Journal of Cellular Biochemistry 111:1310-1320 (2010)
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Osteoclastogenic Cytokines in Human Periodontal
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ABSTRACT

Bone resorptive cytokines contribute to bone loss in periodontal disease. However, the involvement of SIRT1 in high-mobility group box 1
(HMGB1)-induced osteoclastic cytokine production remains unknown. The aim of this study was to investigate the role of SIRT1 in the
responses of human periodontal ligament cells to HMGB1 and to identify the underlying mechanisms. The effect of HMGB1 on osteoclastic
cytokine expression and secretion, and the regulatory mechanisms involved were studied by ELISA, reverse transcription-polymerase chain
reaction, and Western blot analysis. HMGB1 upregulated the mRNA expression levels of the osteoclastic cytokines tumor necrosis factor
(TNF)-q, interleukin (IL)-1B, IL-6, IL-11, and IL-17. In addition, HMGB 1 upregulated RANKL mRNA expression, and SIRT1 mRNA and protein
expression. The upregulation of these cytokines by HMGB1 was attenuated by pretreatment with inhibitors of p38 mitogen-activated protein
kinase and NF-kB, as well as neutralizing antibodies against Toll-like receptors 2 and 4. Inhibition of SIRT1 by sirtinol or SIRT1 siRNA
blocked the HMGB 1-stimulated expression of RANKL and cytokines. These results suggest that the inhibition of SIRT1 may attenuate HMGB1-
mediated periodontal bone resorption through the modulation of osteoclastogenic cytokine levels in human periodontal ligament cells.
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P eriodontal disease infection with oral biofilm microorganisms
initiates host immune response and signs of periodontitis,
including bone resorption [Haffajee et al., 2009]. In inflammatory
diseases such as arthritis and in infectious diseases characterized by
bone resorption, it is thought that receptor activator of nuclear
factor (NF)-kappa B ligand (RANKL) plays a key role in inducing
osteoclasts and bone resorption [Verdrengh et al., 2010]. Periodontal
disease is an inflammatory disorder of the periodontium and is
characterized by the destruction of periodontal tissues, including
periodontal ligament (PDL), cementum, alveolar bone, and gingiva
[Page and Schroeder, 1976]. The PDL is a specialized, vascular, and
highly cellular connective tissue. PDL cells consist of heterogeneous
cell populations with fibroblasts, cementoblasts, osteoblasts,
osteoclasts, and endothelial cells [Lekic et al., 2001]. Previous
studies indicate that PDL cells possess the potential to form
mineralized nodules in vitro, to express bone-related markers, such
as bone sialoprotein (BSP) and osteocalcin (OCN), and to express

characteristic bone regulatory hormone responses [Carnes et al.,
1997; Lekic et al., 2001]. Thus, it is very likely that PDL cells include
cell populations at different stages of differentiation and lineage
commitment. In addition, human periodontal ligament -cells
(hPDLCs) express and secrete osteoprotegerin (OPG) and RANKL,
suggesting that they play a role in alveolar bone metabolism
[Hasegawa et al., 2002; Crotti et al., 2003]. Our previous studies
demonstrated that RANKL can be induced in hPDLCs by various
stimuli, including H,0,, nicotine, and substance P [Pi et al., 2007;
Lee et al., 2009a, 2010].

