
Anti-HMGB1 Neutralizing Antibody Attenuates Periodontal
Inflammation and Bone Resorption in a Murine Periodontitis
Model

Chiaki Yoshihara-Hirata,a Keisuke Yamashiro,a Tadashi Yamamoto,a Hiroaki Aoyagi,a Hidetaka Ideguchi,a Mari Kawamura,a

Risa Suzuki,a Mitsuaki Ono,b Hidenori Wake,c Masahiro Nishibori,c Shogo Takashibaa

aDepartment of Pathophysiology—Periodontal Science, Okayama University Graduate School of Medicine,
Dentistry and Pharmaceutical Sciences, Okayama, Japan

bDepartment of Molecular Biology and Biochemistry, Okayama University Graduate School of Medicine,
Dentistry and Pharmaceutical Sciences, Okayama, Japan

cDepartment of Pharmacology, Okayama University Graduate School of Medicine, Dentistry and
Pharmaceutical Sciences, Okayama, Japan

ABSTRACT High mobility group box 1 (HMGB1) is a non-histone DNA-binding pro-
tein that is secreted into the extracellular milieu in response to inflammatory stimuli.
The secreted HMGB1 mediates various inflammatory diseases, including periodontitis;
however, the underlying mechanisms of HMGB1-induced periodontal inflammation are
not completely understood. Here, we examined whether anti-HMGB1 neutralizing anti-
body inhibits periodontal progression and investigated the molecular pathology
of HMGB1 in vitro and in vivo. In vitro analysis indicated that HMGB1, granulocyte-
macrophage colony-stimulating factor (GM-CSF), and interleukin-1� (IL-1�) were se-
creted in response to tumor necrosis factor-� (TNF-�) stimuli in human gingival epi-
thelial cells (HGECs) and human monocytic leukemia cells (THP-1) treated with
phorbol myristate acetate. Increased levels of GM-CSF and IL-1� were observed in
the conditioned media from TNF-�-stimulated HGECs and THP-1 in vitro. Simultane-
ous stimulation with TNF-� and anti-HMGB1 antibody significantly decreased TNF-�-
induced inflammatory cytokine secretion. Experimental periodontitis was induced in
mice using Porphyromonas gingivalis-soaked ligatures. The extracellular translocation
was confirmed in gingival epithelia in the periodontitis model mice by immunofluo-
rescence analysis. Systemic administration of anti-HMGB1 neutralizing antibody sig-
nificantly inhibited translocation of HMGB1. The anti-HMGB1 antibody inhibited
periodontal inflammation, expression of IL-1� and C-X-C motif chemokine ligand 1
(CXCL1), migration of neutrophils, and bone resorption, shown by bioluminescence
imaging of myeloperoxidase activity, quantitative reverse transcription-PCR (RT-PCR),
and micro-computed tomography analysis. These findings indicate that HMGB1 is se-
creted in response to inflammatory stimuli caused by periodontal infection, which is
crucial for the initiation of periodontitis, and the anti-HMGB1 antibody attenu-
ates the secretion of a series of inflammatory cytokines, consequently suppress-
ing the progression of periodontitis.
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bone resorption

High mobility group box 1 (HMGB1) is an essential non-histone DNA-binding
nuclear protein in eukaryotes. HMGB1 is composed of three domains: two homol-

ogous DNA-binding domains, i.e., the A and B boxes, and a negatively charged
C-terminal tail (1). HMGB1 contributes to organizing DNA structure and modulates the
transcription of various genes, such as those encoding steroid hormone receptors, p53,
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and nuclear factor-�B (NF-�B), through chromatin remodeling (2). Since HMGB1-
deficient mice die within 24 h of birth, this protein is thought to be crucial for survival
(3). HMGB1 has been reported to function as a late inflammatory mediator in sepsis (4).
HMGB1 is actively secreted by various cells (activated macrophages/monocytes, epi-
thelial cells, and fibroblasts with various histogenic backgrounds) (5). It has been
demonstrated that exposure to inflammatory stimuli such as lipopolysaccharides (LPS),
tumor necrosis factor-� (TNF-�), or trauma causes the acetylation of lysine residues of
HMGB1. Acetylation of HMGB1 results in its cytoplasmic accumulation and release from
the cytoplasm to the extracellular compartment (6). Moreover, HMGB1 binds to several
receptors, such as Toll-like receptor-2 (TLR-2) and TLR-4 (TLR-2/4) and receptor for
advanced glycation end product (RAGE) at the B box domains, and induces a series of
inflammatory responses (6). Thus, HMGB1 is now considered a crucial molecule, trig-
gering multiple inflammatory signaling pathways.

