
odontal ligament remodeling during orthodontic treatment,
and the potential underlying molecular mechanisms. This was
achieved by detecting PN expression levels under tensile stress
conditions, in human periodontal ligament cells (hPDLCs), a
mouse model of orthodontic tooth movement and in patients.

Materials and methods

Subjects. The present study was performed with approval from
the Southern Medical University Institutional Research Ethics
Committee (Guangzhou, China). Written informed consent
was obtained from 25 patients (male, n=13; female, n=12; age,
18.5+0.7) who fulfilled the following inclusion criteria: Age,
12-25 years when receiving orthodontic treatment; permanent
dentition; normal dentition (with the exception of the third
molars); absence of periodontal diseases, severe caries or
hyperplasia of the tooth root; absence of systemic diseases and
no history of anti-inflammatory agent or immunosuppressant
use within 3 months prior to enrollment; willingness to receive
reduction tooth extraction of the molars. All the patients
received orthodontic treatment in the Orthodontic Department
of Nanfang Hospital, Southern Medical University, between
June 2012 and December 2013. Of these patients, 10 with
crowded dentition but without orthodontic treatment prior to
tooth extraction served as the control group, and 15 with normal
dentition undergoing orthodontic treatment for 3-4 months
constituted the experimental group. The periodontal tissue of
tooth roots was removed with a scalpel into a 1.5-ml centrifuge
tube and stored at -80°C for further experiments.

Animal experiments. All animal experiments were performed
with the approval of Southern Medical University Institutional
Research Ethics Committee. Specific pathogen-free male
wild-type C57BL/6 mice (age, 4 weeks; weight, 20+3 g;
n=35) were obtained from and housed by the Experimental
Animal Center of Southern Medical University in standard
laboratory conditions (25°C, 10-85% humidity and a 12 h
light/dark cycle [on at 7:15 a.m. and off at 7:15 p.m.]) with
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free access to food and water. The mice were randomized into
five groups, including a control group without external tensile
stress loading, and four experimental groups exposed to 20 g
external tensile stress loading, delivered using a conventional
orthodontic method (24) for 2,4 or 6 days. Using a customized
fixed oral traction device, a hook was fixed under a microscope
on the incisors of the mouse and a ligature wire that delivered
a 20 x g traction force was fixed on the first molars of the mice,
which were anesthetized with intravenous sodium pentobar-
bital (1%, 35 mg/kg; cat. no. P3761; Sigma-Aldrich; Merck
Millipore, Darmstadt, Germany) intravenously injected, and
surgical depth of anesthesia was deemed to be achieved when
the tail-pinch and pedal withdrawal reflexes were lost (25). The
coil spring was kept constant for 2,4 or 6 days, following which
the upper molars exposed to the traction force were removed.
The periodontal tissue of the tooth roots was removed with
a scalpel and stored in a 1.5-ml centrifuge tube at -80°C for
subsequent analysis.

Immunohistochemistry for PN. Following tensile stress
loading for various time periods, the five groups of mice
were anesthetized with sodium pentobarbital intravenously
injected (1%, 80 mg/kg; cat. no. P376; Sigma-Aldrich; Merck
Millipore) and sacrificed by decapitation, and the bone
segment containing the first molar and periodontal tissues was
harvested. The direction of tensile stress was marked, and the
bone segments were fixed with formalin for 6 h and immersed
in decalcifying solution at 4°C for 3 weeks. The bone segments
were subsequently embedded in paraffin, and for each tissue
sample, 3 ym thick transverse sections of the upper molars
were cut for morphometric analysis. Immunohistochemical
staining of the sections was performed using mouse mono-
clonal anti-PN horseradish peroxidase (HRP) antibody
(1:300; cat. no. sc-398631; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA). PN expression area and intensity was
determined using the labeled streptavidin-biotin technique,
as previously described (26). The SP-9000 kit was purchased
from ZSGB-BIO (cat. no. SP-9000; Beijing, China). Imaging
analysis was conducted using the Image-Pro Plus software
version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).