In addition to RANKL, several pro-inflammatory cytokines, often
referred to as osteoclastogenic cytokines, have been implicated in
osteoclast differentiation. Among these, tumor necrosis factor
(TNF)-a and interleukin (IL)-1 contribute to osteoclast differentia-
tion/activation associated with inflammatory osteolysis [Kobayashi
et al., 2000]. Other cytokines, including IL-6, IL-11, and IL-17, have
been reported to support osteoclast formation by upregulating the
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expression of RANKL, which promotes osteoclast differentiation
[Hofbauer et al., 2000]. These cytokines are thought to play an
important role in the pathogenesis of periodontitis, as they cause
inflammation and destruction of periodontal tissue and resorption
of alveolar bone by various biological mechanisms.
High-mobility group box 1 (HMGB1), also known as amphoterin
and HMG1, is an abundant 30-kDa non-histone nuclear protein
expressed in all eukaryotic cells [Biianchi et al., 1989; Andersson
et al, 2000]. HMGB1 acts as an intracellular regulator of
transcription and plays a crucial role in the maintenance of DNA
functions [Lu et al., 1996]. Extracellular high-mobility-group box 1
released from various cells or necrotic cells [Wang et al., 1999;
Scaffidi et al., 2002] and stimulated by LPS or TNF-« acts as a pro-
inflammatory cytokine through the multiligand receptor for
advanced glycation end-products and toll-like receptors 2 and 4
[Dumitriu et al., 2005; Lotze and Tracey, 2005]. Extracellular high-
mobility-group box 1 has been found to play critical roles in the
progression of chronic inflammatory diseases, such as septic shock,
rheumatoid arthritis, endotoxemia, cancer, and atherosclerotic
lesions [Wang et al., 1999; Taniguchi et al., 2003]. The mechanisms
through which HMGB1 acts are not yet fully understood; however, it
is well established that HMGB1 binds to the receptor for advanced
glycation end-products (RAGE), a transmembrane receptor belong-
ing to the immunoglobulin superfamily that is expressed on a wide
variety of cells, such as smooth muscle cells, neurons, endothelial
cells, monocytes, osteoblasts, human gingival fibroblasts (HGF),
and epithelial cells [Erlandsson et al., 2004; Katz et al., 2005;
Charoonpatrapong et al., 2006]. It was recently 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 [Morimoto
et al., 2008]. In addition, HGF can be a source of HMGB1, by both
active secretion and passive release, and HMGB1 from HGF may
contribute to periodontal tissue destruction [Feghali et al., 2009].
Furthermore, HMGB1 released from RANKL-stimulated mouse bone
marrow macrophages is necessary for RANKL-induced differentia-
tion of osteoclast precursors in vivo and in vitro [Yang et al., 2007a].
SIRT1 is a class IIT histone/protein deacetylase and a member of
the silent information regulator (Sir2) family. It has been implicated
in the regulation of lifespan, gene expression, cellular metabolism,
and cellular stress responses [Haigis and Guarente, 2006]. Recently,
SIRT1 was shown to exert anti-inflammatory effects by deacetylat-
ing modified lysine residues in transcriptional regulators, notably
NF-kB, a master transcription factor involved in the regulation of
pro-inflammatory cytokines [Salminen et al., 2008]. The anti-
inflammatory action of SIRT1 is further supported by a previous
study in which resveratrol, an activator of SIRT1, inhibited cigarette
smoke-induced IL-8 release in a monocyte-macrophage cell line
[Yang et al., 2007b], and cytokine-mediated cytotoxicity in RIN cells
[Lee et al., 2009b]. By contrast, bronchial inflammation and levels of
IL-4, IL-5, and IL-13 in the lungs of ovalbumin-sensitized mice were
significantly reduced by the SIRT1 inhibitor sirtinol [Kim et al.,
2010]. Although these studies have not yielded a consensus, it seems
likely that SIRT1 plays an important role in inflammatory processes.
However, the expression of SIRT1 in HMGB 1-treated hPDLCs and its
role in the regulation of osteoclastogenic cytokines remain

unknown. The aim of the present study was to investigate the role
of SIRT1 in HMGB 1-stimulated generation of osteoclastic cytokines
in hPDLCs and to elucidate the signaling mechanisms involved.

REAGENTS

Resveratrol, sirtinol, and recombinant HMGB1 (rHMGB1) protein
were purchased from Sigma-Aldrich Chemical Co (St. Louis, MO).
Human TNF-a and IL-1f ELISA Kit were purchased from R&D
Systems, Inc. (Minneapolis, MN). Mouse anti-human TLR2 and TLR4
antibodies were from eBioscience (San Diego, CA). Affinity purified
polyclonal antibodies against mouse TLR2, TLR4, IkB-a, NF-kB,
p65, and B-actin monoclonal antibodies were obtained from Santa
Cruz Biotechnology (Delaware Avenue, CA). Anti-human TLR2 and
TLR4 monoclonal antibodies (Abcam, Cambridge, UK) were used for
in vitro neutralization studies in hPDL cells. Antibodies (Abs)
against phospho-ERK (p-ERK), ERK, phospho-p38 (p-p38), p38,
phospho-JNK (p-JNK), and JNK were purchased from Cell Signaling,
Inc. (Beverly, MA).

CELL CULTURE

We used the immortalized hPDL cell lines by transfection with
telomerase catalytic subunit hTERT gene [Kitagawa et al., 2006].
Cells were cultured in DMEM supplemented with 10% FBS, 100 U/ml
penicillin, and 100 pg/ml streptomycin in a humidified atmosphere
of 5% CO, at 37°C. For experiments, the cells were seeded onto
culture dishes, and then cultured in DMEM containing 10% FBS for
3 days until 70% confluent, and media were then replaced by serum-
free medium in order to minimize any serum-induced effects on PDL
cells. Subsequently, the cells were exposed to HMGB1 for 24 h.
Additional experiments were conducted by simultaneous addition of
HMGB1 and polymyxin B (10 pwg/ml; Sigma-Aldrich Chemical Co.)
for 48 h. All treatments were performed in triplicate.

