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Abstract
Objectives Recent studies indicate that high mobility group
box protein 1 (HMGB1) can be released by necrotic and
damaged cells and functions as an alarmin that is recognized
by the innate immune system. Little is known about the role
of HMGB1 within the periodontal ligament (PDL). There-
fore, we examined HMGB1 expression by PDL cells in
vitro and compared the findings to an in vivo model of
orthodontically induced tooth root resorption. In addition,
we addressed the question of whether a potentially anabolic
intermittent administration of parathyroid hormone (iPTH)
would modulate the expression of HMGB1.
Materials and methods In confluent PDL cell cultures,
HMGB1 messenger RNA (mRNA) expression was quanti-
fied by real-time polymerase chain reaction. In a rat model
comprising 25 animals, mechanical loading for 5 days was
followed by administration of either iPTH (1–34) systemi-
cally or sham injections for up to 56 days. HMGB1 expres-
sion was determined by means of immunohistochemistry
and histomorphometry.
Results The in vitro experiments revealed an inhibitory
effect of iPTH on basal HMGB1 mRNA expression in
confluent PDL cells. In vivo, the mechanical force-induced
enhanced HMGB1 protein expression declined time depen-
dently. Intermittent PTH further inhibited HMGB1 expres-
sion. The significantly higher basal HMGB1 protein
expression in the former compression side was followed

by a more pronounced time- and iPTH-dependent decline
in the same area.
Conclusions These data indicate a major role for HMGB1
in the regulation of PDL wound healing following mechan-
ical load-induced tissue injury.
Clinical relevance The findings point to the potential bene-
fit of iPTH in the attempt to support these immune-
associated reparative processes.

Keywords Periodontal ligament . HMGB1 . iPTH . Tooth
movement . In vivo

Introduction

High mobility group box protein 1 (HMGB1) is a nuclear
protein that binds DNA and regulates gene expression. It
also serves as a multifunctional cytokine that mediates
proinflammatory responses, but at the same time promotes
wound healing [1, 2]. Outside the cell, HMGB1 can serve as
an alarmin to activate the innate immune system and medi-
ate a wide range of physiological and pathological
responses. To function as an alarmin in cases of tissue
damage or necrosis, HMGB1 translocates from the nucleus
of the affected cells to the extracellular milieu or can be
actively secreted by immune competent cells, binds to the
receptor for advanced glycation end-products and the toll-
like receptors 2 and 4 [3], and initiates tissue repair through
a mechanism that imitates the necrotic process [4]. Like the
RANK/receptor activator of nuclear factor kappa-B ligand
(RANKL)/osteoprotegerin (OPG) axis, HMGB1 mediates
the interaction of immune cells and alters chemotaxis, pro-
liferation, and the expression of pro-inflammatory cytokines
in target cells. Within the bone microenvironment, HMGB1
is chemotactic to osteoclasts and osteoblasts during
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enchondral ossification, as it is to monocytes and other
immune and non-immune cells [5, 6].

Little is known about the role of HMGB1 in the regula-
tion of the metabolism of the tooth supporting apparatus,
including the periodontal ligament (PDL) and alveolar bone.
Recently, the basal expression of HMGB1 was demonstrat-
ed in human PDL cells and a role for HMGB1 as a regulator
of alveolar bone resorption was suggested based on the
observation that this protein upregulates the expression of
pro-inflammatory and osteoclastogenic cytokines such as
interleukin (IL)-1ß, Il-6, IL-17, and RANKL [7]. It was
reported that gingival crevicular fluid from patients with
periodontitis contained HMGB1, whereas fluid from healthy
patients did not, suggesting a potential role of HMGB1
protein in disease progression [8, 9]. In addition, human
gingival fibroblasts (HGF) can be a source of HMGB1, by
both active secretion and passive release, and HMGB1 from
HGF may contribute to periodontal tissue destruction [10].
These findings provide evidence for a cross-talk of PDL
cells and immune cells under inflammatory conditions with
HMGB1 and RANKL representing key players in the con-
trol of alveolar bone resorption.