HMGB1 has been reported to have a role as an inflammatory mediator not only in
acute inflammation such as sepsis (7), traumatic brain injury (8, 9), and brain ischemia
(10, 11, 12) but also in chronic and immunologic inflammation such as rheumatoid
arthritis (13) and arteriosclerosis (14). Administration of anti-HMGB1 antibody (Ab) has
resulted in marked alleviation in few of these diseases. Therefore, blocking of HMGB1
has been examined as a potential therapeutic target for these intractable diseases (8,
12, 15, 16).

Periodontitis, an osteoclastic and chronic inflammatory disease, is caused by immu-
noreaction to bacterial infection (17). In the initial steps of periodontal disease, gingival
epithelial cells defend against bacterial infection and protect tissues by the secretion of
various proteins such as antibacterial peptides and cytokines. Secreted interleukin-8
(IL-8), granulocyte macrophage colony-stimulating factor (GM-CSF), and monocyte
chemotactic protein (MCP-1) from gingival tissues induce the migration of immune
cells into the inflammation sites (18, 19). These immune cells in turn produce various
cytokines such as IL-1�, IL-6, and TNF-� and defend against bacterial infection. How-
ever, an exaggerated response by the immune system can cause destruction of tissue
and bone resorption (17). Recently, several reports have pointed out that HMGB1 is
released in the gingival crevicular fluid from periodontitis patients and that TNF-� or
butyric acid increases HMGB1 secretion in gingival epithelial cells in vitro (20, 21). LPS
and IL-1� increased HMGB1 secretion in periodontal ligament fibroblasts in vitro, and
the number of HMGB1-positive cells was increased in a rat periodontitis model (22).
Taking the data together, it has been considered that HMGB1 may be associated with
the progression of periodontitis. However, the details of the mechanism by which the
released HMGB1 could influence the periodontal inflammatory cascade have yet to be
elucidated. In this study, we hypothesized that secreted HMGB1 would be a crucial
regulator that could initiate and prolong periodontal disease by regulating inflamma-
tory cytokine production, which might be inhibited by administration of anti-HMGB1
neutralizing antibody. To reveal the role of HMGB1 during periodontal inflammation,
we investigated the effects of the anti-HMGB1 neutralizing antibody in gingival epi-
thelial cells and macrophages in vitro and in experimental periodontitis in mice.

RESULTS
HMGB1 secretion from THP-1 and HGECs by TNF-� stimuli. To examine whether

human monocytic leukemia cells (THP-1) and human gingival epithelial cells (HGECs)
produce HMGB1 after inflammatory stimulation, we measured the amount of HMGB1
sequentially by enzyme-linked immunosorbent assay (ELISA). We used TNF-� as a
stimulus for early inflammation and HMGB1 release in vitro because HMGB1 is a late
mediator; it acts after bacterial infection or following stimulation with early cytokines
such as TNF-� (25, 26). It is the major inflammatory cytokine involved in periodontitis
and plays a key role in periodontal tissue breakdown (27, 28). The amount of HMGB1
increased as the experiment proceeded and showed a significant increase after 12 h in
THP-1 and 24 h in HGECs. THP-1 released more HMGB1 than HGECs did (Fig. 1A).
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Anti-HMGB1 antibody inhibited production of inflammatory cytokines by
TNF-� stimuli. To examine the effects of anti-HMGB1 antibody on TNF-�-mediated
inflammatory cytokine profiles, cytokine array analysis was performed using HGECs and
THP-1 that were either left untreated or treated with anti-HMGB1 (see Fig. S1 in the
supplemental material). On the basis of the array data and of previous studies that have
reported cytokine-mediated mechanisms of periodontal inflammation and bone re-
sorption (17, 19), secretion of IL-1� and GM-CSF was further examined by ELISA (Fig. 1B
and C). In THP-1, the amount of IL-1� was also significantly increased by TNF-� stimuli.
The release of IL-1� into media was decreased by anti-HMGB1 antibody treatment
(Fig. 1B). In HGECs, the amount of GM-CSF was significantly increased by TNF-� stimuli
and decreased by administration of anti-HMGB1 antibody (Fig. 1C).