MEASUREMENT BY ENZYME-LINKED IMMUNOSORBENT

ASSAY (ELISA)

The concentrations of TNF-a and IL-1 in the culture supernatants
were determined by an enzyme-linked immunosorbent assay
(ELISA) kit (R&D Systems, Rochester, MN) according to the
manufacturer’s recommended procedure. The plates were read at
450 nm on a microplate reader (Molecular Devices, Sunnyvale, CA).

RNA ISOLATION AND REVERSE TRANSCRIPTASE-POLYMERASE
CHAIN REACTION (RT-PCR)

Total RNA was prepared from cells by using the Trizol reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instruc-
tions. Reverse transcription of 1 wg/ml of total RNA to cDNA was
performed by using the AccuPower RT PreMix kit (Bioneer
Corporation, Daejeon, South Korea). The primers used for cDNA
amplification and PCR conditions were as follows: for TNF-a, 5'-
CCTCTGG CCCAGGCAGTCAGA-3’ (sense) and 5-GGCGTTTG-
GGAAGGTTGGAT-3' (antisense); for IL-13, 5'-GGATATGGAGCAA-
CAAGTGG-3’ (sense) and 5'-ATGTACCAGTTG GGGAACTG-3'
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(antisense); for IL-6, 5'-ATGAACTCCTTCTCCACAAGC-3’ (sense)
and 5-CTACATTTGCCGAAGAGCCC-3’ (antisense); for IL-11,
5'-CTGCTGCTGCTGAAGACTCGGCTGTGA-3' (sense) and 5'-ATG-
GGGAAGAGCCAGGGCAGAAGTCTGT-3' (antisense); for IL-17, 5'-
TCCCCAGTTGATTGGAAGA-3’ (sense) and 5'-AGTCAAACCTTCCTT
CTTGGA-3' (antisense); for SIRT1, 5'-GCAACATCTTATGATTIGG-
CACA-3’ (sense) and 5-AAATACCATCCCTTGACCTGAA-3’ (anti-
sense); for RANKL, 5-GCCAGTGGGAGATGTTAG-3' (sense) and
5'-TTAGCTGCAAGTTTTCCC-3' (antisense); for OPG, 5'-TGCAG-
TACGTCAAGCAGGAG-3’ (sense) and 5-TGACCTCTGTGAAAA-
CAGC-3’ (antisense); for M-CSF, 5-ATGACAGACAGGTGGAAC-
TGCCAGTGTAGAGG-3’ (sense) and 5-TCACACAACTTCAG-
TAGGTTCAGGTGA TGGGC-3' (antisense); for B-actin, 5-CATG-
GATGATGATATCGCCGC-3’' (sense) and 5'-ACATGATCTGGG-
TCATCTTCT-3’ (antisense). The reaction conditions for PCR were
30-35 cycles of denaturation at 95°C for 30 s, annealing at 55-60°C
for 30s, and extension at 72°C for 1min. The PCR products were
resolved on 1.5% agarose gel and stained with ethidium bromide.

REAL-TIME POLYMERASE CHAIN REACTION ANALYSIS

Real-time PCR was performed on cDNA samples using the SYBR
Green system (Bio-Rad, Richmond, CA). Primers used were SIRT1,
sense 5 -TCAGTGTCATGGTTCCTTTGC-3’ and antisense 5. The
following general real-time PCR protocol was employed: denatura-
tion for 10min at 95°C, 40-50 cycles of a four segmented
amplification and quantification program, a melting step by slow
heating from 60 to 99°C with a rate of 0.1°C/s and continuous
fluorescence measurement, and a final cooling down to 40°C.
Crossing point (CP) values were acquired by using the second
derivative maximum method of the LightCycler software 3.3 (Roche,
Burlington, NC). Real-time PCR efficiencies were acquired by
amplification of a standardized dilution series, and slopes were
determined using LightCycler Software 3.3 (Roche).

MEASUREMENTS OF ENDOTOXIN ACTIVITY

The endotoxin activities of rHMGB1 preparations were determined
using the Limulus amoebocycle lysate assay kit (BioWhittaker,
Walkersville, MD) according to the manufacturer’s recommenda-
tion. Briefly, 50 .l of the standard or samples was dispensed into the
appropriate microplate wells. Then, 50 pl of the Limulus amoebo-
cyte lysate solution was added and the microplate was incubated for
10min at 37+ 1°C. One hundred microliters of the substrate
solution were pipetted and the reaction was stopped after 6 min by
adding 100wl of 25% acetic acid. The absorbance was read at
405nm in a microplate reader and a standard curve plotted. The
results were expressed in EU/ml.