Tooth root resorption frequently occurs as a negative side
effect of orthodontic tooth movement and also is a sequelae
in the course of necrotic conditions as in periodontitis, after
trauma or reimplantation of teeth [11–13]. While the origin
of orthodontically induced root resorption has not been fully
unraveled yet, several factors have been attributed a certain
importance in its pathogenesis, including hereditary predis-
position, individual susceptibility, and systemic, local, and
anatomical factors associated with orthodontic mechano-
therapy. In addition, chronological age, history of trauma,
bone density, and humoral or immunological factors were
identified as important co-factors [12]. Depending on the
extent to which the tooth root is affected, its clinical integ-
rity and, consequently, the prognosis of the tooth might be
affected. Fortunately, the destructive process of root resorp-
tion is typically followed by a reparative activity mediated
by PDL cells [14]. These cells represent a heterogeneous
population that hosts several progenitor cell types which can
be further induced to differentiate into cementoblasts, osteo-
blasts, and fibroblasts. A certain percentage of the PDL cells
has been attributed stem cell-like properties such as self-
renewal and multilineage differentiation potential suggest-
ing an important role of those cells in the regeneration of
periodontal tissues [15–21]. Recent experiments have dem-
onstrated an osteoblast-like phenotype of a certain propor-
tion of PDL cells as evidenced by the expression of bone-
associated marker proteins and the respond to anabolic
factors and hormones in an osteoblast-like manner [22].

Intermittently administered parathyroid hormone (iPTH)
has been recognized as an anabolic treatment option in the
healing process of bony defects which has led to approval

by the US Federal Drug Administration for osteoporosis
therapy [23, 24]. Experiments in healthy and estrogen-
deficient rats proved its capacity to protect against
periodontitis-associated bone loss and to modify the healing
process [25, 26]. In a recent study, Bashutski et al. [27]
demonstrated the effectiveness of iPTH on the healing pro-
cess in alveolar and dental structures in humans after peri-
odontal surgery. In a previous work, we demonstrated that
PDL cells express the PTH-1-receptor and respond to an
intermittent PTH (1–34) administration in an osteoblast-like
manner. Changes in the production of osteoprotegerin after
intermittent PTH treatment were demonstrated to modify the
differentiation and resorptive activity of osteoclasts derived
from immune cells [28–30]. These data and reports by
others indicate that PDL cells are important regulators of
PDL remodeling and within this process the interplay of
HMGB1 and PTH regarding PDL metabolism remain to be
elucidated.

In the present study, we addressed the regulatory role of
HMGB1 in PDL tissue repair in a rat model of orthodonti-
cally induced sterile PDL tissue necrosis. We hypothesized
that there would be a time-dependent change in HMGB1
expression after the discontinuation of the mechanical load-
ing of the PDL tissue and that these alterations would be
modified by an iPTH (1–34) administration. Furthermore,
we compared both parameters in the former compression
and tension zone of tooth movement in order to analyze the
influence of the type of force applied.

Materials and methods

All experimental protocols were reviewed and approved by
the ethics committee (reference number 029/08) and the
local committee for animal care of the University of Bonn
(Germany).

PDL cell collection and characterization

Human PDL cells were collected from the middle third of
the roots of premolars of three different human donors aged
between 12 and 14 years without pathological periodontal
findings. The teeth had been extracted for orthodontic rea-
sons and with written parental consent. Cells were cultured
in DMEM containing 10 % fetal bovine serum and 0.5 %
antibiotics (diluted from a stock solution containing
5,000 U/ml penicillin and 5,000 U/ml streptomycin; Bio-
chrom AG, Berlin, Germany) and cultured at 37 °C in an
atmosphere of 100 % humidity, 5 % CO2, and 95 % air.
Prior to experimental use, PDL cells were characterized as
described previously and shown to express several mesen-
chymal marker genes that indicating an osteoblast-like phe-
notype (data not shown) [31].
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In vitro experiments, PTH administration, and real-time
PCR

