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Abstract:

Background/Aims: Hyperglycemia in diabetes is closely associated with periodontal disease
progression. This study aimed to investigate the effect of hyperglycemia on the barrier function of
gingival epithelial cells as a cause of hyperglycemia-exacerbated periodontitis in diabetes mellitus.
Methods: The abnormal expression of adhesion molecules in gingival epithelium in diabetes was
compared between db/db and control mice. To study the effects of hyperglycemia on interepithelial cell
permeability, the mRNA and protein expressions of adhesion molecules were investigated using a
human gingival epithelial cell line (epi 4 cells) in the presence of either 5.5 mM glucose (NG) or 30
mM glucose (HG). Immunocytochemical and histological analyses were performed. We also studied
HG-related intracellular signaling to assess abnormal adhesion molecule expression in the cultured epi
4 cells.

Results: The results of the proteomic analysis implied the abnormal regulation of cell—ell adhesion,
and mRNA and protein expression assessments revealed the significant downregulation of Claudinl
expression in the gingival tissues of db/db mice (P < 0.05 vs. control). Similarly, the mRNA and protein
expressions of adhesion molecules were lower in epi 4 cells cultured under HG conditions than in those
cultured under NG conditions (P < 0.05). Three-dimensional culture and transmission electron
microscopy revealed reduced thickness of the epithelial cell layers with no flattened apical cells and
heterogeneously arranged intercellular spaces among adjacent epi 4 cells under the HG. These results
were consistent with the increased permeability of epi 4 cells under the HG relative to that of cells under
the NG. This abnormal expression of intercellular adhesion molecules under the HG was related to the
increased expression of receptors for advanced glycation end products (AGEs) and oxidative stress
relative to that seen under the NG, along with stimulation of ERK1/2 phosphorylation in epi 4 cells.
Conclusions: High glucose—induced impairment of intercellular adhesion molecule expression in

gingival epithelial cells was related to the intercellular permeability of gingival cells, representing a



51  possible link to hyperglycemia-related AGE signaling, oxidative stress, and ERK1/2 activation.
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1. Introduction

Diabetes mellitus is a critical risk factor for the development and progression of periodontitis. A close
association between chronic hyperglycemia in diabetes and the progression of periodontal disease has
been reported in many preclinical and clinical studies' 2. Hyperglycemia is associated with an increased
incidence of alveolar bone loss, which is characteristic of advanced periodontal disease. It is generally
accepted that impaired leukocyte function and abnormal collagen content and glucose metabolism in
periodontal cells, together with gingival microvascular dysfunction, are related to the progression of
periodontal disease’.

The gingival epithelium directly confronts periodontal bacteria in the periodontal pocket, whereas
the physical barrier function of the gingival epithelium is maintained by adhesion molecules between
epithelial cells, as seen with other epithelial tissues. Tight junctions are composed of the main
components of adhesion molecules i.e., Claudinl, occludin, and ZO-1, whereas E-cadherin acts as the
adhesion molecule at adherens junctions. Recently, hyperglycemia was reported to negatively affect the
physical barrier function in the intestinal epithelium*. Thus, the effects of hyperglycemia on the barrier
function of the gingival epithelium must be studied to protect against bacterial invasion via the epithelial
cells.

Glucose metabolism in some cells is not regulated by insulin. Therefore, the large amount of glucose
taken up by cells under hyperglycemic conditions activates various intracellular glucose metabolic
pathways, such as increased polyol metabolism®, accumulation of advanced glycation end products
(AGEs)®, abnormal activation of protein kinase C (PKC) signaling’, mitochondrial superoxide anion
production, and formation of reactive oxygen species (ROS), resulting in increased oxidative stress in
these cells®. However, no definite evidence suggests that hyperglycemia affects the barrier function of
the gingival epithelium. Therefore, in the present study, we investigated the effect of hyperglycemia on
the barrier function of gingival epithelial cells to identify the possible mechanisms underlying

hyperglycemia-exacerbated periodontitis in diabetes mellitus.
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2. Materials & methods