SIRT1 SIRNA TRANSFECTION

siRNA-annealed oligonucleotide duplexes for SIRT1 (sequence
5 — 3’ sense: GAUGAAGUUGACCUCCUCALtt; antisense: UGAG-
GAGGUCAACUUCAUCtt) and negative control (catalog no. SN-
1003) were purchased from Bioneer Corporation, and hPDLCs were
transfected using Lipofectamine 2000 (Gibco; Invitrogen Ltd,
Paisley, UK) following the manufacturer’s instructions.

WESTERN BLOTTING

Cells (1 x 10° from each set of experiments were harvested and
washed twice in cold Tris-buffered saline. Cells were solubilized in
ice-cold 1% Triton X-100 lysis buffer. After 30 min on ice, the
lysates were clarified by centrifugation. Proteins (20 pg) were
resolved by SDS-PAGE (10% acrylamide), transferred to nitrocel-
lulose membranes, and probed with specific Abs (diluted 1/1,000),
followed by incubation with secondary HRP-conjugated Ab (1/
5,000). Proteins were detected by enhanced chemiluminescence
system according to the manufacturer’s instructions and exposed to
X-ray.

STATISTICAL ANALYSIS

The data are expressed as the means & SD. The statistical analyses of
the data were performed by one-way ANOVAs followed by a
multiple-comparison Turkey’s tests with the use of the SPSS
program (SPSS 12.0; SPSS GmbH, Munich, Germany). Statistical
significance was determined at P < 0.05.

EFFECTS OF HMGB1 ON THE EXPRESSION OF OSTEOCLASTOGENIC
CYTOKINES AND OSTEOCLASTOGENIC REGULATORY MOLECULES
IN HPDLCS

To investigate whether HMGB1 could induce osteoclastogenic
cytokines in hPDLCs, cells were stimulated with various doses of
HMGBI1, and TNF-a and IL-1p expression was measured by ELISA
and RT-PCR (Fig. 1A,B). After 24 h of HMGB1 stimulation, hPDLCs
secreted significant amounts of TNF-a and IL-13; a HMGB1
concentration of 1 wg/ml gave the largest increase (Fig. 1A). TNF-a
and IL-13 mRNA and protein expression were upregulated by
HMGBI1 in a time-dependent fashion, with cytokine accumulation
peaking at 24 h post-treatment (Fig. 1B,C). The effects of HMGB1 on
the expression of osteoclast differentiation-associated cytokines in
hPDLCs were analyzed by RT-PCR. The upregulation of IL-6, IL-11,
and IL-17 mRNA levels was detected within 2 h of treatment with
1 ng/ml HBGBI1, and the levels had peaked by 24 h (Fig. 1C).

We also used RT-PCR to examine the effects of HMGB1 on the
mRNA expression levels of the osteoclastogenic regulatory
molecules RANKL, OPG, and macrophage colony-stimulating factor
(M-CSF) in cultured hPDLCs (Fig. 1D). Following treatment with
1 pg/ml HMGB1, RANKL mRNA expression increased in a time-
dependent manner, between 4 and 48 h. By contrast, the expression
of the anti-osteoclastic genes OPG and M-CSF did not change,
regardless of the duration of HMGB1 treatment.

EFFECTS OF SIRT1 ACTIVATION OR INHIBITION ON
HMGB1-INDUCED SIRT1 MRNA AND PROTEIN

EXPRESSION IN HPDLCS

To understand the role of SIRT1 in HMGB1-induced cell signaling
processes, we first assessed the expression of SIRT1 mRNA by real-
time PCR (Fig. 2A). As shown in Figure 2A, SIRT1 mRNA levels
increased time-dependently in hPDLCs after treatment with 1 wg/ml
HMGBI1. The induction of SIRT1 mRNA was evident as early as 12 h
post-treatment.
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Next, hPDLCs were pretreated with either resveratrol (an SIRT1
activator) or sirtinol (an SIRT1 inhibitor), and HMGB1-induced
SIRT1 mRNA and protein levels were analyzed (Fig. 2A,B).
Pretreatment with 50 wM resveratrol for 1h significantly enhanced
HMGB1-induced SIRT1 mRNA and protein levels, whereas 25 pM
sirtinol attenuated HMGB1-induced SIRT1 mRNA and protein
expression.

EFFECTS OF ENDOTOXIN ON HMGB1-INDUCED
OSTEOCLASTOGENIC CYTOKINES AND SIRT1 MRNA

EXPRESSION IN HPDLCS

To distinguish possibility the observed effect of rHMGB1 was due to
some contaminants present in the rHMBG1 preparation, we
determined the functional characteristics as well as endotoxin
contents. The endotoxin contents of the HMGB1 preparations (1 .g)
were determined and always found to be below 0.12EU/ml
(Fig. 3A). In addition, the effects of the endotoxin inhibitor
polymysin B were evaluated on osteoclastogenic cytokines (Fig. 3B).
Addition of 10 pg/ml polymyxin B had no effects on HMGB1-
stimulated RANKL, TNF-q, IL-1B, IL-6, IL-11, IL-17, and SIRT1
expression.

