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Abstract Recent studies indicate that high mobility

group box protein 1 (HMGB1) originating from peri-

odontal ligament (PDL) cells can be a potential regulator in

the process of orthodontic tooth movement and periodontal

tissue remodeling. The aim of this study is to investigate

HMGB1 expression in periodontal tissue during ortho-

dontic tooth movement in mice according to Waldo’s

method. Six 7-week-old C57BL6 mice were used in these

experiments. The elastic band was inserted into the teeth

space between the right first and second maxillary molars.

After 3 days of mechanical loading, mice were fixed with

transcardial perfusion of 4 % paraformaldehyde in 0.1 M

phosphate buffer (pH 7.4), and the maxillary was extracted

for histochemical analyses. The histological examination

revealed local PDL tear at the tension side and the for-

mation of extensive cell-free hyaline zones at the com-

pression side. The immunolocalization of HMGB1 was

significantly presented at tension side of PDL, apical area

and dental pulp, whereas at the compression side of PDL,

the labeling of HMGB1 was almost undetectable as the

presence of hyaline zone. Taken together, we concluded

that the orthodontic tooth movement by Waldo’s method

leads to histological changes and HMGB1 expression

pattern that differ from those of coil spring method,

including PDL tear and extensive hyaline zone which may

severely destroy periodontal tissue and in turn impede

tooth movement.
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Introduction

High mobility group box protein 1 (HMGB1), a nonchro-

mosomal nuclear protein, typically released by necrotic

cells, also acts as a pro-inflammatory cytokine involved in

the regulation of immune response (Andersson et al. 2002;

Yang et al. 2002). HMGB1 is a protein with a highly

conserved sequence among species and has dual function

in cellular metabolism. Within the nucleus, it serves as a

regulator of gene transcription through binding DNA,

regulating chromosome architecture and inhibiting apop-

tosis (Lange et al. 2008). While outside the cell, it serves as

an alarmin to activate the innate immune response (Wang

et al. 1999). HMGB1 can be actively secreted by activated

immune cells or passively released by injured/dead cells

(Bianchi 2007). In case of these conditions, HMGB1 can

be translocated from the cell nucleus to cytoplasm and

further to extracellular space, bonds to its specific recep-

tors-receptor for advanced glycation end-products and the

toll-like receptors 2 and 4 to trigger inflammatory response

and initiate tissue remodeling and repair (Dumitriu et al.

2005; Ulloa and Messmer 2006).

Shengyu Lv and Juan Li have contributed equally to this article.

S. Lv � J. Li � W. Feng � H. Liu � J. Du � J. Sun � J. Cui �
B. Sun � X. Han � X. Xu � M. Li (&)

Shandong Provincial Key Laboratory of Oral Biomedicine,

Department of Bone Metabolism, School of Stomatology,

Shandong University, Wenhua West Road 44-1, Jinan 250012,

China

e-mail: liminqi@sdu.edu.cn

K. Oda

Division of Biochemistry, Niigata University Graduate School of

Medical and Dental Sciences, Niigata, Japan

N. Amizuka

Department of Developmental Biology of Hard Tissue, Graduate

School of Dental Medicine, Hokkaido University, Sapporo,

Japan

123

J Mol Hist (2015) 46:107–114

DOI 10.1007/s10735-014-9606-z



HMGB1 is reported to be expressed in almost all

eukaryotic cells including bone cells and involved in

ossification, bone remodeling and arthritis pathogenesis

(Andersson and Harris 2010; Charoonpatrapong et al.

2006; Yang et al. 2008). In recent papers, HMGB1 has also

been found basally expressed in periodontal tissue, e.g. in

periodontal ligament (PDL) and alveolar bone, and

released by Human PDL cells extracellularly and thus

unregulated the expression of various pro-inflammatory

and osteoclastogenic cytokines such as IL-1b, IL-6, IL-17,

and RANKL by which HMGB1 could modulate alveolar

bone resorption, indicating its potential role in regulating

biological activity of these tissue (Kim et al. 2010). Several

clinical research demonstrated that patients with peri-

odontitis had an increased level of HMGB1 in the gingival

fluid compared to the healthy controls which suggested a

potential role of HMGB1 in periodontal disease (Feghali

et al. 2009; Morimoto et al. 2008).