2.1. Cell culture

Human gingival epithelial cells (HGECs (epi 4)) were established and cultured as previously described®
12, The cultured epi 4 cells were seeded in a density similar to that of each experiment in the culture
plates. After reaching sub-confluency, epi 4 cells were cultured in 30 mM (high glucose, HG), 5.5 mM
(normal glucose, NG), or 5.5 mM glucose with 24.5 mM mannitol (hyperosmolar control for HG group)
for 14 or 21 d'*"15. Some wells were cultured in HG conditions for 7 or 14 d and then in NG conditions
for another 14 or 7 d. Cells were maintained in the culture medium, which was replaced every 3 d. In
some experiments, epi 4 cells were pretreated with 1 mM N-acetylcysteine (NAC), an antioxidant agent,
in the presence of HG conditions. The optimal exposure time to HG and NAC concentrations was
determined based on preliminary experiments.

2.2. Multilayer cell culture (airlift culture)

The epi 4 cells were exposed to an air-liquid interface for 3—4 weeks using clear polyester membrane
inserts (Transwell®: 12-mm diameter, 0.4-mm pore size; Corning 3460; Corning, Corning, NY, USA)
placed in 12-well culture dishes (Corning)'¢. The epi 4 cells were seeded onto the membrane insert at a
density of 1 x 10° cells/well. HuMedia KG2 (KURABO, Osaka, Japan) was added to the lower wells,
and the culture medium was replaced every other day.

2.3. Animals
Eleven-week-old male C57BLKS/Jlar-+ Leprdb/+ Leprdb (db/db) mice and C57BL/6 wild-type mice

were purchased from Japan SLC, Inc. (Shizuoka, Japan). Housing conditions and anesthetization
procedures were determined based on previous studies'’. All animal experiments were conducted
according to protocols approved by the Institutional Animal Care and Use Committee of Osaka
University Graduate School of Dentistry (Permit Number: 27-022-0).

2.4. Quantification of alveolar bone resorption

Morphometric analysis of buccal alveolar bone resorption was performed using an R mCT2 3D micro—
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X-ray computed tomography (LCT) system designed for use on laboratory animals (Rigaku, Tokyo,
Japan). An examiner, who was calibrated and blinded to the experimental groups, measured the linear
distances from the cement-enamel junction (CEJ) to the alveolar bone crest (ABC) using the 3D image
analysis software TRI/3D-BON (RATOC System Engineering Co., Ltd., Tokyo, Japan). Five point
liners were measured on each molar root surface (three on the distal root and two on the mesial root).
An increase in CEJ distance was considered as an onset and progress of periodontitis'®.

2.5. Proteomic analysis

The disrupted murine gingival tissues were suspended in 450 puL. of methanol and then in 250 pL of
water and 500 uL of chloroform. After vortex mixing, the suspension was centrifuged at 4,600 x g for
5 min, and then both methanol/water and chloroform phases were removed to yield the intermediate
precipitates. The precipitates were dried under vacuum, and crude proteins extracted from the
precipitates via the phase-transfer surfactant method!® were subjected to reductive alkylation, followed
by successive digestion with Lys-C endopeptidase and trypsin, as previously described!’. After
acidification with trifluoroacetic acid, the detergents were removed with ethyl acetate extraction. The
peptide solution was desalted using a stage tip*® equipped with an SDB-XC Empore disk membrane
(3M, St. Paul, MN, USA). The desalted peptides were isotopically labeled with the TMTsixplex™ kit
(Thermo Fisher Scientific, Waltham, MA, USA) via a nanoscale solid-phase labeling method?! and then
fractionated with a strong cation exchange chromatography through a combined acid salt gradient
method*.