EFFECTS OF SIRT1 ACTIVATION OR INHIBITION ON
HMGB1-INDUCED EXPRESSION OF OSTEOCLASTOGENIC
CYTOKINES AND RANKL IN HPDLCS

To identify the role of SIRT1 in interacting the osteoclastogenic
cytokines producing effects of HMGB1 in hPDL cells, we initially
investigated the effects of SIRT1 activation and inhibition.
Pretreatment of hPDLCs with sirtinol inhibited HMGB1-induced
TNF-a and IL-1 mRNA expression and secretion in a time-
dependent manner (Fig. 4A,B). Pretreatment with resveratrol
enhanced the effects of HMGB1. Furthermore, pretreatment with
sirtinol or resveratrol, respectively, abolished or increased HMGB1-
mediated induction of IL-6, IL-11, and IL-17 mRNA expression
(Fig. 4C). Similarly, HMGB1-enhanced expression of RANKL mRNA
was suppressed by sirtinol pretreatment but increased by resveratrol
(Fig. 4D).

EFFECT OF SIRT1 SIRNA ON HMGB1-INDUCED CYTOKINE AND
RANKL MRNA EXPRESSION

To further confirm the role of SIRT1 in HMGB1’s induction of
cytokine and osteoclastogenic factor expression, we knocked down
SIRT1 with a specific siRNA. As shown in Figure 5B, SIRT1 siRNA
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stimulated with HMGB1 for the indicated periods of time (0-48h). A:
Expression of SIRT1 mRNA was evaluated by real-time PCR. Data are
means =SD of three independent experiments performed in triplicate.
“Significantly different from control, P< 0.05. *Significantly different from
HMGB1-treated group, P<0.01. B: SIRT1 protein and mRNA levels were

evaluated by Western blot analysis and RT-PCR, respectively. Similar results
were obtained in three independent experiments.

successfully knocked down SIRT1 expression in hPDLCs, and SIRT1
knockdown blocked the HMGB 1-induced expression of the mRNAs
encoding RANKL (Fig. 5C) and the osteoclastogenic cytokines TNF-
o, IL-1B, IL-6, IL-11, and IL-17 (Fig. 5A,B).

EFFECTS OF HMGB1 ON EXPRESSION OF TLR2 AND TLR4 PROTEINS
Recently, HMGB1 was shown to signal via TLR2 and/or TLR4 [Park
et al., 2004]. To elucidate the role of SIRT1 in HMGB1 signaling, we
initially examined whether HMGB1 influences the expression of
TLR2 and TLR4 in hPDLCs. Following exposure to HMGB 1, TLR2 and
TRL4 protein levels were increased (Fig. 6A). The TLR2 and TLR4
levels peaked 2 and 4h, respectively, after HMGB1 treatment.
Furthermore, HMGB1-induced TLR2 and TLR4 protein expression
was inhibited by sirtinol (Fig. 6B) and enhanced by resveratrol
(Fig. 6C) in a time-dependent manner.

EFFECT OF BLOCKING TLR2 AND TLR4 ON HMGB1-INDUCED
EXPRESSION OF CYTOKINES AND RANKL

To examine the role of TLRs in HMGB1 signaling, hPDLCs were
preincubated for 30 min with neutralizing monoclonal antibodies
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Fig. 3. Endotoxin assay in recombinant HBGB1 (A) and effect of polymyxin B
on rHBGB1 preparation-mediated osteoclastogenic cytokines production
(B) and mRNA expression (C). Recombinant HMGB1 was tested for the presence
of LPS by using the Limulus lysate endotoxin assay kit. Cells were incubated
with 1 wg/ml HMGB1 in the presence of 10 pg/ml polymyxin B for 48 h. Similar
results for mMRNA were obtained in three independent experiments. Control is
DMEM media. ND, no detected.

against TLR2 and TLR4 and then treated with HMGB1 (1 pg/ml).
Antibody specificity was assessed by incubating with control IgG
from non-immunized animals. The anti-TLR4 and anti-TLR2
antibodies (10 pg/ml) blocked the induction by HMGB1 of osteo-
clastogenic cytokine secretion (Fig. 7A) and mRNA expression
(Fig. 7B), and of RANKL mRNA expression (Fig. 7C), suggesting that
TLR2 and TLR4 are required for HMGB1 to elicit these responses in
hPDLCs.