Anti-HMGB1 antibody inhibited translocation of HMGB1 in vivo. To examine the
change in HMGB1 localization around the periodontal tissue in a murine periodontitis
model, we performed immunofluorescence analysis on day 7. We confirmed the
presence of control IgG antibody and anti-HMGB1 antibody in mouse serum (Fig. S2).
The results indicated that HMGB1 was localized in the nuclei of gingival epithelia of the
shams (Fig. 2E and F) but that the immunoreactivity of nuclear HMGB1 was markedly
attenuated in the mice administered control IgG (Fig. 2I and J). The administration of
anti-HMGB1 antibody retained the localization of the nuclear HMGB1 in a dose-
dependent manner (Fig. 2M, N, Q, and R), indicating that 25 �g of anti-HMGB1 antibody
inhibited the translocation of HMGB1 from the nucleus to the cytoplasm. No signal was
observed with the control IgG antibody (Fig. S3).

Anti-HMGB1 antibody inhibited inflammation in periodontal tissue. Next, mo-
lecular imaging analysis was performed to measure myeloperoxidase (MPO) activity to
examine the anti-inflammatory effects of the anti-HMGB1 antibody. The average level
of total flux was 38.5% higher in the mice examined at 7 days than in the mice
examined at 21 days. The average level of maximum radiance was also 82.7% higher in

FIG 1 ELISA data showing the secretion of HMGB1 in HGECs and THP-1 stimulated by TNF-� and the
effects of anti-HMGB1 antibody on inflammatory cytokines. (A) The supernatants of 10 ng/ml TNF-�-
stimulated HGECs and THP-1 were analyzed for secreted HMGB1 using ELISA. Each experiment was
performed three times. *, P � 0.05; **, P � 0.01 (one-way ANOVA and Dunnett’s test). (B and C) The
supernatants of 10 ng/ml TNF-�-stimulated HGECs and THP-1 with or without 50 �g/ml anti-HMGB1
antibody were analyzed by ELISA for levels of released IL-1� in THP-1 (B) and GM-CSF in HGECs (C). Each
experiment was performed three times. One-way ANOVA and Tukey-Kramer tests were performed.
*, P � 0.05; **, P � 0.01.
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the mice examined at 7 days than in the mice examined at 21 days. Both total flux and
maximum radiance in the mice examined at 7 days were significantly decreased by
administration of anti-HMGB1 antibody (10 and 25 �g/ml) in a dose-dependent manner
(total flux, 45.1% and 29.2%; maximum radiance, 45.7% and 28.2% [for control IgG in
the mice examined at 7 days]). The level of total flux in the mice examined at 21 days
was not significantly decreased by administration of 10 �g anti-HMGB1 antibody
(51.8% of control IgG in the mice examined at 21 days) but was decreased by
administration of 25 �g anti-HMGB1 antibody (45.0% of control IgG in the mice
examined at 21 days) (Fig. 3I). The maximum radiance in the mice examined at 21 days
was significantly decreased in a dose-dependent manner by administration of anti-
HMGB1 antibody (57.9% and 49.0% of control IgG in the mice examined at 21 days)
(Fig. 3J).

Anti-HMGB1 antibody inhibited neutrophil recruitment in periodontal tissue.
Immunohistochemistry was performed to examine the neutrophil recruitment in peri-
odontal tissue, because MPO is highly activated during neutrophil phagocytosis. In
sham samples, neutrophils localized in junctional epithelial cells but did not do so as
much in connective tissue (Fig. 4B). In periodontitis tissue, abundant neutrophils
localized in connective tissue in control samples and in samples from mice adminis-
tered monoclonal antibody (MAb) at 10 �g (Fig. 4D, F, and I). Neutrophil recruitment
was significantly inhibited in samples from mice administered MAb at 25 �g compared
to control IgG-administered samples (Fig. 4H and I).

