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Abstract

Diabetes mellitus increases periodontitis and pathogenicity of the oral microbiome. To further understand mechanisms through which
diabetes affects periodontitis, we examined its impact on periodontal ligament fibroblasts in vivo and in vitro. Periodontitis was induced
by inoculation of Porphyromonas gingivalis and Fusobacterium nucleatum in normoglycemic and diabetic mice. Diabetes, induced by multiple
low-dose injections of streptozotocin increased osteoclast numbers and recruitment of neutrophils to the periodontal ligament, which
could be accounted for by increased CXC motif chemokine 2 (CXCL2) and receptor activator of nuclear factor kappa B ligand (RANKL)
expression by these cells. Diabetes also stimulated a significant increase in nuclear factor kappa B (NF-kB) expression and activation in
periodontal ligament (PDL) fibroblasts. Surprisingly, we found that PDL fibroblasts express a 2.3-kb regulatory unit of Colla.l (collagen
type |, alpha |) promoter typical of osteoblasts. Diabetes-enhanced CXCL2 and RANKL expression in PDL fibroblasts was rescued
in transgenic mice with lineage-specific NF-kB inhibition controlled by this regulatory element. In vitro, high glucose increased NF-xB
transcriptional activity, NF-kB nuclear localization, and RANKL expression in PDL fibroblasts, which was reduced by NF-kB inhibition.
Thus, diabetes induces changes in PDL fibroblast gene expression that can enhance neutrophil recruitment and bone resorption, which
may be explained by high glucose—induced NF-kB activation. Furthermore, PDL fibroblasts express a regulatory element in vivo that is

typical of committed osteoblasts.
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Introduction

Periodontitis is a chronic inflammatory disease and the most
common cause of tooth loss in adults (Silva et al. 2015). It is
associated with a dental plaque biofilm on the tooth surface,
which activates the host immune response and causes alveolar
bone destruction and collagen degradation (Hasturk and
Kantarci 2015; Xiao et al. 2016). In periodontitis, bacteria and
their products stimulate a host response resulting in the genera-
tion of proinflammatory molecules and receptor activator of
nuclear factor kappa B ligand (RANKL) that stimulate peri-
odontal bone resorption. Several studies demonstrated that
inhibition of RANKL reduces alveolar bone loss (Teng et al.
2000; Taubman and Kawai 2001; Jin et al. 2007), indicating its
essential role in periodontal bone remodeling. Chemokines are
also proinflammatory and stimulate recruitment of leukocytes
to sites of inflammation (Graves et al. 2011; Scott and Krauss
2012; Sahingur and Yeudall 2015).

Diabetes mellitus enhances periodontal inflammation to
increase the risk and severity of periodontal diseases (Lalla and
Papapanou 2011; Chapple et al. 2013; Wu et al. 2015). Diabetes
may affect periodontal inflammation by inducing a greater
inflammatory response in host cells to given microbial chal-
lenge (Salvi et al. 1997; Naguib et al. 2004) or by increasing
the pathogenicity of the oral microbiome (Zhou et al. 2013;
Xiao et al. 2017). Diabetes induces greater bone loss through a

more persistent inflammatory infiltrate, increased osteoclast
mediated resorption, and reduced bone coupling (Liu et al.
2006; Duarte et al. 2007; Wu et al. 2015).

Dysregulation of nuclear factor kappa B (NF-kB) may be
linked to several diseases that cause osteolysis including peri-
odontitis (Xu et al. 2009; Abu-Amer 2013). NF-kB activation

'State Key Laboratory of Oral Diseases, National Clinical Research
Center for Oral Diseases, West China Hospital of Stomatology, Sichuan
University, Chengdu, China

Department of Periodontics, School of Dental Medicine, University of
Pennsylvania, Philadelphia, PA, USA

3Department of Stomatology, Beijing Anzhen Hospital, Capital Medical
University, Beijing, China

4Department of Prosthodontics and Periodontics, Piracicaba Dental
School, University of Campinas, Piracicaba, Brazil

*Department of Oral Surgery and Periodontology, Ribeirio Preto School
of Dentistry, University of Sao Paulo, Ribeirdo Preto, Brazil
®Department of Biomedical Sciences, College of Dentistry, Texas A&M
University, Dallas, TX, USA

*Authors contributing equally to this work.