INVOLVEMENT OF NF-KB AND MAP KINASE IN HMGB1-INDUCED
EXPRESSION OF CYTOKINES AND RANKL

To elucidate the molecular basis of the responses to HMGB1, we
examined the effects of HMGB1 on the MAP kinase (MAPK) and
NF-kB signaling pathways in hPDLCs. Following cell activation with
1 pg/ml HMGBI1, the degradation of IkBa protein and the nuclear
translocation of p65 (NF-kB) increased in a time-dependent manner
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Data are means & SD of three independent experiments performed in triplicate. *Significantly different from control, P< 0.05. #Significantly different from HMGB1-treated
group, P< 0.05. C,D: Representative results of RT-PCR analyses of cytokine and RANKL mRNA expression. Similar results were obtained in three independent experiments.

(Fig. 8A). As shown in Figure 7B, HMGB1 treatment induced the
phosphorylation of p38 MAPK but not ERK or JNK. Given that
HMGB1 activated NF-kB and phosphorylated p38 MAPK, we
examined the effects of pharmacological inhibitors on HMGB1-
induced cytokine expression and secretion. Pretreatment of cells
with SB203580 (a p38 MAPK inhibitor) or PDTC (a NF-kB inhibitor)
blocked HMGB 1-induced secretion of TNF-a and IL-1 (Fig. 8C) and
expression of the mRNAs encoding TNF-a, IL-1pB, IL-6, IL-11, IL-17
(Fig. 8D), and RANKL (Fig. 8E).

Periodontal disease is characterized by chronic inflammation of
periodontal tissues and involves the interaction between bacterial
invasion and host response resulting in pocket formation,
irreversible bone resorption, and subsequently tooth loss. A recent
study showed that gingival crevicular fluid from periodontal
patients contained HMGB1, whereas that from healthy patients did
not, suggesting a potential role of the HMGB1 protein in sustaining
inflammation and hence contributing to disease progression
[Morimoto et al., 2008]. In addition, HMGBI1 is expressed at high

levels in macrophages and differentiating osteoclasts and is
sufficient to induce osteoclastogenesis in preosteoclasts [Yang
et al.,, 2007a). However, the effects of HMGB1 on the release of
osteoclastogenic cytokines and the signaling pathways involved
remain largely unknown. Because SIRT1 is associated with anti-
inflammatory and anti-immune responses [Yang et al., 2007b;
Salminen et al., 2008], we postulated that SIRT may be involved in
the responses of hPDLCs to HMGBI1.

The PDL is a source of pluripotential cells and molecular factors
controlling cellular events in the surrounding tissues [Bellows et al.,
1999]. Generally, PDL cells are a heterogeneous population,
consisting mainly of fibroblasts and osteoblasts. In the present
study, we used immortalized hPDL cell line from Kitagawa et al.
[2006], which showed low alkaline phosphatase (ALP) and
mineralization activity, and did not express bone-like matrix
proteins such as OCN and BSP. However, Kitagawa et al. [2006]
demonstrated that F-spondin increased the expressions of ALP,
OCN, and BSP mRNA, and ALP activity in immortalized hPDL cell
line. Recent studies have demonstrated that the upregulation of
RANKL was noted in the progression of bone loss in periodontal
disease [Liu et al., 2003]. Both OPG and RANKL expression have
been identified in PDL cells, with increased RANKL expression in
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Fig. 5. Effects of SIRT1 siRNA on HMGB1-induced cytokine and RANKL
expression in hPDLCs. Cells were transiently transfected with empty vector or
SIRT1 siRNA and then stimulated with HMGB1 for 24 h. A: TNF-a and IL-18
levels in cellular supernatants were quantified by ELISA. Data are means + SD
of three independent experiments performed in triplicate. *Significantly
different from control, P< 0.05. Representative results of RT-PCR analyses
of cytokine (B) and RANKL (C) mRNA expression. Similar results for mRNA were
obtained in three independent experiments.

PDL cells associated with inflammatory mediators, lipopolysacchar-
ides (LPS), prostaglandin E2 (PGE2), and IL-1, as well as increased
bone resorptive activity [Hasegawa et al., 2002; Crotti et al., 2003;
Wada et al., 2004]. It is therefore also important to observe the
expression of RANKL and other osteoclastogenic cytokines in PDL
cells that could be related to the biological function of osteoclasts.
Thus, we focused on the response of hPDLCs to HMGB1 since the
alveolar bony response is primarily mediated by the PDL. This study
demonstrates the cellular and molecular mechanisms against
HMGB1-induced osteoclastic cytokine expression in hPDLCs,
focusing on the roles of SIRT1.