Fifth passage PDL cells were cultured in 24-well plates at a
seeding density of 10,000 cells/well. At confluence, cells
were exposed to 10−12 M PTH (1–34; Sigma Aldrich, Ger-
many) for 1 h within a 48-h incubation cycle. For the
remaining time, experimental media were replaced by reg-
ular culture media without PTH (1–34). These cycles were
carried out three times resulting in a total experimental
period of 6 days to mimic the anabolic effects of iPTH.
Vehicle (water)-treated cultures served as controls. At har-
vest, the PTH (1–34) effect on HMGB1 messenger RNA
(mRNA) expression was quantified by real-time polymerase
chain reaction (PCR) as described previously [32]. The
primer sequences used were as follows: HMGB1 sense 5′
ATG GGC AAA GGA GAT CCT AAG AA-3′, antisense 5′
ATC TGC AGC AGT GTT ATT CCA CA-3′. Beta-actin
served as the endogenous reference gene. To normalize the
content of cDNA samples, the comparative threshold (Ct)
cycle method, consisting in the normalization of the number
of target gene copies versus the endogenous reference gene
GAPDH, was used. For quantification and comparison, the
ΔΔCt method was used [33].

Animals

Twenty five 3-month-old male Wistar rats (strain: Rattus
norvegicus) with an average body weight of 300 g, obtained
from Charles River Laboratories (Sulzfeld, Germany) were
stabilized at the animal research facility of the University of
Bonn. Rats were housed under specific pathogen-free con-
ditions, 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.
Animal body weights were recorded before the onset and at
the end of the experiment.

Experimental protocol in vivo

Animals were randomly subdivided into three experimental
groups. The first group contained five rats and served as a
control for the basal HMGB1 protein expression after the
discontinuation of the force. The second and third group
comprised 10 rats each and served as experimental groups to
analyze the effect of time and iPTH on HMGB1 after 8 and
56 days. As described previously [34], tooth movement was
realized by separation of the first and second maxillary
molars in both quadrants according to the method described
by Waldo and Rothblatt [35], resulting in a mesial move-
ment of the first molar (for illustration, see Scheme 1). This
treatment regimen was carried out for 5 days prior to dis-
continuation of the force. Thereafter, the appliance was

removed and five animals of each experimental group re-
ceived intermittent subcutaneous injections of 5 μg/kg body
weight PTH [36] every second day for 8 or 56 days (for
illustration, see Scheme 2). The other five animals of each
group received sham injections of an equivalent dose of
vehicle (water). The observation period up to day 8 after
discontinuation of the force images the early phase of repair,
whereas day 56 represents the late phase of repair. After the
experimental period on days 0, 8, and 56, the animals were
anesthetized with isoflurane before euthanasia via cervical
dislocation and perfused with phosphate-buffered saline
supplemented with 4 % paraformaldehyde for fixation pur-
poses. Afterwards, the maxilla of each animal was dissected,
divided in two halves, and prepared for light microscopical
examination as recently described [37].

Histology

Before processing specimens for paraffin histology, they
were decalcified in neutral 10 % ethylene diamine tetra-
acetic acid. For orientation purposes, 5–7 μm serial sagittal
sections were prepared and selected sections were stained
with hematoxylin and eosin.

Immunohistochemistry

Tissue sections were processed for immunohistochemical
detection of HMGB1 protein expression according to pre-
viously established protocols [34]. Sections were incubated
with a polyclonal primary antibody of rabbit origin raised
against a peptide mapping at the carboxy terminus of the
protein (anti-HMGB1 s-2399, Epitomics, USA) in a 1:200
working solution of tris buffered saline with bovine serum
albumin (TBS/BSA) at 4 °C overnight in a humidified
chamber. A 1:100 dilution of a goat antirabbit immunoglob-
ulin (Dako A/S, Denmark) was incubated as secondary
antibody for 30 min. Following further rinsing, a PAP com-
plex (1:150 in TBS/BSA; Dako A/S Denmark) was admin-
istered for 30 min prior to the visualization of antibody
binding with 3,3′-diaminobenzidine (Sigma Chemicals,
USA) solution for about 5 min. Thereafter, specimens were

Scheme 1 Illustration of the method of Waldo and Rothblatt to induce
sterile tissue necrosis by a mechanical force transduced by an elasto-
meric ring between the first and second rat molar
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counterstained with Mayer’s hematoxylin, dehydrated, and
cover-slipped for light microscopical analysis.