Side effects such as periodontitis, pulpitis and even root

resorption accompany with orthodontic treatment may

impede the tooth movement and adversely affect the ther-

apeutic outcome. HMGB1 was shown to participate in the

inflammation responses to mechanical force in periodontal

tissue of orthodontic tooth movement model of rat (Wolf

et al. 2013). To our knowledge, the methods used for

establishing tooth movement model comprise the following

two: One was described by Waldo and Rothblatt (1954) in

which the elastic band was inserted into the space between

the first and second maxillary molar to generate a

mechanical force (Waldo and Rothblatt 1954). The other

was designed following the rise of modern orthodontic

technique, in which the mechanical loading pulling the first

molar anteriorly was induced by a coil spring anchored to

the upper first molar and incisor (Ong et al. 2000; Zhang

et al. 2003). The force level generated by the second method

is similar to that being applied in clinically orthodontic

treatment while the first method generally produce an

unstable force, which instantly reaches a climax after being

placed and rapidly declines with the anterior movement of

the first molar. As the initial force is always overloaded,

Waldo’s method prone to induce sterile tissue necrosis in

the compression side which is an obstacle to tooth move-

ment and periodontal tissue remodeling. Recently, Wolf

et al. (2013) examined the expression pattern of HMGB1 by

PDL cells followed by mechanical loading using a coil

spring between the first molar and the incisor in a rat tooth

movement model and found a time-dependent expression of

HMGB1 in both compression side and tension side of PDL.

But whether the HMGB1 expression pattern of periodontal

tissue in Waldo’s tooth movement model is similar to that of

coil spring induced model is still unknown.

In the present study, we addressed the changes in

HMGB1 expression by PDL and dental pulp cells in a

mouse model of orthodontically induced tooth movement

established by Waldo’ method. Furthermore, we investi-

gated two osteoblast-specific factors, alkaline phosphatase

(ALP) and Runx2, to explore the relationship between

HMGB1 and bone remodeling. We hypothesized that the

expression of HMGB1 was unregulated by mechanical

force and oxygen deficiency and subsequently the protein

was translocated from cell nucleus to extracellular space to

initiate tissue remodeling and repair.

Materials and methods

Animal and tissue preparation

All animal experiments in this study were conducted

according to the Guidelines for Animal Experimentation of

Shandong University. Six 7-week-old C57BL6 mice with

an average body weight of 20 g were obtained from Lab-

oratory Animal Centre of Shandong University (Jinan,

China).

The study was performed after the mice were allowed

to acclimate for 1 week. Waldo’s model was used to induce

orthodontic tooth movement (Fig. 1). In brief, the elastic

band of 0.5 mm thickness and 2 mm width was inserted

into the teeth space between the right first and second

maxillary molars under anesthesia. The untreated sides

were used as control. At 3 days after orthodontic force

application, all animals were anesthetized with 8 % chloral

hydrate (400 mg/100 g body weight) and fixed with a

transcardial perfusion of 4 % paraformaldehyde in 0.1 M

phosphate buffer (PH = 7.4). Following the fixation, the

maxilla were extracted and immersed in the same fixative

for an additional 24 h. Then the samples were decalcified

with 10 % EDTA-2Na solution for 2 weeks at 4 �C. After

that the samples underwent dehydration through an

ascending ethanol series and were embedded in paraffin

using standard procedures. 5 lm thickness serial sections

were prepared for following histological analysis.

Immunohistochemistry for HMGB1 and double

staining for ALPase and TRAPase

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

(BSA-PBS) for 20 min to reduce non-specific staining. The

treated sections were incubated for 2 h at room temperature

with a rabbit antiserum against ALPase generated by Oda

at a dilution of 1:150, or rabbit anti-HMGB1 antibody

(Epitmics, Burlingame, USA) at a dilution of 1:100. They

were then immersed in horseradish peroxidase (HRP)-
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conjugated secondary antibodies (DaKo, Glostrup, Den-

mark) at a dilution of 1:100 for 1 h at room temperature.

The immunoreaction was visualized with diaminobenzi-

dine (DAB) (Sigma-Aldrich, St. Louis, MO, USA). After

satisfactory immunostaining, the sections treated with PBS

and submerged in mixture of 3.0 mg of naphthol AS-BI

phosphate, 18 mg of red violet LB salt, and 100 Mm L(?)

tartaric acid (0.36 g) diluted in 30 mL of 0.1 M sodium

acetate butter (PH 5.0) for 15 min at 37 �C. Staining results

were assessed under light microscopy, and all sections

were faintly counterstained with methyl green.