The fractionated peptides were analyzed using nanoLC/MS/MS with an Orbitrap Fusion Lumos mass
spectrometer (Thermo Fisher Scientific) in data-dependent acquisition mode, coupled to an
Ultimate3000 RSLCnano system (CTC Analytics, Zwingen, Switzerland) and an HTC-PAL
autosampler (CTC). Peptides were identified via database searching using Mascot v. 2.7.0 (Matrix
Science, London, UK) against the UniProtKB/ReferenceProteome (2017/11) of Mus musculus. Details
of the sample preparation, nanoLC/MS/MS, and data analysis are described in the Supplementary

Materials.
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2.6. Quantitative analysis of mRNA levels

Total RNA isolation and ¢cDNA synthesis were performed as previously described!!: 7. Polymerase
chain reaction (PCR) was carried out using the ABI 7300 real-time PCR system (Applied Biosystems,
Waltham, MA, USA) with Power SYBR® Green PCR Master Mix (Applied Biosystems) according to
the manufacturer’s protocol. All reactions were performed in triplicate. The specific primers used are
described in Supplementary Table S1.

2.7. Protein expression analysis

Cells were rinsed with ice-cold PBS and lysed with RIPA buffer (Thermo Fisher Scientific). Total
proteins were extracted from frozen mouse gingival tissue using T-PER Tissue Protein Extraction
Reagent (Thermo Fisher Scientific) and then used for western blotting. Immunoblotting was performed
using the following primary antibodies: Claudinl (1:2500; 51-9000, Thermo Fisher Scientific),
occludin (1:5000; 91131, Cell Signaling Technology Inc, Danvers, MA, USA), E-cadherin (1:500; 3195,

Cell Signaling Technology Inc), ERK1/2 (1:1000; 9194, Cell Signaling Technology Inc.), phospho
ERK1/2 (1:1000; 8544, Cell Signaling Technology Inc.), and f -actin (1:10000; A5416, Sigma-

Aldrich, St. Louis, MO, USA). The membranes were briefly washed and incubated with HRP-
conjugated anti-rabbit IgG antibodies (1:10000; NA934, GE Healthcare, Chicago, IL, USA).
Immunoreactive bands were visualized using ECL chemiluminescent substrate (Thermo Fisher
Scientific). Immunoreactive proteins were detected using the western blotting detection system
ImageQuant LAS 4000 (GE Healthcare) and densitometrically analyzed using the image analysis
program WinROOF (Mitani Corporation, Fukui, Japan).

2.8. Permeability assay

To assess the barrier function of epi 4 cells via the permeability assay method, cells were cultured in
the upper compartment (Transwell® Permeable Supports; 12 mm insert, 0.4 mm pore size; Corning)

(1x10° cells/well). After 14 d of culture, the passage of 5 mg/mL of fluorescein isothiocyanate (FICT)
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dextran (4 kDa) (Sigma-Aldrich) from the upper compartment to the lower compartment was measured.
After 2 h of incubation, the fluorescence intensity of the lower part of the medium was measured at 485
nm excitation and 538 nm emission using a microplate reader (Fluoroskan Ascent; Thermo Fisher
Scientific Inc.) to determine permeability.

2.9. Immunocytochemical analysis

Epi 4 cells (9 x 10° cells/well) were cultured on a glass-bottom dish (Matsunami Co., Bellingham, WA,
USA) mounted on a 35-mm plate. Confluent monolayers were cultured for 48 h in the presence of 1.5
mM Ca*". The cells were then fixed for 10 min with 4% paraformaldehyde (PFA). After blocking with
1% BSA, the cell monolayer was incubated with rabbit anti-human Claudinl (1:250; 51-9000, Thermo
Fisher Scientific Inc.) and then with rabbit anti-human E-cadherin (1:200; 3195, Cell Signaling
Technology) in PBS for 60 min at room temperature(25 ° C). The cells were washed three times with
1% BSA in PBS between each step. The cells were incubated with Alexa Fluor 488-conjugated sheep
anti-rabbit antibody (Thermo Fisher Scientific) for 30 min and counter-stained with 4, 6-diamidino-2-
phenylindole dihydrochloride (DAPI) (Sigma-Aldrich) for nuclear staining. Photographs were obtained

using a confocal laser scanning microscope (Leica TCS SP8, Leica Microsystems, Wetzlar, Germany).