In order to prove the specificity of the immunoreactions,
negative controls were carried out by (a) omitting the pri-
mary antibody or using non-immune IgG instead and (b)
omitting both the primary and secondary antibody and using
TBS/BSA instead. In addition, pre-adsorption controls,
where the antibody was combined with a twofold excess
of blocking peptide, were run in order to exclude unspecific
binding of the antibodies to unrelated antigens.

Positive controls were carried out with sections of select-
ed tissues carrying significant amounts of the HMGB1
antigen (rat bone) which were treated in the same way as
the periodontal sections.

Histomorphometrical analysis

Randomly chosen light microscopical images of defined
size (750×375 μm) were captured per specimen at the
bifurcation of the maxillary first molars (magnification,
×200) in former compression and tension sides (microscope:
Axioskope 2 Microscope; camera: Axio-Cam MRC; Carl
Zeiss AG, Germany). In each image, the areas resembling
PDL were analyzed. The number of immunoreactive cells
was counted and calculated as a function of the total cell
number with the help of the analyzing software axiovison
(Zeiss, Jena, Germany). Extracellular immunoreactivity was
not analyzed due to difficulties with quantification of such
staining results. All counts were performed by the same
investigator who has long experience in the interpretation
of histological sections of the PDL and in the application of
the computer software. Cells counts were performed auto-
matically by the software after defining the respective
thresholds by the researcher. To avoid bias, the investigator
was blinded.

Statistical analysis

Reproducibility of the histomorphometrical readouts was
ensured by analyzing 15 selected specimens in triplicate.

The intraobserver error was demonstrated to be less than
4 %. For any given experiment, each data point represents
the mean±SEM. Each value is the mean±SEM of five
animals per group and three specimens per animal resulting
in a total of 15 values per group. Variance and statistical
significance of data were analyzed using Bonferroni’s mod-
ification of Student’s t test (SigmaStat 3.1, Systat Software,
Germany). P values <0.05 were accepted to be significant.

Results

In vitro experiments

Real-time PCR analysis revealed a basal HMGB1 mRNA
expression in confluent PDL cell cultures that was down
regulated significantly by the chosen iPTH (1–34) regimen
(PTH, 0.31±0.16 vs. control; 1.09±0.19; Fig. 1).

Scheme 2 Experimental
design used to investigate the
effect an intermittent anabolic
PTH (1–34) or vehicle (sterile
water) treatment on rat PDL
repair. Subcutaneous injections
were administered every second
day for 8 or 56 h after
discontinuation of mechanical
force
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Fig. 1 Effect of an intermittent 10−12 M PTH (1–34) administration on
the regulation of HMGB1 specific mRNA expression in fifth passage,
confluent human PDL cells. Vehicle-treated cultures served as controls
(vehicle). HMGB1 mRNA expression was determined by realtime
PCR. Data were acquired from one of two separate experiments, both
yielding comparable results. Each value is the mean+SEM for six
independent cultures. *P<0.05, experimental group vs. vehicle control
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In vivo experiments

Effect of mechanical force on the rat periodontium

Directly after discontinuation of the mechanical force, re-
sorption sites could be observed primarily at the mesial
surfaces of the alveolar bone. Hyaline zones indicated tissue
degradation caused by sterile necrosis. Attachment loss and
tooth root resorption occurred predominantly in areas of
acellular root cementum. With proceeding time (day 56),
hyaline zones were mostly restructured as tissue repair oc-
curred as described before (Figs. 2a and 3a) [34].

HMGB1 protein expression and effects of iPTH (1–34)

In the former compression side, distinct HMGB1 protein
expression by PDL cells was observed directly after

discontinuation of the orthodontic force, but decreased sig-
nificantly over time. The majority of the immunoreactive
cells could be clearly qualified as fibroblasts by their charac-
teristic spindle-shaped morphology, which is unequivocally
distinguishable from cells of the monocyte/macrophage line-
age or from epithelial remnants of Malassez (ERM). Vimentin
staining of selected tissue sections confirmed this classifica-
tion (data not shown). ERM were only visible in very few
specimens, but those were immunopositive for HMGB1. In
the early phase of repair on day 8, HMGB1 immunoreactivity
was reduced by 20.54 %. This decrease continued until the
late phase of repair on day 56, where only 38 % of the PDL
cells were immunopositive (day 0, 51.7±2.06; day 8, 41.08±
2.83, day 56, 19.74±2.21).