Counting of the HMGB1 positive cells

Stained sections were observed and microscopical images

were taken with a light microscope (Olympus BX-53,

Tokyo, Japan). Randomly chosen images of same size

including PDL tissue were captured per specimen at

compression and tension sides, pulp, as well as apical areas

of distal root of maxillary first molars. The number of

immunoreactive cells was counted and calculated with the

aid of cell analyzing software image pro plus (Media

Cybernetics, Silver Spring, MD, USA). Extracellular

immunoreactivity was not analyzed due to difficulties with

quantification of such staining results. All operation was

performed by the same person with rich experience in

interpretation of histological sections. To avoid bias, the

cells count was performed automatically by software after

defining the corresponding thresholds.

Statistical analysis

All statistical analyses were performed using SPSS soft-

ware and all values are presented as mean ± standard

deviation. Differences among groups were assessed by

unpaired t test and considered statistically significant when

P \ 0.01.

Results

Histology changes of periodontal tissue following

orthodontic tooth movement

Following 3 days’ mesial movement of the upper first

molar, the width of PDL at the tension side was increased

as stretched by the mechanical force compared to control

group (Fig. 2b, d). It was noted that the upper part of PDL

at the tension side was vertically torn (Fig. 2d). Mean-

while, the PDL at compression side was squeezed and

extensive cell-free hyaline zones were visible indicating

sterile necrosis caused by excessively compressive force

(Fig. 2b, d).

Effects of orthodontic tooth movement on osteoblasts

and osteoclasts

To investigate the alveolar bone remodeling during ortho-

dontic tooth movement, we performed ALP&TRAP double

staining and immunostaining for Runx2, a key transcription

factor associated with osteoblast differentiation. The dou-

ble staining showed that many TRAP positive multinu-

cleate cells were presented at the surface of alveolar bone

attached to PDL at the tension side in tooth movement

group compared with control group, but there was no

osteoclasts observed at the compression side due to the

persistence of hyaline zone (Fig. 3a, b). As for ALP

staining, no significant differences were detected between

two groups (Fig. 3a, b). The immunolocalization of Runx2

was moderately detected in both sides in the untreated PDL

(Fig. 3c), but the protein expression was highly increased

at the tension side after orthodontic force application

(Fig. 3d).

HMGB1 expression after orthodontic tooth movement

In the untreated group, PDL at both side showed similar

basal HMGB1 immunoreactivity and the immunostaining

was mainly located at the cell nucleus (Fig. 4a). Following

orthodontic tooth movement, HMGB1 expression in the

apical area and PDL of tension side was increased signif-

icantly compared with the control group, by 4- and 2.5-

fold, respectively (Figs. 4b, g, j, 5). However, the immu-

nolabeling for HMGB1 at the compression side was almost

invisible as the extensive formation of cell-free hyaline

zone compared with the control (Figs. 4b, h, 5). It’s worth

noting that the enhanced expression of HMGB1 protein

was also observed in dental pulp cells following ortho-

dontic tooth movement, with a threefold increase in the

number of HMGB1 positive cells compared to the control

group (Figs. 4b, i, 5).

Fig. 1 Model of Waldo’s method. The elastic band was inserted

between the upper first and second molars to induce tooth movement.

M molar
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Discussion

Experimental orthodontic tooth movement is typically

induced by either elastic band inserted into teeth space or

coil spring attached to the targeted tooth. Different loading

ways derived from above mentioned methods are always

followed by diverse histological changes of periodontal

tissue. In this study, our results demonstrated that HMGB1

expression in periodontal tissue is modulated by orthodontic

tooth movement and the changes of expression pattern of

HMGB1 induced by Waldo’s method differ from those

triggered by coil spring method described by Wolf et al.

(2013), with the enhanced immunolocalization for HMGB1

presented in the tension side of PDL, apical tissue and dental

pulp while absent in the compression side of PDL as the

formation and maintenance of cell-free hyaline zones.