Cultured hPDLCs and cyclic tensile stress loading. To isolate
hPDLCs, healthy wisdom teeth and premolars freshly extracted
from young adults for orthodontic reasons were obtained. All
the donors were informed of the purpose of the study and
written informed consent was given prior to participation.
hPDLCs were isolated from the extracted teeth by explant
culture combined with enzymatic digestion, as previously
described (27). The primary hPDLCs were maintained in
Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with 10%
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.),
100 U/ml penicillin and 100 pxg/ml streptomycin at 37°C in
a humidified atmosphere of 5% CO,. The cells were dissoci-
ated from the surface of the culture flask with trypsin solution
[0.25% trypsin (Gibco; Thermo Fisher Scientific, Inc.), 0.1%
glucose and citrate-saline buffer (pH 7.8)] and resuspended for
future experiments. The third-passage cells were cultured in
a mineralization medium (DMEM supplemented with 10%
FBS, 0.1 uM dexamethasome, 50 M vitamin C and 10 mM
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B-phosphoglycerol) for 21 days. The cells were subsequently
stained with Alizarin Red S to visualize the formation of
mineralized nodules, and immunohistochemical staining for
vimentin and keratin expression was performed as previously
described (26) to ensure that the cells originated from the
periodontal ligament instead of the epithelia. Following verifi-
cation, cells were exposed to cyclic tensile stress loading with
a 10% extent at a 0.5 Hz resonant frequency delivered from a
Flexcell® FX-5000 Tension system (28) for 12,24 or 48 h. Cells
cultured without tensile stress loading under routine conditions
served as the control. In order to explore the mechanism of PN
during orthodontic periodontal ligament remodeling, hPDLCs
were treated with 5 ng/ml TGF-f} (cat. no. 11412272001; Roche
Applied Science, Penzberg, Germany) for 12,24 and 48 h (29).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA from the tensile stress-loaded hPDLCs,
periodontal tissues from the mouse model, and patient samples
was extracted using TRIzol (Takara Bio, Inc., Otsu, Japan)
according to the manufacturer's protocol. The RNA quality
was determined using a NanoDrop 2000c Spectrophotometer
(Thermo Fisher Scientific, Inc.), and the RNA samples were
further analyzed if their absorbance ratio (A,q/A,s,) Was
within the range of 1.9-2.1, with a A,4/A,;, >2. The RNA
was reverse transcribed to cDNA using the RevertAidTM
First Strand cDNA Synthesis kit (Fermentas; Thermo Fisher
Scientific, Inc.). Primers (Table I; Thermo Fisher Scientific,
Inc.) were used to determine the gene expressions of PN,
TGF-f, type I collagen and a-smooth muscle actin (a-SMA)
by SYBR Green (cat. no. 172-5850; Bio-Rad Laboratories,
Hercules, CA, USA) RT-qPCR, and their mRNA expression
levels were calculated relative to that of GAPDH. The cycling
conditions were as follows: Predenaturation at 94°C for 5 min,
followed by 40 cycles of denaturation at 95°C for 30 sec and
annealing at 58°C for 30 sec. mRNA expression levels were
calculated based on the quantification cycle (Cq) (30), and
relative expression levels were calculated as 2-[(Cq of target
gene)-(Cq of GAPDH)].

Western blotting. The cells exposed to tensile stress loading
were analyzed for PN protein expression levels by western
blotting. Briefly, the cells in each group were rinsed with
phosphate-buffered saline and lysed in radioimmunoprecipita-
tion assay lysis buffer (Beyotime Institute of Biotechnology,
Haimen, China) supplemented with protease inhibitors. The
total protein was quantified using a Bicinchoninic Acid assay
kit (Pierce; Thermo Fisher Scientific, Inc.), according to the
manufacturer's protocol. Equal amounts (30 ug) of total
protein were separated by 10% SDS-PAGE and subsequently
transferred onto polyvinylidene difluoride membranes.
The membranes were blocked with 5% skimmed milk in
Tris-buffered saline containing Tween-20 (TBST) for 2 h at
room temperature, and subsequently washed three times (5 min
each) in TBST buffer. Following this, the membranes were
incubated with the following primary antibodies: Polyclonal
mouse anti-human anti-PN (cat. no. sc-398631; 1:500 dilution;
Santa Cruz Biotechnology, Inc.), polyclonal mouse anti-human
anti-TGF-f (cat. no. sc-130348; 1:500 dilution; Santa Cruz
Biotechnology, Inc.), mouse anti-type I collagen and mouse
anti-o-SMA (cat. nos. sc-59772 and sc-53142, respectively;
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Table I. Primers for PN, TGF-f3, type I collagen, a-SMA and
GAPDH.

Gene Direction Sequence (5'-3")
PN F GAGACAAAGTGGCTTCCG

R CTGTCACCGTCACATCCT
TGF-p F GCAACAATTCCTGGCGATAC

R AAGGCGAAAGCCCTCAAT
Type I F GAGGGCCAAGACGAAGACATC
collagen

R CAGATCACGTCATCGCACAAC
a-SMA F GGCATTCACGAGACCACCTAC

R CGACATGACGTTGTTGGCATAC
GAPDH F ACAGTCAGCCGCATCTTCTT

R GACAAGCTTCCCGTTCTCAG

PN, periostin; TGF-p, transforming growth factor-f; a-SMA, a
smooth muscle actin; F, forward; R, reverse.