2.10. Histological examinations and ultrastructural evaluation with transmission
electron microscopy (TEM)
Multilayered epi 4 cells were cultured on Transwell®, fixed in 4% PFA for 12 h at 4 °C, and embedded
in paraffin. Tissue sections were cut at 4 um thickness and stained with hematoxylin and eosin (H&E).
Cultured cells were fixed with 3% glutaraldehyde (Fujifilm Wako Pure Chemical Corp., Tokyo, Japan)
and 2% osmium tetroxide and then dehydrated in an ascending series of ethanol. The specimens were
embedded in epoxy resin (Quetol 812; Nisshin EM, Tokyo, Japan). Curing samples were sectioned to
a thickness of 70 nm using a diamond knife and mounted on copper grids using an ultramicrotome
(Ultrome V; LKB, Bromma, Sweden). The sections were stained with an EM stainer (Nisshin EM,

Tokyo, Japan) and 0.4% lead citrate for TEM (H800; Hitachi, Tokyo, Japan).



181

182

183

184

185

186

187

188

189

190

191

2.11. Measurement of intracellular ROS levels

To analyze oxidative stress under HG conditions, ROS accumulation was measured by fluorescence
intensity using Fluoroskan Ascent (Thermo Fisher Scientific; excitation wavelength: 480 nm,
fluorescence: 530 nm). Intracellular ROS levels were measured using the OxiSelect™ Intracellular ROS
Assay Kit (Cell Biolabs, Inc., San Diego, CA, USA).

2.12. Statistical analysis

Data are expressed as mean = SEM. Differences between multiple experimental conditions were
analyzed using one-way analysis of variance with Tukey’s post hoc test. All other comparisons between
the two groups were analyzed using Welch’s t-test. A P-value < 0.05 was considered statistically

significant.
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3. Results

3.1. Severity of alveolar bone resorption in diabetic db/db and control mice
Blood glucose and body weight under ad libitum feeding in db/db mice were significantly (P < 0.05)
higher than those in wild-type (WT) mice (Fig. S1). To assess the severity of periodontitis, bone loss
on the buccal side of the maxillary alveolar bone was measured at five points via uCT image analysis.
db/db mice exhibited a more significant increase (P < 0.01) in alveolar bone resorption than WT mice
at 11 weeks of age (Fig. 1a, b).
3.2. Differential proteomic expression in the gingival epithelium between WT and db/db
mice
Proteomic profiles of the gingival tissues from normal and db/db mice were quantitatively analyzed
using nanoLS/MS/MS-based proteomics. In total, 20,911 peptide-spectrum match (PSM), 6,904 unique
peptides, and 1,742 unique proteins were identified (Supplementary table S2). Of these, 38 proteins
were upregulated by more than 1.2-fold in db/db mice, while 17 proteins were downregulated by less
than 0.83-fold (Figure 1C and Supplementary Table S2). Gene ontology enrichment analysis of the
highly differentially expressed proteins in db/db mice using the DAVID Gene Functional Classification
Tool** ?* revealed that molecules that play a role in the adherence junction or in biological processes
related to the response to oxidative stress (such as oxidative phosphorylation and glutathione
metabolism) were substantially enriched (Supplementary Table S2).
The expression of the IQ motif-containing GTPase-activating protein 1 (IQGAP1; IQGA1 _MOUSE),
which is a molecule that functions in adherence junctions, was slightly upregulated 1.35-fold in db/db
mice. In addition, phosphoglycerate kinase 1 (PGK1 MOUSE) and aldo-keto reductase family 1
member Al (AKIA1 _MOUSE) were also upregulated in the glycolysis/gluconeogenesis pathway in
db/db mice (Table 1,2).
3.3. HG induced reductions in the expressions of intercellular adhesion molecules of the