Anti-HMGB1 antibody inhibited alveolar bone resorption. To examine whether
the anti-HMGB1 antibody actually inhibits bone resorption, we examined bone volume
after 7 days and 14 days by micro-computed tomography analysis. The computed

FIG 2 Immunofluorescence localization of HMGB1 in periodontitis mice. (A) Histological image from a
healthy mouse (sham) at day 7 (low magnification). Bar, 500 �m. (B) Enlargement of the section of the
image indicated in panel A. D, dentin; GE, gingival epithelium; CT, connective tissue; A, alveolar bone. Bar,
200 �m. We performed each staining at least three times. Images of the gingival junctional epithelium
for HE and immunofluorescence of HMGB1 (green) and DAPI (blue) in sham and periodontitis mice are
shown as follows: sham, panels C to F; control IgG administration group, panels G to J; anti-HMGB1
antibody administration group, panels K to N (10 �g/mice) and O to R (25 �g/mice). Merged images (F,
J, N, and R) indicating colocalization are also shown. Bars, 100 �m (low magnification) (C to O) and 50
�m (high magnification) (D to R).
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tomography images taken at day 21 indicated that the bone volumes of treated mice
were decreased compared to those of the shams (Fig. 5A to H). Quantitation of the
images demonstrated that there was no obvious change of bone volume between
all groups at day 7. At day 21, the bone volume of mice with control IgG was significantly
decreased compared to that of shams. However, bone resorption was significantly inhibited
by administration of anti-HMGB1 antibody in a dose-dependent manner (Fig. 5J).

Gene expression changes resulting from anti-HMGB1 antibody treatment in
periodontal tissue. We examined the changes in gene expression around the peri-
odontal tissue on day 21 to confirm the in vitro results described above (Fig. 1). The
gene expression level of GM-CSF was significantly decreased in samples from mice
administered control IgG and was increased in samples from mice administered MAb
at 25 �g compared to sham treatment results (Fig. 6A). The gene expression level of
IL-1� was significantly increased in samples from mice administered control IgG
compared to sham treatment. It was decreased in samples from mice administered
MAb at 25 �g compared to control samples, but the difference was not significant (Fig.
6B). The gene expression level of CXCL-1 was increased in samples from mice admin-
istered control IgG and decreased in samples from mice administered MAb at 25 �g
compared to sham treatment, but the difference was not significant (Fig. 6C).

DISCUSSION

Inflammatory cytokines and bacterial components such as LPS cause HMGB1 to be
translocated from the nucleus to the cytoplasm, followed by extracellular secretion,

FIG 3 Molecular imaging analysis examining the effects of anti-HMGB1 antibody on periodontal inflammation. The maxillae were
extracted at day 7 (A to D) and day 21 (E to H) after ligature placement. Images of the signal intensity of MPO activity around
periodontal tissue are shown as follows: sham, panels A and E; control IgG administration group, panels B and F; anti-HMGB1
antibody administration group, panels C and G (10 �g/mice) and D and H (25 �g/mice). (I and J) Results of comparisons of the
levels of signal intensity with respect to total flux (I) and maximum radiance (J) are shown. We performed each experiment four
times (A and C to F) or five times (B). One-way ANOVA and Tukey-Kramer tests were performed. *, P � 0.05; **, P � 0.01.
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which is crucial for the progression of inflammation (29). The present study demon-
strated that the HGECs were capable of secreting HMGB1 as a result of TNF-� stimu-
lation in vitro, and translocation of HMGB1 as a result of stimulation with Porphyromo-
nas gingivalis-soaked ligatures was observed in murine gingival epithelial cells.
Although the secretion of HMGB1 from HGECs was significantly lower than that of
HMGB1 from THP-1, HGECs appear to play critical roles during periodontal inflamma-
tion as the first defense against bacterial invasion and as the initiator of essential
immune responses by secreting HMGB1 and GM-CSF.