1:500 dilution; Santa Cruz Biotechnology, Inc.), with gentle
agitation overnight at 4°C. The membranes were subsequently
incubated with goat anti-mouse HRP-conjugated secondary
antibodies (cat. no. A4416; 1:3,000 dilution; Sigma-Aldrich;
Merck Millipore) for 45 min with gentle rocking at room
temperature prior to membrane washing with TBST buffer.
Mouse monoclonal anti-a-tubulin (cat. no. T9026; 1:1,000 dilu-
tion; Sigma-Aldrich; Merck Millipore) served as the loading
control. Chemiluminescence was detected using SuperSignal
West Femto Maximum Sensitivity Substrate (Pierce; Thermo
Fisher Scientific, Inc.) in a ChemiDocXRS system (Bio-Rad
Laboratories, Inc.) and Quantity One 1-D Analysis Software
(version 1709600; Bio-Rad Laboratories, Inc.).

Statistical analysis. Data are expressed as the mean + stan-
dard error and were analyzed with SPSS software version 13.0
(SPSS, Inc., Chicago, IL, USA). Data were tested for normal
distribution and/or homogeneity variance prior to comparisons
between groups and analyses were performed by one-way anal-
ysis of variance. Least significant difference or Dunnett's T3
post hoc tests were used to compare the differences between
the control and treatment groups. P<0.05 was considered to
indicate a statistically significant difference.

Results

Tensile stress load increases PN expression levels in
hPDLCs. Compared with control cells, which demonstrated
a radial pattern of cell proliferation, hPDLCs exposed to
cyclic tensile stress of 10% extent at 0.5 Hz exhibited a
fence-like and parallel growth pattern, consistent with the
direction of tensile stress (Fig. 1A). To investigate the role
of PN in this process, mRNA (Fig. 1B; P<0.05) and protein
(Fig. 1C; P<0.05) expression levels of PN were analyzed in
cells following tensile stress loading. RT-qPCR and western
blotting results revealed that cyclic tensile stress induced a
time-dependent increase of PN mRNA and protein expres-
sion levels in hPDLCs.
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Figure 1. PN expression levels in hPDLCs following tensile stress load. (A) Morphology and growth status of hPDLCs exposed to tensile stress load (48 h) and
control hPDLCs (0 h). Quantification of (B) mRNA and (C) protein expression levels of PN in hPDLCs following exposure to tensile stress for 0, 12,24 or 48 h.
Data are presented as the mean + standard error. "P<0.05 vs. 0 h. PN, periostin; hPLCs, human periodontal ligament cells.

PN expression levels increase in mouse periodontal ligaments
during orthodontic tooth movement. In a mouse model of
orthodontic tooth movement, PN mRNA expression levels
in the periodontal ligament increased with tensile stress
loading in a time-dependent manner (Fig. 2A; P<0.05).
Immunohistochemistry revealed a diffuse pattern of PN
distribution in the periodontal ligament of healthy mice. Mice
subjected to tensile stress loading demonstrated a time-depen-
dent increase in PN staining intensity in the periodontal
ligament during the first 4 days (Fig. 2B), whereas at 6 days,
the staining expression intensity had decreased, suggesting
that PN was involved in the entire process of periodontal
ligament remodeling induced by the external force, and that
its expression levels increased as the duration of the external
force extended.

PN mRNA expression levels increase in human periodontal
ligament during orthodontic tooth movement. The 15 patients
who received preceding orthodontic treatment all exhibited
significantly upregulated PN mRNA (Fig. 3A; P<0.05) and
protein (Fig. 3B; P<0.05) expression levels in the periodontal
ligament of the extracted teeth, compared with those who did
not receive orthodontic treatment. This result demonstrated
an important role for PN in periodontal ligament remodeling
during orthodontic treatment.

TGF-f increases PN expression levels and promotes type I
collagen and a-SMA expression. Due to the association
between PN and TGF-f3, the present study investigated
whether the TGF-f} signaling pathway regulates PN expres-
sion levels in hPDLCs, and how PN regulates type I
collagen during periodontal ligament remodeling. It was
demonstrated that PN and TGF-f3 expression levels were
upregulated in parallel in hPDLCs exposed to cyclic tensile
stress loading (Fig. 4A; P<0.05). In addition, hPDLCs
cultured in the presence of TGF-f3 without tensile stress
loading exhibited a time-dependent increase in PN mRNA
expression levels (Fig. 4B; P<0.05), and the expression of
PN was in parallel with the protein and mRNA expression
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Figure 2. PN expression levels in a mouse model of orthodontic tooth
movement. (A) Quantification of PN mRNA expression levels following
tensile stress load. Data are presented as the mean + standard error. "P<0.05
vs. 0 days. (B) Immunohistochemical staining of the upper molars exposed
to 20 g force for 0, 2, 4 or 6 days. PN expression intensity increased in a
time-dependent manner. Magnification, x400. PN, periostin.