A supplemental appendix to this article is available online.

Corresponding Author:

D.T. Graves, School of Dental Medicine, University of Pennsylvania,
240 S. 40th Street, Evans FIB, Philadelphia, PA 19104, USA.

Email: dtgraves@upenn.edu


https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/jdr

Diabetes Activates PDL Fibroblasts In Vivo

581

is inhibited by inhibitor of nuclear factor kappa B (IkB).
Activation of IkB kinase (IKK) leads to IxB degradation, free-
ing NF-kB to enter the nucleus and induce gene transcription to
stimulate an inflammatory response. Inhibition of NF-kB in
osteoblast lineage cells reduces bone resorption and enhances
coupled bone formation to reduce periodontal bone loss (Pacios
et al. 2015).

Periodontal ligament (PDL) fibroblasts may participate in
periodontal inflammation by releasing cytokines and chemo-
kines (Garlet et al. 2008; Jonsson et al. 2009; Zhang et al.
2016). PDL cells are fibroblast-like cells but also exhibit some
osteoblastic features. A small portion of PDL cells show high
expressions of alkaline phosphatase and bone-associated pro-
teins (Somerman et al. 1990; Giannopoulou and Cimasoni
1996). Fibroblasts can be distinguished from osteoblasts by
expression of a 2.3-kb regulatory unit in the collagen type 1,
alpha 1 (Collal) promoter that is typically restricted to osteo-
blasts and osteocytes (Dacquin et al. 2002; Braut et al. 2003).
Moreover, this regulatory element has been used to generate
transgenic (Collal.IKK-DN) mice that express a dominant
negative mutant of IKK in osteoblast-lineage cells (Liu et al.
2004; Chang et al. 2009; Pacios et al. 2015). We investigated the
potential contribution of PDL fibroblasts to diabetes-enhanced
periodontitis by examining NF-kB activation and expression
of genes that are downstream of NF-kB. Surprisingly, we found
that PDL fibroblasts express the 2.3-kb Collal regulatory ele-
ment and that inflammatory and osteoclastogenic effects of dia-
betes on PDL fibroblasts can be rescued by lineage-specific
NF-xB inhibition in transgenic Collal.IKK-DN mice. These
studies further establish the phenotype of PDL fibroblasts in
vivo and provide evidence regarding how they may contribute
to diabetes-enhanced periodontitis.

Material and Methods
Animal Models

Heterozygous 2.3Collal—green fluorescent protein (GFP)
mice (B6.Cg-Tg[Collal*2.3-GFP]1Rowe/J, Stock No. 013134)
were purchased from Jackson Laboratory and examined at 3 to
12 wk of age. Mandibles were fixed in 4% paraformaldehyde
and decalcified at 4 °C, and CryoJane frozen sections were pre-
pared (Jing et al. 2016). Fluorescent images were captured
with an SP5 Leica confocal microscope. Protocols were
approved by the Institutional Animal Care and Use Committee
at Texas A&M College of Dentistry.

Periodontal disease studies were approved by the Institutional
Animal Care and Use Committee at University of Pennsylvania.
Lineage-specific inhibition of IKK was achieved in transgenic
mice (Collal.IKKDN) as described (Chang et al. 2009).
Diabetes was induced by intraperitoneal streptozotocin injec-
tion (Sigma-Aldrich) for 5 consecutive days (Zhang et al.
2015). The glucose levels of mice with streptozotocin injection
exceeded 220 mg/dL for at least 6 wk (see Appendix Table).
Mice received antibiotics (sulfamethoxazole and trimethoprim)
before oral inoculation of Porphyromonas gingivalis and
Fusobacterium nucleatum (2 x 10° colony-forming units) for 2

wk as previously described (Wu et al. 2016) or vehicle (2%
methylcellulose) alone. Mice were euthanized 6 wk after oral
inoculation. Mandibles were examined by micro—computed
tomography (micro-CT) and then decalcified in 10% EDTA for
4 wk. After paraffin embedding, 4-um sagittal sections that
included the first and second molars were prepared as described
(Wu et al. 2016).