An iPTH (1–34) administration inhibited HMGB1 pro-
tein expression significantly in both, the early and late phase
of repair at days 8 and 56 in both, the early phase of
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Fig. 2 a Upper left panel
bifurcation area of the first rat
molar with the former
compression (CS) and tension
side (TS) of orthodontic tooth
movement; HE magnification,
×50; other panels: HMGB1
immunohistochemistry at for-
mer compression side after the
discontinuation of the force at
day 0 (d0) for baseline expres-
sion and at days 8 and 56 fol-
lowing vehicle treatment (d8v,
d56v) or iPTH (1–34) adminis-
tration (d8PTH, d56PTH);
DAB, magnification, ×200;
periodontal ligament (PDL),
dentin (D), alveolar bone (B).
b Histomorphometrical semi-
quantitative assessment of iPTH
(1–34)-induced changes in
HMGB1 protein expression in
the former compression side
after the discontinuation of
orthodontic force. Each value is
the mean±SEM for five
animals per group and three
specimens per animal resulting
in a total of 15 values per group.
*P<0.05, ***P<0.001,
experimental group vs. control
(day 0); ##P<0.01, PTH
(1–34)-treated group vs.
sham-injected animals at the
same time point
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periodontal repair at day 8 (vehicle 41.08±2.83 vs. PTH
26.75±3.13) and the late phase at day 56 (vehicle 19.74±
2.21 vs. PTH 6.70±1.60) compared to the sham-injected
animals at the same time point (Fig. 2a and b).

In the former tension side, similar results were obtained
as described for the compression side. Likewise, the initially
obvious HMGB1 expression declined significantly over
time and iPTH (1–34) further enhanced this effect (day 0,
55.73±0.93; day 8, vehicle 51.33±3.642 vs. PTH 40.79±
1.52; day 56, vehicle 24.57±10.21 vs. PTH 11.24±1.87)
(Fig. 3a and b).

Comparison of HMGB1 protein expression and the iPTH
effect in the former compression vs. tension side

The comparison of the former compression and tension side
revealed a higher HMGB1 immunoreactivity in the

compression side at all experimental time points in both,
the sham-injected and iPTH (1–34)-treated group. In addi-
tion, the time- and iPTH-dependent reduction of HMGB1
expression was more pronounced in the former compression
side displaying statistical significance only after 8 days as
opposed to just a trend after 56 days (Fig. 4a and b).

Discussion

The present study demonstrated a basal HMGB1 expression
in PDL cells both at the transcriptional and translational
level in vitro and in vivo. Furthermore, the in vivo results
showed a time-dependent reduction of HMGB1 immunore-
activity in a rat model of orthodontically induced sterile
necrosis and subsequent repair and iPTH (1–34) further
enhanced this decline.

HMGB1 immunoreactivity
- former tension side -

0 8 8 56 56
0

20

40

60

80

iPTH (1-34)
vehicle

im
m

un
or

ea
ct

iv
e 

ce
lls

/t
ot

al
 c

el
ls

 (
%

)

***
***

***

#

##

Period after discontinuation of force (d)

a bFig. 3 a Upper left panel:
section of the PDL showing the
result of a negative control
experiment using non-immune
IgG instead of the primary
antibody; magnification, ×200;
other panels: HMGB1 immu-
nohistochemistry at former
tension side after the discontin-
uation of the force at day 0 (d0)
for baseline expression and at
days 8 and 56 following vehicle
treatment (d8v, d56v) or iPTH
(1–34) administration (d8PTH,
d56PTH); DAB, magnification,
×200; periodontal ligament
(PDL), dentin (D), alveolar
bone (B). b Histomorphometri-
cal semiquantitative assessment
of iPTH (1–34)-induced
changes in HMGB1 protein
expression in the tension side
after the discontinuation of the
orthodontic force. Each value is
the mean±SEM for five
animals per group and three
specimens per animal resulting
in a total of 15 values per group.
***P<0.001, experimental
group vs. control at day 0;
#P<0.05, ##P<0.01, PTH-
treated group vs. sham-injected
group after the same
observation period
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In a first approach, we proved HMGB1 mRNA expres-
sion in PDL cell cultures and observed a significant inhib-
itory effect of iPTH on the expression level. While the
former is in line with previous reports [7], comparable data
for the latter only exists for the osteoblastic secretion of
HMGB1 that was reported to be influenced by PTH [5].