of type I collagen and a-SMA in hPDLCs treated with
TGF-p (Fig. 4C; P<0.05). Taken together, these results indi-
cated that PN upregulated by TGF-§ might stimulate the
expression of type I collagen and a-SMA, thus contributing
to periodontal ligament remodeling during orthodontic
treatment.
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Figure 3. PN expression levels in human periodontal ligaments. (A) Quantification of PN mRNA expression levels, as determined by reverse transcrip-
tion-quantitative polymerase chain reaction. (B) Representative western blot images and quantification of PN protein expression levels in human periodontal
ligaments in control and experimental groups. mRNA and protein expression levels significantly increased in the experimental group, compared with the

control group. Data are presented as the mean =+ standard error. “P<0.05. PN, periostin; Ctrl, control.
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Figure 4. Alterations in expression levels of PN, TGF-f, type I collagen and a-SMA over time in hPDLCs. (A) Reverse transcription-quantitative polymerase
chain reaction quantification and representative western blot images of PN and TGF-f# mRNA and protein expression levels in hPDLCs, respectively, upon
exposure to 0, 12, 24 or 48 h external tensile stress. (B) PN mRNA expression levels in hPDLCs were upregulated by TGF-f3 in a time-dependent manner.
(C) Type I collagen and a-SMA protein and mRNA expression levels increased with PN expression levels in hPDLCs treated with 5 ng/ml TGF-f, in a
time-dependent manner. Data are presented as the mean + standard error. "P<0.05 vs. 0 h. PN, periostin; TGF-f, transforming growth factor-f§, a-SMA,

a-smooth muscle actin; hPLCs, human periodontal ligament cells.

Discussion

As extracellular matrix proteins have been identified to serve
important functions in multiple systems of the human body,
PN has been increasingly investigated (31-36). An anti-PN
antibody has been developed for use in cancer treatment (37),
and recombinant PN constructs have been assessed in mice
to induce angiogenesis (38), and to stimulate myocardial
regeneration in large mammals (39). Previous studies have
demonstrated a criticial role of PN as a tissue biomarker in the
periodontal ligament (15,40); however, the precise underlying

mechanisms of its effects and its potential value in clinical
orthodontic treatment remain to be clarified.

In the present study, the function of PN during orthodontic
treatment was investigated by assessing PN expression levels
in response to external tensile stress load in vitro and in vivo.
These results supported the hypothesis that PN serves an
important role in periodontal remodeling during orthodontic
tooth movement. Notably, results from patient samples further
demonstrated the potential clinical applications of PN.

Wen ef al (41) demonstrated that TGF-f significantly
increased PN mRNA expression levels in periodontal ligament



XU et al: PERIOSTIN AND PERIODONTAL LIGAMENT REMODELING

fibroblasts, and that this effect was attenuated by focal adhe-
sion kinase (FAK) inhibitors; in FAK knockout fibroblasts, no
PN mRNA was detected even following cyclic stress stimu-
lation. PN may additionally be chemotactic for myocardial
fibroblasts via aV-integrin-induced phosphorylation of FAK
and protein kinase B (42,43). The present study revealed that
in hPDLCs exposed to tensile stress, PN and TGF-3 expres-
sion levels increased in parallel. These results suggested that
the TGF-B/FAK-dependent pathway may participate in the
regulation of PN in the periodontal ligament.

PN has previously been demonstrated to promote angio-
genesis by upregulating matrix metalloproteinase-2 mediated
by aVf3 integrin/extracellular signal-regulated kinase
signaling and vascular endothelial growth factor; the latter
was additionally revealed to be present in human periodontal
ligaments (44). Under stress conditions, PN may bind to a
Notchl precursor that inhibits cell apoptosis by upregulating
B-cell lymphoma-extra large (45). TGF-p has been reported
to regulate the mRNA expression of type I collagen and
a-SMA in human PDL cells (29). Based on these observa-
tions, it is possible to speculate that as a downstream target
of TGF-f, PN regulates type I collagen and a-SMA expres-
sion to affect the mechanical properties of the periodontal
ligament and serves as a marker of periodontal ligament
remodeling (46,47). These findings indicate the versatile
functions of PN in periodontal ligament remodeling and in
numerous other disease conditions, including proliferative
vitreoretinopathy (48) and certain cancers (49). However, the
complex mechanisms underlying its functions remain to be
further investigated.

In conclusion, the present study demonstrated that PN
serves a crucial role in periodontal ligament remodeling
during orthodontic treatment, and may be associated with
TGF-B, type I collagen and a-SMA expression. These results
suggested the value of PN as a potential therapeutic target for
the treatment of malocclusion.
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