Micro-CT and Histomorphometric Analysis

The bone between the first and second molars was quantified
by micro-CT (uCT35; SCANCO Medical) and in hematoxylin
and eosin—stained sections as described (Pacios et al. 2015).
Polymorphonuclear leukocytes (PMNs) were counted in PDL
and gingival connective tissue in hematoxylin and eosin—
stained sections (Kang et al. 2012). Osteoclasts were identified
as large multinucleated cells located on the surface of alveolar
bone in tartrate-resistant acid phosphatase—stained sections
(Liu et al. 2006). Images were captured with a Nikon Eclipse
90i microscope, and NIS Elements-AR software (Nikon) was
used for analysis.

Detection of NF-xB p65, RANKL, and CXCL2
in PDL and Gingival Connective Tissue
by Immunofluorescence

NF-kB, RANKL, and CXC motif chemokine 2 (CXCL2)
expressions were assessed by immunofluorescence with anti-
bodies specific for NF-kB p65 (Cell Signaling Technology),
RANKL (Santa Cruz), or CXCL2 (Thermo Fisher Scientific).
Sections went through antigen retrieval and were then incu-
bated with primary antibody or matched control IgG at 4 °C
overnight, followed by incubation with biotinylated secondary
antibody (Vector Laboratories), avidin-biotin-peroxidase com-
plex (ABC Reagent; Vector Laboratories), and tyramide signal
amplification (PerkinElmer). Immune complexes were local-
ized by incubation with Alexa Fluor 546—conjugated streptavi-
din (Invitrogen) and mounting medium containing DAPI
(Abcam). Fluorescent images were captured and analyzed at
40x magnification with NIS Elements software (Nikon).
Nuclear localization of NF-kB p65 was identified by colocal-
ization of NF-xB p65 antibody and DAPI nuclear stain.
Fibroblastic cells in the gingiva and PDL were identified by
their location and typical fusiform-shaped nucleus in DAPI
images, which distinguishes them from bone-lining cells, leu-
kocytes, or endothelial cells. Quantitation was carried out, and
the percentage of immunopositive fibroblastic cells in the PDL
or gingiva was measured.

NF-xB p65, Phospho-IxBs, and RANKL
Expressions in hPDLCs In Vitro

Human PDL cells were generously provided by Dr. Songtao
Shi, University of Pennsylvania, and cultured in o-MEM
(Mrozik et al. 2017). Cells were incubated with high glucose
(25 mM) and/or tumor necrosis factor alpha (TNF-a) (10 ng/mL)
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Figure I. Diabetes and oral infection induce NF-kB activation in PDL fibroblasts, which could be inhibited by the 2.3-kb Collol promoter gene
typical of osteoblast lineage cells. (A) Localization of GFP in periodontal tissue of 2.3Colla|-GFP transgenic mice. 2.3Colloul-GFP signal was detected
in PDL and alveolar bone with expression by PDL fibroblasts, bone-lining cells, and osteocytes. (B) NF-kB p65 expression by PDL fibroblasts by
immunofluorescence. (C) NF-kB p65 expression was measured in vivo by immunofluorescence as percentage of immunopositive fibroblastic cells

in the PDL. (D) NF-xB p65 nuclear localization was measured in vivo by colocalization of NF-kB p65 (red) and DAPI (blue) nuclear staining and
presented as the percentage of fibroblastic cells in the PDL with NF-kB p65 detected in the nucleus. (E) Total NF-xB p65 expression was measured

by immunofluorescence in vivo and presented as the percentage of immunopositive fibroblastic cells in gingiva. (F) NF-xB p65 nuclear localization was
measured in vivo by colocalization of NF-kB pé5 (red) and DAPI (blue) nuclear staining and presented as the percentage of fibroblastic cells in the
gingiva with NF-kB p65 detected in the nucleus. *P < 0.05 (vs. uninfected normoglycemic group). *P < 0.05 (vs. matched wild-type group). /P < 0.05
(vs. matched normoglycemic group). Collal, collagen type |, alpha I; GFP, green fluorescent protein; NF-kB, nuclear factor kappa B; PDL, periodontal
ligament. Error bars indicate SEM.
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for 24 h. Some cells were preincubated with BAY-117082
(Santa Cruz) for 1 h, which was continued after stimulation
with high glucose or TNF. mRNA levels of NF-kB p65 and
RANKL were determined by real-time quantitative reverse
transcription polymerase chain reaction normalized to ribo-
somal protein L32 with Fast SYBR Green Master Mix (Applied
Biosystem). The amplification was monitored by melting
curve analysis. Primer sequences were as follows:

NF-«xBp65:forward,5-GAGACATCCTTCCGCAAACT-3;
reverse, S'-TCCTTCCTGCCCATAATCA-3’

RANKL: forward, 5'-TGATTCATGTAGGAGAATTAAA
CAGG-3"; reverse, 5'-GATGTGCTGTGATCCAACGA-3’

L32: forward, 5'-TGACAACAGGGTTCGTAGAAGAT-3;
reverse, 5S'-GTTCTTGGAGGAAACATTGTGAG-3’

Protein levels of phospho-IkBs (RayBiotech) and RANKL
(R&D Systems) were assessed by ELISA. NF-«kB transcrip-
tional activity was measured with a dual-luciferase reporter
assay System (Promega) normalized with a control Renilla
luciferase reporter in each assay.

Statistical Analysis

Statistical analysis was performed with SPSS 20.0 software
(IBM). In vivo experiments included 7 to 10 mice for each
group with a similar distribution of males and females. One
specimen was examined from each mouse per study. Each in
vitro experiment was repeated at least 3 times with similar
results. Analysis of histologic sections was performed by an
examiner who evaluated specimens randomly and was blinded
to the specimen group. Significance between wild-type and
transgenic mice was determined by 2-tailed Student’s ¢ test,
and differences among multiple groups was established by
analysis of variance with Tukey’s post hoc test. The signifi-
cance level was set at P < 0.05.

Results

Localization of GFP in Periodontal Tissue
of 2.3Coll a.1-GFP Transgenic Mice

Expression of 2.3Collal-GFP in the PDL was observed by
green fluorescence. Approximately 70% of PDL fibroblasts
were GFP positive. No detectable GFP signal was found in epi-
thelium or gingival connective tissue (Fig. 1A). The expression
of this promoter element in the majority of PDL fibroblasts was
surprising given previous reports of its restricted expression to
osteoblast lineage cells (Dacquin et al. 2002; Braut et al. 2003).

Diabetes and Oral Infection Induce NF-xB
Activation in PDL Fibroblasts

Mice were challenged with oral bacterial inoculation. The
expression and nuclear localization of the NF-kB subunit p65
in PDL fibroblasts were examined by immunofluorescence
(Fig. 1B—F). Diabetes alone induced a 59% increase in NF-kB
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Figure 2. High glucose and TNF-a induce NF-«B activation in human
PDL cells in vitro. (A=C) High glucose and TNF-a stimulate NF-xB
activity in hPDLCs, which can be blocked by BAY-117082. Cells were
cultured with stimulation of high glucose and/or TNF-a. with or without
BAY-117082. (A) Total NF-kB mRNA were assessed by qRT-PCR when
stimulated with high glucose and/or TNF-a with or without BAY-117082
for 3 d. (B) Phospho-lkBs in hPDLCs was measured by ELISA assay when
stimulated with high glucose and/or TNF-a with or without BAY-117082
for 24 h. (C) NF-kB transcriptional activity was measured with a luciferase
reporter assay. Luciferase activity was normalized by Renilla control. #P
< 0.05 (vs. untreated control group). *P < 0.05 (vs. matched control
group). 'P < 0.05 (vs. matched normoglycemic group). hPDLC, human
periodontal ligament cell; IkB, inhibitor of nuclear factor kappa B; NF-kB,
nuclear factor kappa B; PDL, periodontal ligament; qRT-PCR, real-time
quantitative reverse transcription polymerase chain reaction. Error bars
indicate SEM.