gingival epithelium in db/db mice than those in WT mice

10
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Through shotgun proteomic analysis of gingival tissue, we found that the expression of intercellular
adhesion-related proteins in the db/db mice gingival epithelium was different from that in WT mice. To
determine whether the expression of cell—cell adhesion—related molecules was downregulated in the
gingival tissues obtained from db/db mice compared to those from WT mice, mRNA and protein
expression levels were measured. Claudinl, Zo-1, and tricellulin mRNA expression levels were
significantly lower in the db/db mice (P < 0.05) than in the WT mice. However, both E-cadherin and
occludin mRNA expressions tended to be lower in the gingival tissues excised from db/db mice than in
those from WT mice; however, these differences were not significant between the two groups of mice
(Fig. 2a-e). Consistently, western blot analysis revealed lower levels of Claudinl protein expression
in the db/db mice (P < 0.01) than in the WT mice (Fig. 2f).

3.4. Effects of HG in the expression of intercellular adhesion molecules on epi 4 cells

We speculated that HG may modify the expression of intercellular adhesion molecules in epi 4 cells, as
previously described in mouse gingiva. Thus, we investigated the effects of hyperglycemia on the
viability of gingival epithelial cells. The epi 4 cells were cultured for 14 d under NG and HG conditions,
and the amount of ATP in viable cells was measured by luminescence intensity. No significant
differences in luminescence intensity were observed between the NG and HG conditions, indicating
that hyperglycemia did not affect the viability of gingival epithelial cells (Fig. S2). To evaluate whether
the expression of intercellular adhesion molecules in epi 4 cells was affected by HG levels, we collected
cell lysates 14 d after the incubation of cells in the NG or HG conditions. Claudinl (p < 0.001), ZO-1
(p < 0.01), tricellulin (p < 0.001), and E-cadherin (p < 0.001) mRNA expressions were significantly
lower in epi 4 cells cultured under HG conditions for 14 d than in those cultured under NG conditions.
However, the reductions in occludin mRNA expression were not significant between the HG and NG
conditions (Fig. 3a-¢). Western blot analysis also revealed lower levels of Claudinl, E-cadherin, and
occludin protein expressions in epi 4 cells cultured in the HG conditions (P < 0.05) than in those cultured
in the NG condition (Fig. 3f). Immunohistochemical analyses indicated downregulated Claudinl and

E-cadherin expressions in epi 4 cells cultured under the HG conditions than in those under NG

11
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conditions (Fig. 3g-h). To investigate whether exposure time to HG conditions affects Claudinl protein
expression, we incubated epi 4 cells for three weeks under HG conditions, for two weeks under HG
conditions, and then one week under NG conditions, or for one week under HG conditions and then two
weeks under NG conditions. The results showed that the one-week HG exposure with two-week NG
exposure yielded higher expression of Claudinl than three-week exposure to HG conditions. Thus, we
speculated that the reduction of Claudinl protein expression observed under HG culture was dependent
on the duration of HG exposure. Conversely, the Claudinl expression might be time-dependently
recovered, to some extent, after changes in medium glucose condition to NG. (Fig. 3i). To examine the
contribution of hyperosmolarity to the effects of hyperglycemia, epi 4 cells were cultured for 21 d in
medium containing NG, HG, or 5.5 mM glucose with 24.5 mM mannitol (Fig. 3j). There were no changes
in the Claudinl protein expression in epi 4 cells cultured in the high mannitol condition.