Orthodontic tooth movement takes place as a result of

bone remodeling of alveolar bone around tooth roots

including bone resorption at the compression side and bone

apposition at the tension side (Chang et al. 2012). In tooth

movement group, bone remodeling process at the tension

side was activated by the stretched PDL and many osteo-

clasts were present at the bone surface to act as old bone

remover to initiate following bone regeneration. Although

ALP expression was not significantly increased after tooth

movement for 3 days, a master regulator of osteogenesis-

Runx2 was elevated at the tension side, indicating a great

osteogenic potential of the alveolar bone at this side (Fujita

et al. 2004; Hoeppner et al. 2009; Zhang et al. 2011). The

present of hyaline zone is an obstacle to the remodeling of

soft and hard tissue and impedes further tooth movement

(Kohno et al. 2002). Only the hyalinized tissue at the

compression side be eliminated by macrophages can

osteoclasts be recruited and formed here to perform bone

resorption which makes further orthodontic tooth move-

ment possible (Kurol and Owman-Moll 1998). Otherwise,

further tooth movement would be obstructed if the secre-

tion of matrix degradation-associated enzymes such as

cathepsin K, MMP1 and MMP2 by macrophages or

osteoclasts is disturbed, just as reported by our previous

study (Lv et al. 2014).

In the tension side, PDL cells showed strong immu-

nolabeling for HMGB1 after the application of orthodontic

force which was accordance with previous report (Wolf

et al. 2013). However, the periodontal tissue destructions

including tear of upper PDL, attachment loss and serious

Control Tooth movement 

A B

C D

PDL D P D PDL Ab TS D CS Ab

Fig. 2 Histological alterations of periodontal tissue following ortho-

dontic force application. a, b HE staining showed an overview of

histology of periodontal tissue in control group and tooth movement

group, respectively. c, d High-magnification images of the boxed area

in (a, b). The width of PDL at the tension side was increased and at

compression side was squeezed compared to control group. A cell-

free hyaline zone was observed at the compression side. PDL

periodontal ligament, D dental, P pulp, Ab alveolar bone, TS tension

side, CS compression side. a, b 409; c, d 1009
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periodontal inflammation were also observed in this side

which were resulted from the elastic band slipped into

gingival sulcus during inserting operation or chewing. The

elastic band mechanically damaged the PDL while facili-

tating the stick of bacteria plaque to local tissue and

therefore aggravated periodontal inflammation. As previ-

ously reported, periodontitis was correlated to expression

and release of HMGB1 by PDL (Feghali et al. 2009).

Consequently, the unregulated expression of HMGB1 was

attributed to both the applied force and the local mechan-

ical/biological invasion which in some case even leaded to

the loss of tooth.

Interestingly, the compression side of PDL was almost

replaced by cell-free hyaline zones except for a few residual

cells and exhibited negative for HMGB1. In this point, our

results were contrary to that of Wolf’s which showed

stronger effect of orthodontic treatment on HMGB1 expres-

sion at compression side compared to tension side (Wolf

et al. 2013). In a systematic review of the literature on

hyalinization in relation to experimental tooth movement in

rat/mouse, the applied forces ranging from 0.012 to 0.50 N

induced the first appearance of hyalinization within as early

as the first 24 h and lasted for 1–34 days. In vitro studies

showed that a static compressive force of 4 g/cm2 applied to

human PDL cells for 8 h induced apparent translocation of

HMGB1 from the nucleus to the cytoplasm (Wolf et al.

2013). Therefore, it is possible that HMGB1 protein trans-

location had been taken place within the first minutes/hours

of force application before the hyalinization process occur-

red. However, the exact information about the amount of

time required to complete the release of HMGB1 in PDL

cells in response to mechanical force is limited. Furthermore,

considering the complex biological environments in vivo

especially blood supply by which oxygen and nutrients are

transported, could be obstructed in the condition of over-

compression (Franzen et al. 2013), it is hence difficult to

judge whether the cells had been dead before HMGB1 could

be expressed and released to extracellular space or most of

HMGB1 expression/translocation had already happened with

the first minutes/hours of force application before the hya-

linization process occurred. Therefore, much earlier time

points, maybe on accuracy of hours after application would

be of interest to future investigations to ascertain what really

happened on PDL cells. Furthermore, the mechanical force

delivered by coil spring was set to 0.5 N in wolf’s experi-

mental tooth movement model of rat and they reported the

Control Tooth movement 

P DDTS CS AbPDL PDLAb D

Ab TS D P D CS Ab

Ab

PDL PDLAb D Ab

A B

C D

ALP+TRAP ALP+TRAP

2xnuR2xnuR

Fig. 3 Histochemistry for ALP, TRAP and Runx2. Double staining

for ALP and TRAP (a, b), and immunolocalization for Runx2 (c, d).