Thereafter, we wanted to transfer the in vitro findings to
an in vivo model in order to examine the physiological
significance. The animal model used in this study was first
described by Waldo and Rothblatt [35] in order to analyze
necrosis and tissue repair processes within the PDL of rats.
The insertion of an elastomeric ring between the molars
creates zones of compressive and tensile forces within the
PDL. Following the discontinuation of the force after 5 days,
the typical formation of cell-free hyaline zones can be
observed in former compression sides indicating sterile ne-
crosis. Subsequent repair processes have been described at
the histological level in detail [34, 37, 38]. Altogether, this
model is well-characterized and suitable for the investiga-
tion of tissue damage and repair in the PDL. Nevertheless,
as discussed previously [34], one might argue that the

discontinuation of the mechanical force after 5 days might
actually result in a reversal of the force, which means that
cells that were exposed to a compressive force initially then
would be subjected to a slight tensile force and vice versa.
Since the force-induced necrosis on the former compression
side results in the absence of cells, this interference might
only be of importance for the first days after discontinuation
of the force at the tension side, but not for the long-term
remodeling and reparative processes.

Our immunohistochemical findings demonstrated a high
HMGB1 protein expression by PDL fibroblasts in vivo in
response to mechanical loading which corroborates a possi-
ble role of HMGB1 as an alarmin indicating tissue damage
and as a mediator to enhance acute repair processes [4, 39].
The time-dependent decline of HMGB1 we observed during
the experimental period of up to 56 days underlines the
importance of the protein primarily for early rather than late
repair processes. This interpretation is further substantiated
by cell culture experiments with osteoblasts showing the
translocation of HMGB1 from the nucleus to the cytoplasm
to the extracellular matrix to initiate tissue repair [4, 39, 40].
The significantly stronger decline of HMGB1 protein ex-
pression on the former compression side as compared to the
tension side within the first 8 days of the repair period might
be explained by a principally different reaction of PDL cells
to tensional or compressive forces or by differences in the
microenvironment at the tissue level as a consequence of
widening or narrowing of the periodontal ligament. On the
other hand, in the light of the above considerations with the
reversal of the force in the former tension side, a longer
exposure of those cells to the mechanical force has to be
discussed. Consequently, the PDL cells in this area might
have released HMGB1 for a prolonged period to initiate the
subsequent reparative response. Besides PDL fibroblasts,
ERM could be detected sporadically in the specimens in-
vestigated and those very few were positive for HMGB1.
ERM are discrete clusters of pale cells with an epithelial
phenotype interconnected by desmosomes and ensheathed
by a basal lamina that arise from fragmentation of the
Hertwig’s root sheath [41]. Although the exact function of
ERM remains to be elucidated, they might very well con-
tribute to the regulation of bone remodeling during ortho-
dontic tooth movement as suggested by their cytokine,
growth factor, and extracellular matrix-degrading proteinase
expression profile [42–46]. However, the small number of
ERMs did not allow for a quantitative analysis and compar-
ison between control and iPTH-treated specimens. Unpub-
lished data from our lab indicates that ERMs do not express
the PTH-1-receptor, which is in line with a lack of evidence
in the literature, indicating that iPTH most probably cannot
affect HMGB1 expression in ERM.