3.5. Hyperglycemia alters the intercellular permeability, 3D structure, and ultrastructure of

gingival epithelial cells

Because the HG condition modified the expression of intercellular adhesion molecules in epi 4 cells,
we speculated that HG conditions increased the intercellular permeability in those cells. As evaluated
by the transepithelial flux of FITC-dextran compared to that in a monolayer culture under NG condition,
a significant reduction in intercellular permeability was observed after 14 d of HG culture in epi 4 cells
(Fig. 4a). We performed histological examination of epi 4 cells in more detail via the 3D culture method.
Cells were grown on polycarbonate filters for airlift culture under NG or HG conditions. The
experimental epithelium comprised approximately 5 to 8 cell layers after 30 d of culture (Fig. 4 b center
or right panel) compared to the monolayer cells at the starting date (Fig. 4 b left panel). Most of the
apical cells were smoothly layered (Fig. 4b center panel) with tight junctions under the NG condition.
However, under HG conditions, the thickness of the cell layers decreased relative to that observed under
NG conditions. Furthermore, apical cells exhibited a flattened structure under HG condition compared
to their morphology under the NG condition (Fig. 4b right panel). Next, we investigated the effects of

HG conditions on the 3D structure at the ultrastructural histology of epi 4 cells using TEM. It was
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observed that the intercellular spaces in the adjacent parts of the cells were heterogeneously arranged
under HG conditions but not under NG conditions (Fig. 4¢).

3.6. Involvement of AGEs-RAGE and ROS in the Claudinl expression of epi 4 cells cultured

under HG conditions

We further investigated whether the observed effects on adhesion molecules in epi 4 cells cultured under
HG conditions were mediated through AGEs and oxidative stress. To examine the response of epi 4 to
an exposure of AGEs, we analyzed the expression of receptors for advanced glycation end products
(RAGES) that specifically recognize AGEs. The expression of RAGE mRNA was elevated in epi 4 cells
under HG conditions (Fig. 5a). We also examined whether these effects were mimicked by
carboxymethyl lysine (CML), a type of AGE, on the expression of Claudinl mRNA. Claudin]l mRNA
expression was suppressed in epi 4 cells exposed to CML for 14 d (Fig. 5b). Furthermore, we measured
ROS levels in epi 4 cells after 14 d of culture under HG conditions. A significant increase in ROS
production was observed in epi 4 cells in HG condition than in those in NG condition (Fig.5 c).
Consistently, we found that the downregulation of Claudinl mRNA and protein expressions in epi 4
cells cultured in the HG conditions was inhibited by 1 mM NAC, an antioxidant (Fig.5 d). These results
indicated that HG-inhibited mRNA and protein expressions of intercellular adhesion molecule in epi 4
cells were mediated through oxidative stress.

3.7. Activation of cell signaling molecules through ROS production in epi 4 cells cultured

under HG conditions

To evaluate whether MAPK activation in epi 4 cells cultured under HG condition was involved in HG-
induced suppression of Claudin]l mRNA, MAPK phosphorylation was examined in epi 4 cells after 14
d of culture under HG conditions. As shown in Figure 5e, protein extracts prepared from epi 4 cells
exposed to HG or NG conditions for 14 d were immunoblotted with antibodies against p-ERK1/2 and
total ERK1/2. HG increased ERK1/2 phosphorylation after 14 d of incubation compared to that
observed under NG conditions. In addition, protein extracts prepared from epi 4 cells exposed to HG or

NG conditions for 14 d with NAC were immunoblotted with antibodies against p-ERK1/2 and total

13
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4. Discussion

In the present study, to the best of our knowledge, we, for the first time, revealed impaired barrier
function of gingival epithelial cells cultured under HG conditions with concomitant reduction in protein
and mRNA expression of intercellular adhesion molecules such as Claudinl, Zo-1, E-cadherin, and
tricellulin. The expression of occludin was also lower under HG conditions than under NG conditions.
We also identified reduced expression of these adhesion molecules in the gingival tissues excised from
markedly hyperglycemic diabetic db/db mice compared to that in the tissues excised from WT mice.
Thus, abnormal barrier function in diabetes may be induced by hyperglycemic conditions in gingival
tissues. Proteomic analysis of the gingival tissues excised from db/db mice showed that hyperglycemia
was involved in several changes in proteins related to cell adhesion, glucose metabolism, and oxidative
stress compared to that in the tissues excised from control mice. Specifically, we found an increased
expression of IQGAP1, which was extracted as a protein related to cell adhesion; IQGAP1 has been
reported as a negative regulator of E-cadherin-mediated cell adhesion and is involved in the regulation
of ERK activity®> ?°. Therefore, further studies to investigate the role of IQGAPI in the reduced
expression of intercellular adhesion molecules in the gingival tissues under diabetic condition are
necessary.