The murine periodontitis tissue exhibited strong MPO activity with no detectable
bone resorption at day 7 (data not shown), while moderate MPO activity with obvious
bone resorption was observed at day 21. The alteration of MPO activity is in accordance
with the normal innate immune response. In early inflammation (equivalent to day 7),
MPO is highly activated during neutrophil phagocytosis for killing invaded bacteria.
Actually, recruitment of neutrophils in the periodontal tissue was associated with MPO
activity. As inflammation proceeds (equivalent to day 21), the transition from neutro-
phils to monocytes shifts inflammation from acute to chronic and differentiation of
macrophages and activation of osteoclasts are promoted (30). In this study, anti-HMGB1
antibody significantly inhibited early and late MPO activation. Moreover, the anti-
HMGB1 antibody inhibited the translocation of HMGB1 from the nucleus to cytoplasm
or extracellular space on day 7 in vivo. A previous study (27) and our in vitro data (Fig.
1; see also Fig. S4 in the supplemental material) indicated that the inflammatory
stimulus caused HMGB1 transportation from the nucleus to the cytoplasm or extracel-
lular space and led to HMGB1 secretion in these cells. Although we did not measure the
level of HMGB1 secreted from gingival epithelial cells and macrophages in vivo, it is
suggested that HMGB1 might be secreted into the extracellular space due to perio-

FIG 4 Immunostaining localization of neutrophils in periodontitis mice. Data represent immunostaining
localization of neutrophils in sham and periodontitis mice after ligature placement at day 7. Typical
images of gingival junctional epithelium are shown as follows: sham, panels A and B; control IgG
administration group, panels C and D; anti-HMGB1 antibody administration group, panels E and F (10
�g/mice) and G and H (25 �g/mice). Bars, 500 �m (low magnification) (A, C, E, and G) and 100 �m (high
magnification) (B, D, F, and H). (I) Numbers of neutrophils that migrated in gingival junctional epithelium
within 200 �m2 are indicated. We performed each experiment three times. One-way ANOVA and
Tukey-Kramer tests were performed. **, P � 0.01.
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dontitis, because the absence of HMGB1 in the nucleus and anti-HMGB1 antibody
administration inhibited the transportation and the secretion of HMGB1. It was also
suggested that the released HMGB1 might play crucial roles in the initiation of
inflammation through the recruitment and activation of neutrophils and in prolonging
inflammation, thus resulting in bone resorption.

The antibody array and ELISA were conducted to examine the biological significance
of the released HMGB1. In HGECs, GM-CSF levels were remarkably increased by TNF-�
stimuli and decreased by anti-HMGB1 antibody administration. GM-CSF can induce the
growth and differentiation of granulocyte and monocyte progenitors (18), which may
contribute to immunostimulation in inflamed periodontal tissue. In THP-1, IL-1� levels
were also increased by TNF-� stimuli and decreased by anti-HMGB1 antibody treat-
ment. IL-1� is considered an osteoclastogenic cytokine (31, 32). It induces differentia-
tion and activation for mature osteoclasts (33). Anti-HMGB1 antibody significantly
inhibited the secretion of the inflammatory cytokines that we examined, although the
level was not sufficient for complete inhibition. Therefore, even in the presence of a
higher concentration of anti-HMGB1 antibody, alveolar bone resorption was observed
at only low levels. Alternative signaling pathways may exist that partially maintain an
active state of the inflammatory cytokines in addition to GM-CSF and IL-1�. The
additional molecular mechanisms underlying HMGB1-induced periodontal inflamma-
tion should be examined in future studies. To confirm the in vitro results, we examined
gene expression changes caused by anti-HMGB1 administration in periodontal tissue in
vivo. The reason that the results of the in vitro and in vivo GM-CSF experiments were not
similar is that the extracted maxilla contained various tissues such as epithelial cells,
connective tissue, immune cells, and bone. The levels of expression of IL-1� in the in
vitro and in vivo assays were similar but not significant. We should have chosen other
experiments such as in situ hybridization or laser microdissection to extract precise
tissue, because periodontal tissue is complex and contains various cell types. The
chemokine CXCL1, also named GRO-alpha, is a strong chemoattractant for neutrophils
and was previously reported to be induced by LPS in oral fibroblasts (34). In our study,