ALP staining showed no significant difference between the two

groups. Increased TRAP-positive osteoclasts were found at the

tension side instead of at the compression side (b). Compared to

control group, intensively stained cells for Runx2 could be seen at the

tension side. And there were hardly any visible Runx2 positive cells at

the compression side (d). PDL periodontal ligament, d dental, P pulp,

Ab alveolar bone, TS tension side, CS compression side. a–d 1009
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formation of cell-free hyaline zone at the compression side

with a mount of compressed PDL cells expressing increased

HMGB1. Yet, no study has been found to quantify the

amount of force generated by Waldo’s method since the

presence of various interference factors including the size

and component of elastic band as well as species used.

However it seems that the extent and area of hyaline zone

induced by Waldo’s method in our experiment is much larger

than that of coil spring method. Base on this result, it can be

hypothesized that the mount of mechanical force delivered

by inserted elastic band is greater than 0.5 N, at least at initial

phase. But the accurate mount of force generated by elastic

band over time during tooth movement is still need to be

further investigated to precisely evaluate its effect on local

periodontal tissue.

The mechanical force used to induce orthodontic tooth

movement may lead to transient pulpitis as a result of seri-

ous inflammatory response such as circulatory disturbances

(Mostafa et al. 1991), depression of the tissue respiration

rate (Hamersky et al. 1980), apoptosis (Rana et al. 2001) and

edema (Taspinar et al. 2003). Especially, anoxic conditions

of dental pulp was induced by decreased blood flow fol-

lowing mechanical loading (Sano et al. 2002). HMGB1 is

also reported to be secreted by somatic cells, including

pituicyte, enterocytes and hepatocytes, under hypoxic con-

dition (Klune et al. 2008). It is therefore reasonable to

speculate that hypoxia in dental pulp could induce the

cytoplasmic expression and release of HMGB1, initiating

the immune response. Recent study has confirmed the

expression of HMGB1 and its receptor RAGE in adult

dental pulp fibroblasts (Sugars et al. 2007) and the cyto-

plasmic expression of HMGB1 as well as increased mRNA

expression of HMGB1 and RAGE were also observed in

inflamed pulp tissues compared to that in healthy dental pulp

(Zhang et al. 2014). Taken together, our results that showed

the increased expression of HMGB1 in dental pulp fibro-

blasts are consistent with the inflammatory status during

orthodontic tooth movement and previous reports.

In summary, our results show that the expression pattern

of HMGB1 at periodontal tissue following orthodontic

tooth movement induced by Waldo’s method exhibited

some unique features compared with that induced by coil

spring method, involving additional expression in apical

area and dental pulp as well as the undetectable expression

at the compression side due to the hyaline zone. Further-

more, the way of loading and uncertain magnitude of force

D E H I

J

PDL AbD D P D CSD Ab PD D

Apical area

D DP

F

D

Apical area

B

C G

Ab TSPDL DD Ab

A

DC
E

F

HG

I

J

Control Tooth movement 

Fig. 4 Immunolocalization of HMGB1. a, b Low magnification

images in control group and orthodontic tooth movement group. c–f,
g–j Higher magnification views of the boxed areas in (a, b). In the

control group, PDL at both side showed similar basal HMGB1

expression (c, d). Following orthodontic force application, HMGB1

expression was increased at the tension side (g). Interestingly, there

was faint HMGB1 activity at the compression side (h). A typical cell-

free hyaline could be found at the compression side (the red dotted

box). The immunoreactivity of HMGB1 in the pulp (e) and apical area

(f) were faint in the control group while enhanced in orthodontic tooth

movement group (i, j). D dental, P pulp, Ab alveolar bone, TS tension

side, CS compression side. a, b 409; c–j 2009. (Color figure online)

Fig. 5 Semi-quantitative assessment of HMGB1. Each value repre-

sents the mean ± SD for six animals per group. Following ortho-

dontic tooth movement, HMGB1 expression was increased at the

tension side, dental pulp and apical area, while highly decreased at the

compressive side compared to control group. *P \ 0.01. TS tension

side, CS compression side, Ap apical area, P pulp
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generated by the squeezed elastic band leaded to overt and

extensive hyaline zone formation at the compression side

and severe PDL injury at the tension side which could

impede tooth movement process and result in unfavorable

side effects such as pulpitis and periodontitis (Fig. 6).

Overall, the method introduced by Waldo is not a satisfy-

ing approach to induce smooth orthodontic tooth

movement.
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