In the present study, db/db mice exhibited higher alveolar bone resorption than that exhibited by WT
mice. Diabetes mellitus is a disease associated with high blood glucose levels, resulting in poor
peripheral circulation and high chances of infection. Therefore, this model is believed to mimic human
periodontitis with diabetes to some extent. Hyperglycemia was previously reported to inhibit
intercellular adhesion and promote intestinal epithelium permeability*. We investigated the effect of
hyperglycemia on the intercellular permeability of cultured epithelial cells in vitro using epi 4 cells.
When epi 4 cells were cultured in the presence of 30 mM D-glucose for 21 d, the dextran permeability
increased compared to that in the control group. This indicates that hyperglycemia functionally reduces

cell—cell adhesion and increases leakiness in the gingival epithelium. This impairment in the barrier
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function of epi 4 cells corresponded to the abnormal expression of adhesion molecules under HG
conditions. An increase in osmotic pressure has been reported to increase tight junctions in renal tubular
epithelial cells”’. However, we did not observe increased barrier function in epi 4 cells cultured under
high osmolar condition induced by a high concentration of mannitol, which was different from the HG
condition in renal tubular epithelial cells. These suggested that epi4 cells exhibit a distinct mechanism
of action compared to renal tubular epithelial cells, specifically regarding the osmotic effect of glucose.

The barrier function of the epithelium is based on the intercellular adhesion mechanism, which is
mainly composed of tight and adherens junctions. The epi 4 cells cultured under HG conditions, as well
as gingival tissues excised from hyperglycemic db/db mice, showed a significant reduction in mRNA
and protein expression of various adhesion proteins. In addition, this study was focused on the protein
expression of Claudinl1, which is a component of tight junctions that contributes to the outermost barrier
mechanism in the epithelium?®. Our results showed that the protein expression of Claudin1 significantly
decreased in vivo and in vitro. Immunostaining of epi 4 cells showed that Claudinl was expressed in
the intercellular space of the NG group, but the staining was less evident in the HG group. These results
suggest that barrier function is impaired under hyperglycemic conditions because of reduced
intercellular adhesion molecule expression. In the present study, we found that the reduction of
Claudinl protein expression under HG condition was dependent on the duration of HG exposure.
Conversely, the Claudinl expression may be recovered by exposure to medium glucose or NG
conditions in a time-dependent manner (Fig. 3i). However, abnormalities in adhesion molecules
because of long-term hyperglycemia and reversibility with glycemic control were not assessed this
study.

Previous reports have described a gingival tissue model that mimics the oral junctional epithelial
interface using gingival epithelial cells and gingival fibroblasts in a 3D co-culture system in vitro* .
Therefore, in the present study, epi 4 cells were cultured under HG conditions in a 3D culture system.
We found that the uniform cell arrangement of the epithelial cell layer was impaired under HG condition

and the cell layer was thinner than that in the NG group. Moreover, TEM revealed that intercellular
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spaces were irregularly and heterogeneously arranged under HG culture conditions. Decreased
expression of functional intercellular adhesion molecules in hyperglycemia may alter the morphology
of the intercellular spaces and weaken the barrier function. All these abnormalities could be related to
abnormal barrier function in cultured epi 4 cells under HG conditions.