FIG 5 Computed tomography scan analysis examining the effects of anti-HMGB1 antibody on bone
resorption. We captured images focusing on the buccal sides (A, C, E, and G) and palatal sides (B, D, F,
and H) of periodontal tissue extracted at day 21 after ligature placement. (I and J) Bone volume ratios
(test side/control side) were analyzed at day 7 (I) and day 21 (J). We performed each experiment three
times (A, B, E, and F) or four times (C, D, G, and H). One-way ANOVA and Tukey-Kramer tests were
performed. *, P � 0.05; **, P � 0.01.
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neutrophils localized in gingival fibroblasts and were inhibited by high MPO activity in
periodontitis tissue and by administration of the anti-HMGB1 antibody. Although the
differences were not significant, the levels of CXCL1 gene expression observed in vivo
support our hypothesis.

HMGB1 can bind to TLR-2/4 and RAGE as a cytokine mediator (6). On the basis of all
observations in this study, we propose that the autocrine release of HMGB1 plays
critical roles in regulating periodontal inflammation. In early inflammation, gingival
epithelial cells release various cytokines and chemokines, and HMGB1 is then translo-
cated from the nucleus to the cytoplasm by TNF-� stimuli. The released HMGB1 induces
the translocation in an autocrine-related manner; the released HMGB1 also induces
GM-CSF secretion from gingival epithelial cells, resulting in differentiation and activa-
tion of immune cells. As inflammation proceeds via the continuous secretion of HMGB1,
macrophages release more cytokines, chemokines, and HMGB1. Moreover, the released
IL-1� promotes osteoclastogenesis and bone resorption. Therefore, periodontal inflam-
mation is initiated, exacerbated, and prolonged by the HMGB1 secretion cycle. The
present study demonstrated that anti-HMGB1 antibody succeeded in preventing pro-
longed immunostimulation and the bone-resorbing activity of osteoclasts by inhibiting
the foregoing cytokine release in periodontal tissue.

In conclusion, the results reported here indicate that anti-HMGB1 antibody inhibited
not only inflammation but also bone resorption in a murine periodontitis model.
Autocrine HMGB1-regulating secretion of inflammatory cytokines, such as IL-1�, GM-
CSF, and CXCL1, was involved in the mechanism in the early and late phases of the
inflammation. Therefore, HMGB1 is a crucial regulator of the initiation and prolongation

FIG 6 Quantitative RT-PCR showing the effects of anti-HMGB1 antibody on inflammatory cytokines. The mRNA
expression levels seen with periodontal mice at day 7 were analyzed for GM-CSF (A), IL-1� (B), and CXCL1 (C) by
quantitative RT-PCR. The abundance of each gene was determined relative to that of GAPDH mRNA, and the results
are shown as fold induction data. We performed each experiment three times. One-way ANOVA and Dunnett’s tests
were performed. *, P � 0.05; **, P � 0.01.
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of periodontitis. Understanding the detailed molecular mechanism of HMGB1 is re-
quired to control periodontal inflammation.

MATERIALS AND METHODS
Reagents. Recombinant human TNF-� (rhTNF-�) was purchased from R&D Systems (Minneapolis,

MN). Rat monoclonal antibody (MAb) against HMGB1 (antibody no. 10-22, subclass IgG2a; antibody no.
4-1, subclass IgG2a) and class-matched control IgG MAb (rat subclass IgG2a; anti-keyhole limpet
hemocyanin) were used as described previously (11). Anti-HMGB1 antibody no. 4-1 recognizes the B box,
and the no. 10-22 antibody recognizes the C-terminal tail of HMGB1.