Given the stimulatory role of HMGB1 on the resorbing
activity of osteoclasts, as evidenced by an inhibition of bone
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Fig. 4 Comparison of the relative changes in HMGB1 protein expres-
sion in the former tension vs. compression side in sham-injected (a)
and iPTH (1–34)-treated animals (b). After the discontinuation of the
5-day orthodontic force (day 0), the respective injections were carried
out for 8 (day 8) and 56 (day 56) days, respectively. Each value
represents the mean±SEM for five animals per group and three speci-
mens per animal resulting in a total of 15 values per group. *P<0.05,
**P<0.01, tension side vs. compression side at a particular time point
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resorption and enhanced bone mineral density in RAGE
knockout mice [6], the increased expression of the protein
after the discontinuation of the force in our experiments
indicates the HMGB1-mediated initiation of the removal
of the necrotic tissue. In support of this interpretation, the
principled involvement of cells of the monocyte/macro-
phage lineage in the clearance of cellular debris in the early
phase of repair following orthodontic tooth movement was
shown previously, e.g., by ED-1, ED-2, and TRAP immu-
nostaining [38, 47]. In the present investigation, cells of the
monocyte/macrophage lineage stained positively for CD68
sporadically (data not shown), but the small size and number
of the immunoreactive cells and the potential influence of
the sectional plane did not allow for further quantification
regarding differences between the control and iPTH speci-
mens. Apart from its action as a proinflammatory cytokine,
HMGB1 was found to exert chemotactic effects on skin
fibroblasts and keratinocytes in vitro and accelerated wound
healing in diabetic mice [2]. In another study, HMGB1 also
stimulated wound healing by enhancing 3 T3 fibroblast
proliferation and migration [1]. Thus, in our model of or-
thodontically induced tissue injury, HMGB1 might deliver
dual benefit by enhancing the activity of cells of the mono-
cyte/macrophage lineage to clear the cellular debris in the
hyalinized zones on the one hand and at the same time act as
a chemoattractant and proliferative signal for PDL cells to
promote wound healing processes.

The necessity of HMGB1 for the RANKL induced dif-
ferentiation of osteoclast precursors was demonstrated both
in vitro and in vivo [6]. Kim et al. reported on HMGB1-
mediated periodontal bone resorption through the modula-
tion of osteoclastogenic cytokine levels, including RANKL,
in human PDL cells [7]. In another study, Yang et al. linked
HMGB1 to an enhanced RANKL/OPG steady state mRNA
ratio in osteoblastic bone marrow stroma cells [6]. Those
findings provide a reasonable basis for the connection of the
present findings to our recent data on the role of RANKL
and OPG in the regulation of PDL repair processes which
were obtained in the same animal model [34]. In those
experiments, an increase of RANKL in the early phase of
repair, which was interpreted to serve the activation of
osteoclasts and, subsequently, the removal of necrotic tissue,
was followed by a shift of the OPG/RANKL balance in
favor of tissue formation in the late phase of repair. These
events were positively influenced by iPTH (1–34). The
apparent interplay of these regulatory proteins allows for
the conclusion that, in our experiments, HMGB-1 itself and
the HMGB1-induced stimulation of RANKL expression in
the early phase of repair enhance the removal of cellular
debris. With increasing time, the decline in HMGB1 expres-
sion is linked to a downregulation of RANKL and a simul-
taneous increase of the OPG/RANKL ratio indicating the
onset of the reparative phase which could be demonstrated

histologically. Both events, the inhibition of HMGB1 and
the increase of the OPG/RANKL ratio were enhanced by
iPTH (1–34). Consequently, the iPTH (1–34) induced inhi-
bition of HMGB1 immunoreactivity in our model, which
could appear disadvantageous at first sight, might be coun-
terbalanced by iPTH (1–34) stimulation of the OPG/
RANKL ratio in support of wound healing events. Support
for this conclusion comes from the field of osteoimmunol-
ogy, where a tight link of regulatory processes between
stroma and immune cells (particularly T cells) has been
established as crucial prerequisite for the mediation of the
effect of PTH. This link apparently involves components of
the RANK/RANKL/OPG system as well as HMGB1 as key
regulators [48, 49].

In summary, our results indicate a regulatory role for
HMGB1 in the response of PDL cells to tissue damage in-
duced by mechanical loading and in the initiation of the
subsequent repair processes. The mapping of intercellular
cytokine signaling networks that functionally couple immune
and osseous tissues provides potential clinical targets for
immune associated regenerative periodontal treatment regi-
mens. The intermittent administration of PTH (1–34) seems
to be a promising strategy to support these approaches.
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