expression and a 90% increase in NF-kB nuclear localization
in PDL fibroblasts when compared with normoglycemic ani-
mals (P <0.05; Fig. 1C, D), indicating increased basal inflam-
mation in PDL fibroblasts caused by diabetes. Infection in
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Figure 3. Transgenic mice with lineage-specific inhibition of NF-kB have reduced RANKL
expression in PDL fibroblasts not gingival fibroblasts. (A) RANKL expression by fibroblastic cells
in the PDL was measured by immunofluorescence. (B) RANKL expression by gingival fibroblasts
was measured by immunofluorescence. (C) RANKL mRNA levels were assessed by qRT-PCR
when stimulated with high glucose and/or TNF-a with or without the NF-kB inhibitor BAY-
117082. (D) RANKL protein levels in hPDLCs were measured by ELISA assay when stimulated
with high glucose and/or TNF-a with or without BAY-117082 for 3 d. *P < 0.05 (vs. uninfected
normoglycemic group). **P < 0.05 (vs. matched wild-type group). #P < 0.05 (vs. untreated control
group). ¥*P < 0.05 (vs. matched control group). /P < 0.05 (vs. matched normoglycemic group).
hPDLC, human periodontal ligament cell; NF-kB, nuclear factor kappa B; PDL, periodontal ligament;
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polymerase chain reaction. Error bars indicate SEM.

wild-type mice (vs. uninfected wild-type mice) induced a
103% increase in PDL fibroblasts that expressed NF-xB and a
229% increase in NF-kB nuclear localization (P < 0.05). When
compared with baseline, infected diabetic mice had a 186%
increase in NF-kB expression and a 346% increase in NF-kB
nuclear localization (P < 0.05). In contrast, the levels of NF-xB
were not increased by diabetes or infection in transgenic mice
(P >0.05). Similar increases were noted in gingival fibroblasts
in wild-type mice, and there was no difference between trans-
genic and wild-type mice (P > 0.05; Fig. 1E, F).

To investigate mechanisms by which diabetes may affect
the PDL, human PDL cells (hPDLCs) were incubated in high
glucose media (25 mM), media supplemented with TNF-a (10
ng/mL), or both, since each is elevated in high glucose condi-
tions (Pacios et al. 2015). NF-kB mRNA levels in hPDLCs
were enhanced 58% by high glucose, 108% by TNF-0, and
213% by a combination of high glucose and TNF-a (P < 0.05;
Fig. 2A). High glucose and TNF stimulated a 51% increase in
NF-kB mRNA levels in hPDLCs when compared with TNF
alone (P < 0.05). Increases in NF-kxB mRNA levels stimulated
by high glucose, TNF-a, or both were completely blocked by
the NF-xB inhibitor BAY-117082 (P < 0.05). NF-«xB is acti-
vated by phosphorylation of IkB. High glucose and TNF-a
stimulated an 80% and 130% increase in IkB phosphorylation,
respectively, as determined by ELISA (P < 0.05; Fig. 2B). A
luciferase reporter assay demonstrated that high glucose

B). Diabetes increased by 145% the
number of PDL fibroblasts expressing
RANKL in uninfected wild-type ani-
mals versus normoglycemic controls (P
< 0.05; Fig. 3A). Oral inoculation of
bacteria stimulated a 177% increase in
RANKL in the PDL fibroblasts as com-
pared with baseline (P < 0.05), which
was increased 44% by diabetes (P <
0.05). This number was significantly
reduced in transgenic mice (P < 0.05).
Diabetes and oral infection also increased RANKL expression
in gingival fibroblasts of both wild-type and transgenic mice
(Fig. 3B).

RANKL induction by high glucose in hPDLCs was mea-
sured in vitro (Fig. 3C, D). High glucose stimulated a 74%
increase in RANKL mRNA levels; TNF, a 110% increase; and
the combination of high glucose and TNF-a, a 215% increase
(P <0.05; Fig. 3C). ELISA analysis revealed a similar pattern
at the protein level (P < 0.05; Fig. 3D). RANKL expression in
hPDLCs induced by high glucose, TNF-0, and high glucose
plus TNF-a was blocked by the NF-kB inhibitor BAY-117082
at the mRNA and protein levels (P < 0.05; Fig. 3C, D).