Cell culture. Pooled progenitor human gingival epithelium cells (HGECs) were maintained in
CnT-Prime epithelial cell culture medium (obtained from CELLnTEC Advanced Cell Systems, Bern,
Switzerland). Accutase cell detachment solution (CELLnTEC) was used for detachment of the cells. HGECs
were used for the experiments performed between passages 5 and 10. A human monocytic leukemia cell
line (THP-1) was obtained from ATCC (Manassas, VA) and maintained in RPMI 1640 medium supple-
mented with 1% L-glutamine, 1 mM sodium pyruvate, 10% fetal bovine serum, and 10 mM HEPES, all of
which were purchased from Thermo Fisher Scientific, Waltham, MA, at 37°C in a humidified 5% CO2

atmosphere. THP-1 were differentiated into macrophage-like cells following exposure to 100 nM phorbol
myristate acetate (PMA) (Sigma-Aldrich, St. Louis, MO) for 48 h.

ELISA. The amounts of HMGB1 protein released into the supernatant of both HGECs and THP-1 were
measured using human HMGB1 ELISA kit II (Shinotest, Tokyo, Japan). The supernatant was harvested up
to 48 h after exposure to TNF-� stimuli. The amount of released IL-1� and GM-CSF proteins in the
supernatant of both HGECs and THP-1 was measured using a human ELISA kit (R&D Systems). The
supernatant was harvested 48 h after the addition of TNF-� and anti-HMGB1 antibody. The absorbance
at 490 nm was measured using a microplate reader (GeminiXPS; Molecular Devices, Sunnyvale, CA).

Induction of periodontitis. (i) Bacteria. Porphyromonas gingivalis strain W83 (P. gingivalis) was
grown in an anaerobic chamber (Mitsubishi Gas Company, Inc., Tokyo, Japan) using modified GAM broth
(Nissui Pharmaceutical Co., Hiroshima, Japan). After incubation at 37°C under anaerobic conditions, the
bacteria were harvested and washed three times with sterile phosphate-buffered saline (PBS). P. gingivalis
was resuspended in PBS at 7.5 � 107 CFU/ml.

(ii) Mice. All experiments involving studies performed with animals were approved by the Animal
Care and Use Committee, Okayama University. Ten-week-old specific-pathogen-free (SPF) female
C57BL/6J mice were obtained from Charles River Laboratories Japan (Kanagawa, Japan). Experimental
periodontitis was induced as described previously (22) with slight modifications. Briefly, a 6-0 silk thread
was used to ligate around the cervical portion of the maxillary second molar without damaging gingiva.
P. gingivalis bacteria were infiltrated to the silk thread every 3 days. We assigned mice to 4 groups: (i)
sham (mice without any treatment); (ii) control IgG (experimental periodontitis with administration of
control IgG) (10 �g/mice); (iii) 10 �g MAb (experimental periodontitis with administration of anti-HMGB1
antibody at 10 �g/mice); (iv) 25 �g MAb (experimental periodontitis with administration of anti-HMGB1
antibody at 25 �g/mice). The antibody was administered by peritoneal injection every 3 days. The
analysis that followed was performed at day 7 and day 21 after ligature placement.

In vivo imaging. To measure myeloperoxidase (MPO) activity, a XenoLight RediJect inflammation
probe (PerkinElmer, Waltham, MA) was administered at 150 �l/mice, and mice were sacrificed immedi-
ately after injection. To eliminate errors in measurement due to positional effects of the specimen, the
dissected maxillae were trimmed to the same size and thickness. After verifying that the wavelengths
from specimens positioned on a plate and from the emission filters of the device were almost the same
across all samples (23), luminescent images were taken using a charge-coupled-device (CCD) camera
within 20 min of injection. Luminescence intensity was measured using IVIS Spectrum (PerkinElmer), and
a circular region of interest (ROI) was defined as a region which exhibited more than 50% of maximum
luminescence in the inflammatory site of each mouse. The total flux (measured in photons per second)
and maximum radiance (measured in photons per second per square centimeter per steradian) in
the ROI were quantified using Living Image Software V4.4 (PerkinElmer) according to the manufac-
turer’s instructions.

Micro-computed tomography scanning. After in vivo imaging, the alveolar bone was fixed with 4%
paraformaldehyde (pH 7.4; Wako Pure Chemical Industries, Ltd., Osaka, Japan) for 24 h and scanned using
a desktop non-computed tomography system (Sky scan1174; Bruker Corporation, Billerica, MA).