Focal osteolysis, a major complication of periodontal disease, is
characterized by accelerated bone resorption resulting from local
secretion of pro-inflammatory cytokines. The present study we
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Fig. 6. (A) Effect of HMGB1 on the expression of TLR2 and TLR4 proteins in
hPDLCs. Effect of 10 mM sirtinol (B) and 50 mM resveratrol (C) on HMGB1-
induced expression of TLR2 and TLR4 proteins.

focused on the cytokines TNF-a, IL-1, IL-6, IL-11, and IL-17, which
are collectively referred to as osteoclastogenic cytokines, because
they promote RANKL expression in bone marrow stromal cells and
osteoblasts [Hofbauer et al., 2000; Kobayashi et al., 2000]. HMGB1
in turn induces the production of pro-inflammatory mediators such
as TNF-a and IL-1B [Andersson et al., 2000]. In addition, monocytes
and macrophages exposed to TNF-a and IL-13 have been shown to
release HMGB1 [Wang et al., 1999; Andersson et al., 2000]. In this
study, we showed that treating hPDLCs with HMGB1 increased the
expression of TNF-«, IL-1pB, IL-6, IL-11, and IL-17 mRNA. These
results are in accordance with previous reports that HMGB1
activated the synthesis of TNF-a, IL-1a, IL-1f3, IL-1R«, IL-6, IL-8,
MIP-1a, and MIP-13, but not IL-10 or IL-12, in monocytes
[Andersson et al., 2000].

Although RANKL has been shown to stimulate the release of
HMGB1 from macrophages and osteoclasts [Hofbauer et al., 2000],
the secretion of osteoclastogenic regulatory molecules from
HMGB 1-treated cells has not previously been reported. To confirm
our finding that HMGB1 enhanced the release of osteoclastogenic
cytokines, we showed that HMGB1 upregulated the expression of
RANKL mRNA but had no significant effect on the OPG and M-CSF
mRNA levels. Our observations are in line with previous reports that
pro-inflammatory cytokines such as TNF-a and IL-6 are released
from HMGB1-stimualted osteoblasts and osteoclasts [Hofbauer
et al., 2000; Yang et al., 2007a].
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Fig. 7. Effect of blocking TLR2 and TLR4 on HMGB1-induced expression of
cytokines and RANKL mRNA in hPDLCs. Cells were pretreated with anti-TLR2
(10 .g/ml) or anti-TLR4 monoclonal antibody (10 j.g/ml), or isotype-matched
control mouse IgG antibody (10 wg/ml) for 1h and then stimulated with
HMGB1 for 24 h. A: TNF-a and IL-1f3 levels in cellular supernatants were
quantified by ELISA. Data are means + SD of three independent experiments.
B,C: Representative results of RT-PCR analyses of cytokine and RANKL mRNA
expression. RT-PCR data are from three independent experiments.

It has been reported that antibiotic polymyxin B can bind to lipid
A portion of LPS and interfere with LPS function [Morrison and
Jacobs, 1976]. In our preliminary experiment, polymyxin B in
concentrations ranging from 1 to 30 pg/ml was added to cells
30 min before the addition of Escherichia coli LPS (10-100 ng/ml).
The media were collected 4 h later and analyzed for endotoxin. In the
present study, 10 wg/ml of polymyxin B was chosen because we
found that this dose gives maximal inhibition on LPS-induced
endotoxin and cytokines (data not shown). Moreover, the dose

(10 pg/ml) of polymyxin B used in this study has been shown to
effectively suppressed the LPS (100 ng/ml) induced endotoxin in
macrophage [Lo et al., 2009] and LPS (33-0.3 ng/ml) induced TNF-«
level in THP1 cells [Zimmermann et al., 2004]. The endotoxin
activity of rnHMGB1 by Limulus assay and effect of polymyxin B on
HMGB1-induced cytokines (Fig. 3) demonstrated that endotoxin
contamination of the recombinant HMGB1 preparation does not
appear to be the basis for our observations.

Extracellular stimuli such as cigarette smoke, cytokines, UV
radiation, and H,0, have been shown to decrease SIRT1 levels and
increase NF-kB-dependent release of pro-inflammatory mediators
[Yang et al., 2007B; Cao et al., 2008; Lee et al., 2009b], although
the molecular mechanisms by which SIRT1 is activated are yet to
be fully elucidated. It seems unlikely that a single, ubiquitous
mechanism underlies SIRT1 activation or repression, as its
regulation differs among tissues and with different stimuli [Chen
et al., 2008]. Both chronic calorie restriction and acute fasting have
been shown to increase the SIRT1 protein level and activity [Cohen
et al.,, 2004]. In addition, SIRT1 is activated in response to
oxidative stress, DNA damage, nitric oxide, cGMP, adiponectin,
pyruvate, H,0,, and lonomycin [Nisoli et al., 2005; Rodgers et al.,
2005; Kim et al., 2007]. The present study demonstrated that HMGB1
increases SIRT1 mRNA and protein expression in hPDLCs, as has
been shown in various other cell types [Nisoli et al., 2005; Rodgers
et al., 2005; Kim et al., 2007]. Furthermore, preincubation of hPDLCs
with sirtinol or resveratrol blocked or enhanced, respectively, the
induction of SIRT1 expression by HMGB1. These results indicate
that SIRT1 is involved in the response of hPDLCs to HMGBI1.