Inhibition of NF-xB Activation Decreases PMN
Numbers in the PDL and Expression of CXCL2

To determine whether diabetes enhances the recruitment of
PMN:ss to the PDL, we examined CXCL2 and PMN numbers in
wild-type and transgenic diabetic mice (Fig. 4A-D). Diabetes
stimulated a 211% increase in PMN numbers in wild-type
mice, and oral infection induced a 215% increase as compared
with normoglycemic, uninfected controls (P < 0.05; Fig. 4A).
In infected wild-type mice, diabetes further stimulated a 74%
increase in PMNs in the PDL (P < 0.05). PMN numbers in PDL
were significantly lower in matched transgenic mice (P <
0.05). In contrast, diabetes and oral inoculation significantly
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increased PMN numbers in gingival
connective tissue of both wild-type and
transgenic groups (Fig. 4B).

We next examined expression of the
neutrophil chemoattractant CXCL2 in
PDL fibroblasts by quantitative immu-
nofluorescence (Fig. 4C, D). CXCL2 in
PDL fibroblasts of diabetic mice was
236% higher than corresponding nor-
moglycemic mice (P < 0.05; Fig. 4C).
Oral inoculation increased the expres-
sion of CXCL2 by 254% in normogly-
cemic wild-type mice versus uninfected
controls (P < 0.05). Infected diabetic
mice had the largest increase, 446% (P
< 0.05). The increased CXCL2 expres-
sion by PDL fibroblasts was largely
blocked in mice lacking NF-xB activa-
tion. In gingival fibroblasts, diabetes
similarly induced an increase in both
uninfected and infected wild-type mice
(P < 0.05; Fig. 4D). Similar increases
were observed in gingival fibroblasts of
transgenic mice.

Normoglycemic and Diabetic
Transgenic Mice with Dominant
Negative Inhibition of NF-xB
Have Reduced Osteoclast
Numbers and Alveolar Bone Loss

The loss of periodontal bone is medi-
ated by osteoclasts. Tartrate-resistant
acid phosphatase staining showed that
diabetes alone and oral infection alone
induced a 225% increase and 307%
increase in osteoclasts, respectively (P <
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Figure 4. Inhibition of NF-kB activation decreases PMN numbers and CXCL2 expression in PDL.
Inflammatory status was examined in PDL and gingival connective tissue by quantifying the number
of PMNs, which were identified by their spherical shape and multilobed nuclei. (A) PMN numbers/
mm? in the PDL space were measured between molars in hematoxylin and eosin—stained sections.
(B) PMN numbers/mm? were measured in gingival connective tissue between molars in hematoxylin
and eosin—stained sections. (C) CXCL2 expression by PDL fibroblasts was measured by
immunofluorescence via an antibody to CXCL2. (D) CXCL2 expression in gingival fibroblasts was
measured by immunofluorescence via an antibody to CXCL2. (E) Polymorphonuclear neutrophil
leukocytes (PMNs; arrows) in periodontal ligament of wild-type and transgenic mice. *P < 0.05 (vs.
uninfected normoglycemic group). **P < 0.05 (vs. matched wild-type group). 'P < 0.05 (vs. matched
normoglycemic group). CXCL2, CXC motif chemokine 2; NF-kB, nuclear factor kappa B; PDL,
periodontal ligament; PMN, polymorphonuclear leukocyte. Error bars indicate SEM.

0.05; Fig. 5A, D), with the highest

increase, 548%, in infected diabetic

mice (P < 0.05). However, in transgenic mice with diabetes or
infection, the osteoclast numbers did not increase in compari-
son with matched controls (P > 0.05). The effect of oral infec-
tion and diabetes on alveolar bone loss was examined by
micro-CT and histologic analysis. Diabetes in the absence of
infection induced a 20% loss of bone (P < 0.05; Fig. 5B, E) and
oral inoculation, a 24% loss (P < 0.05). In diabetic mice, infec-
tion caused a 44% loss of bone, which was almost double that
of the normoglycemic infected group (P < 0.05). In contrast,
no bone loss was observed in transgenic mice (P > 0.05).
Similar results were obtained in histologic sections (Fig. 5C, F).