The computed tomography settings were as follows: voltage, 50 mV; current, 800 kA; slice thickness,
7.5 �m. The images were reconstructed using NRecon and CTVol software (Bruker). The buccal alveolar
bone volume from the mesial contact point to the distal contact point of the second molar was
calculated using CTAn software (Bruker) according to the manufacturer’s instructions.

Histological and immunofluorescence staining. Paraformaldehyde-fixed tissue samples were de-
calcified for 1 week with 10% EDTA disodium salt dehydrate (Sigma-Aldrich) and embedded in paraffin
wax. Coronal serial sections (3 �m thick) were mounted in serial order on poly-L-lysine-coated slides
(Sakura Finetek Japan, Tokyo, Japan) and stained with hematoxylin and eosin (HE). Immunofluorescence
staining was performed following standard procedures. Briefly, slides were boiled in 1 mM EDTA–PBS (pH
8.0) for 3 min using a microwave for antigen unmasking, and immunofluorescence staining was
performed with a primary antibody against HMGB1 (rabbit polyclonal IgG; Shinotest) (1:100). The
secondary antibody was Alexa Fluor 488 goat anti-rabbit IgG (Thermo Fisher Scientific) (1:100).
Vectashield mounting medium with DAPI (4=,6-diamidino-2-phenylindole; Vector Laboratories, Burlin-
game, CA) was used for nuclear staining. We used three mice for each experiment.
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Immunohistochemistry. An avidin-biotin complex (ABC) system (Vectastain Elite ABC rat kit; Vector
Laboratories, Burlingame, CA, USA) was used for immunohistochemical analysis along with the primary
antibodies for Ly-6G (rat polyclonal IgG; BD Pharmingen, NJ) (1:100). The numbers of Ly-6G positive cells
within the range of 20 �m2 from the clavicular epithelium were counted in at least 3 sections from each
mouse.

Quantitative RT-PCR. Total RNA was collected from maxillary gingiva using a Lysing Matrix F kit (MP
Biomedicals, CA) and an RNeasy Plus kit (Qiagen, Hilden, Germany), and the reverse transcription reaction
was carried out using 1 �g mRNA and 10 �M deoxynucleoside triphosphate (dNTP) mix, 50 �M
oligo(dT)12–18 primer, 5� First Standard buffer, 0.1 M dithiothreitol, and SuperScript III reverse transcrip-
tase according to the manufacturer’s protocols (all were purchased from Thermo Fisher Scientific).

Primers were designed using Primer3 online software (http://frodo.wi.mit.edu/) as follows: for IL-1�,
5=-GTCGCTCAGGGTCACAAGAA-3= and 5=-CCACACGTTGACAGCTAGGT-3=; for GM-CSF, 5=-GGCCAAAAAT
GAMGGAAGCCC-3= and 5=-TGTGCCACATCTCTTGGTCC-3=; for CXCL1, 5=-GGTGTCCCCAAGTAACGGAG-3=
and 5=-TTGTCAGAAGCCAGCGTTCA-3=; and for GAPDH (glyceraldehyde-3-phosphate dehydrogenase),
5=-GAGTCAACGGATTTGGTCGT-3= and 5=-GACAAGCTTCCCGTTCTCAG-3=. Quantitative RT-PCR was per-
formed using an ABI 7300 system (Applied Biosystems, Foster City, CA) under conditions of 95°C for 10
min followed by 40 cycles at 95°C for 15 s and 60°C for 1 min in 96-well plates in a final volume of 20
�l containing SYBR green PCR master mix (Applied Biosystems). The relative quantities of transcripts
were calculated by the comparative threshold cycle (ΔΔCT) method (24) using GAPDH as the endogenous
control. The relative mRNA expression ratio was calculated at each time point as a ratio of stimulated
results/nonstimulated results.

Statistical analysis. Data are presented as means � standard deviations (SD) of the results from at
least three independent experiments. Statistical analyses were performed using one-way analysis of
variance (ANOVA). The Tukey-Kramer test was used to determine statistical significance when multiple
non-pairwise comparisons were involved. The Dunnett’s test was used when multiple pairwise compar-
isons were involved. Values of P of �0.05 were considered significant and were determined using JMP
software (version 12.0; SAS, Cary, NC).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/IAI
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