Accumulating evidence implicates SIRT1 in the modulation of
anti-inflammatory responses [Yang et al., 2007b; Salminen et al.,
2008]. However, the role of SIRT1 in HMGB 1-mediated induction of
osteoclastogenic cytokines requires clarification. Previous studies
have demonstrated that resveratrol-induced SIRT1 activation or
adenoviral-mediated SIRT1 overexpression blocked the expression
and release of pro-inflammatory cytokines in response to environ-
mental stresses [Yang et al., 2007b; Rajendrasozhan et al., 2008; Lee
et al., 2009b]. In the present study, we showed that downregulating
SIRT1 expression via SIRT1 siRNA or blocking SIRT1 activity via
sirtinol prevented HMGB 1-mediated induction of TNF-a, IL-1f3, IL-
6, IL-11, IL-17, and RANKL mRNA expression. This result is
consistent with the previous finding that sirtinol reduced the
increased numbers of airway inflammatory cells, bronchial
hyperresponsiveness, and the increased local IL-4, IL-5, and IL-13
mRNA expression in a murine allergic airway disease model [Kim
et al., 2010]. In the present study, the SIRT1 activator resveratrol
enhanced HMGB1-induced expression of inflammatory cytokines
and RANKL in hPDLCs. These results suggest that SIRT1 mediates the
increased expression of osteoclastogenic cytokines and RANKL in
HMGB1-treated hPDLCs and that SIRT1 inhibition may protect
against deleterious effects of HMGB1.

TLRs are involved in not only inflammatory responses but also
host defense mechanisms. The binding of HMGB1 to RAGE, TLR2, or
TLR4 leads to the recruitment of inflammatory cells and the release
of pro-inflammatory cytokines, including TNF-a, IL-1f, and IL-6,
from neutrophils and macrophages [Park et al., 2004]. In support of
previous findings that HMGB1 signals through both TLR2 and TLR4
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Contribution of MAPK and NF-«B signaling to HMGB1-induced cytokine expression and secretion in hPDLCs. NF-kB and MAPK activities were determined,

respectively, by (A) the degradation of IkBa protein and nuclear translocation of p65 (NF-xB) and (B) the phosphorylation of MAPK, following incubation of hPDLCs with
1 wg/ml HMGB1 for the indicated periods of time. C-E: Effects of the p38 MAPK and NF-«B inhibitor on cytokine mRNA expression and secretion and RANKL mRNA expression
in HMGB1-treated hPDLCs. C: TNF-a and IL-1( levels in cellular supernatants were quantified by ELISA. *Significantly different from control, P< 0.05. *Significantly different
from HMGB1-treated group, P< 0.05. D,E: Representative results of RT-PCR analyses of cytokine and RANKL mRNA expression. RT-PCR data are from three independent

experiments.

in human neutrophils and macrophages [Park et al., 2004], we found
that TLR4 and TLR2 expression was increased in hPDLCs exposed to
HMGB1 and that neutralizing anti-TLR2 and anti-TLR4 antibodies
specifically inhibited HMGB1-induced expression and secretion of
osteoclastogenic cytokines and expression of RANKL.

In cultured macrophages, neutrophils, and Caco-2 epithelial cells,
HMGB1 activated several MAP kinases, resulting in the subsequent
activation of NF-«B [Sappington et al., 2002; Park et al., 2003]. In this
study, we demonstrated that the phosphorylation of p38 MAPK and
activation of NF-kB were increased in hPDLCs treated with HMGB1.
Furthermore, pretreatment with the NF-«B inhibitor PDTC or the p38
MAPK inhibitor SB203580 effectively suppressed the induction by
HMGB1 of osteoclastogenic cytokines. Similar findings have been
reported in endothelial cells, in which inhibition of NF-kB and p38
MAPK reduced HMGB1-induced IL-8 release [Fiuza et al., 2003].

To our knowledge, this study is the first to demonstrate that
HMGB1 induces osteoclastogenic cytokines in hPDLCs via the
activation of p38 MAPK, NF-kB, TLR2, and TLR4. SIRT1 inhibition
blocked HMGB 1-stimulated cytokine expression in hPDLCs. In view
of the key role attributed to osteoclastogenic cytokines in the
progression and severity of periodontitis, SIRT1 inhibition may
represent a novel mechanism for modulating the inflammatory
responses associated with periodontal disease.
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