Discussion

We previously demonstrated that osteoblast lineage cells play
an important role in bacteria-induced periodontitis mediated
by NF-kB signaling (Pacios et al. 2015). In the current study,

we surprisingly noted that the PDL fibroblasts strongly
expressed the 2.3-kb Collal promotor element. This finding
extends our previous work and indicates that PDL fibroblasts,
with osteoblast lineage cells, contribute to bone loss as an
important source of RANKL in bacteria-induced periodontitis.
Most unexpected was GFP staining in the Col 2.3 reporter mice
observed in the majority of PDL fibroblasts. In agreement with
GFP reporter results was the inhibition of NF-kB, CXCL2, and
RANKL expression in a different mouse line that expressed a
dominant negative IKK under the control of the same 2.3-kb
Collal promoter element. Previous reports indicated that a
small percentage of PDL fibroblasts exhibit an osteoblast-like
phenotype characterized by the expression of alkaline phos-
phatase and bone-related proteins (Giannopoulou and Cimasoni
1996). In addition, a low expression of the 2.3-kb Collal pro-
moter was detected in tendon fibroblasts in Col 2.3 reporter
mice (Liu et al. 2004). Thus, the data presented here suggest
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that PDL fibroblasts may be more committed to the osteoblast
lineage than previously recognized.

We demonstrated here that diabetes stimulates expression
and nuclear localization of the NF-kB p65 subunit in PDL
fibroblasts, which was suppressed in transgenic mice. When
hPDLCs were stimulated with high glucose and TNF in vitro,
both of which are elevated by diabetes, there was increased
phospho-IkB, NF-kB p65, and NF-kB transcriptional activity.
The increase of each was reduced by the NF-kB inhibitor BAY-
117082, consistent with in vivo data for NF-kB in transgenic
versus wild-type PDL fibroblasts. The results suggest a mecha-
nism whereby high glucose and TNF stimulate NF-«xB activa-
tion in these cells, which may account for the increased NF-xB
activation in PDL fibroblasts observed in diabetic mice. A pre-
vious report showing that hyperglycemia is associated with
activation of the NF-kB pathway supports this interpretation
(Kato et al. 2016).

Diabetes contributes to alveolar bone loss. PDL cells are an
important source of osteoprogenitors (Lim et al. 2014). Thus,
inflammation could affect both anabolic and catabolic events
in the PDL. For example, it could reduce bone coupling by
limiting the differentiation of PDL cells to osteoblasts to inhibit
bone formation following an episode of resorption. PDL cells
could also contribute to osteoclast formation through genera-
tion of RANKL, thus promoting a catabolic event. Multiple
low-dose streptozotocin injections were used to induce diabe-
tes since it is a well-established model that mimics human type
1 diabetes by inducing B-cell dysfunction and insulin defi-
ciency. This model was shown in many diabetic complications
to reflect the impact of streptozotocin on f cells rather than
direct toxic effects in other tissues (Shehata et al. 2011). Our
results indicate that the effect of diabetes on PDL fibroblasts
may significantly contribute to the enhanced susceptibility of
individuals with diabetes to periodontitis. This is based on
findings that diabetes increased the expression of CXCL2 and
RANKL in PDL fibroblasts of mice with or without inocula-
tion of periodontal pathogens. Gingival fibroblasts may play a
critical role in the inflammatory events that precede RANKL
expression by PDL and osteoblast lineage cells. However, the
results point to PDL and osteoblast lineage cells as being par-
ticularly important in RANKL-induced bone loss. Furthermore,
high glucose alone stimulated RANKL expression at the
mRNA and protein levels in these cells and further enhanced
the levels induced by TNF. This increase was NF-kB depen-
dent, agreeing well with in vivo results. Diabetes significantly
enhanced PMN recruitment to the PDL, which was largely
blocked in transgenic mice. Taken together, these results rein-
force the concept that diabetes mellitus activates PDL fibro-
blasts to contribute to inflammation and RANKL expression in
close proximity to bone (Duarte et al. 2007; Belibasakis and
Bostanci 2012; Feng et al. 2012).
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