In terms of the biological significance of impaired barrier function in epithelial cells, hyperglycemia
reportedly affects the physical barrier function in the intestinal epithelium®. Similarly, hyperglycemia-
mediated barrier disruption has also been reported to cause a systemic influx of microbial products and
enhanced dissemination of enteric infection. Treatment with hyperglycemia or intestinal epithelial-
specific GLUT2 deletion restores barrier function and bacterial containment® 3'. The gingival
epithelium directly confronts periodontal bacteria in the periodontal pocket, and the physical barrier
function of the gingival epithelium is preserved by the integrity of gingival epithelial cells, which is
maintained by the adhesion molecules between epithelial cells similar to other epithelial tissues.
Therefore, impaired integrity of the gingival epithelium may permit the chronic penetration of
periodontal bacteria in the subepithelial space and the gingival vascular bed. Furthermore, systemic
translocation of infectious oral bacteria may cause systemic microinflammation, which is a risk factor
for the progression of insulin resistance, diabetes, and cardiovascular disease®>.

Insulin is less involved in the glucose metabolism in non-insulin-sensitive cells than in insulin-
sensitive muscle cells, adipocytes, or hepatocytes. Glucose influxes into epithelial cells are dependent
on the concentration of glucose in the extracellular matrix. Glucose taken up by cells is used for energy
production by glycolysis and tricarboxylic acid cycle; however, under hyperglycemic conditions,
collateral glucose metabolism may be activated in epithelial cells including polyol, hexosamine, PKC,
AGEs, and the pentose phosphate pathway>¢. Previously, serum AGEs were reported to be significantly
associated with periodontitis progression in patients with type 2 diabetes®’. Histological studies using
human gingival epithelial tissue samples have shown that RAGE expression is increased in the gingival
epithelium of patients with periodontal disease compared to that in healthy gingiva, and further

enhanced RAGE expression has also been reported in diabetic patients with periodontal disease®®. In

17



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

this study, we used CML, an AGE, as a ligand for RAGE. CML is an indicator of long-term oxidative
stress. We hypothesized that CML is involved in the reduction of intercellular adhesion molecules. HG
treatment increased the expression of RAGE in epi 4 cells, suggesting that cellular responsiveness to
AGEs is enhanced. After 14 d of stimulation with CML instead of HG, a significant reduction in
Claudinl mRNA expression was observed, suggesting that AGEs were involved in the downregulation
of intercellular adhesion molecule expression in gingival epithelial cells. A previous study reported that
AGEs induce ERK1/2 phosphorylation and decrease E-cadherin expression in the renal tubular
epithelium®, and another study reported that AGEs decrease the expression of ZO-1 in retinal
microvascular endothelial cells*’. Moreover, activation of collateral pathways of the glycolytic system
in epithelial tissues under HG conditions has resulted in the production of AGEs, and ERK1/2
phosphorylation is involved in intracellular signaling*'. Another report revealed that the expression of
E-cadherin is downregulated in renal tubular epithelial cells because of increased ROS levels and the
activation of ERK1/2* and that ERK1/2 is involved in the downregulation of ZO-1 expression in
corneal epithelial cells** . In this study, proteomic analysis of the gingival tissues excised from db/db
mice implied a change in expression of proteins involved in oxidative stress. We demonstrated that ROS
production and ERK1/2 phosphorylation significantly increased in epi 4 cells under HG conditions.
These results imply that hyperglycemia increases oxidative stress and activates ERK1/2 signaling,
downregulating the expression of intercellular adhesion molecules in gingival epithelial cells.
Furthermore, the addition of NAC, an antioxidant, significantly protected against HG-dependent
Claudinl mRNA repression and upregulation of ERK phosphorylation. To confirm the direct
significance of ERK signaling in the downregulation of Claudinl under HG conditions, experiments
with an ERK1/2 inhibitor should be performed. However, because of the cytotoxicity of ERK1/2
inhibitors in this experiment, we could not demonstrate that ERK1/2 signaling was directly related to
Claudinl downregulation under HG conditions.

As a limitation of the present study, mechanistic studies were exclusively represented by Claudinl

protein expression in epi 4 cells under HG condition. We also did not assess the protein expression of
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other adhesion molecules in periodontal tissues of db/db mice in the present study. Thus, further studies
are needed to determine whether the protein expression of other adhesion molecules in periodontal
tissues is also downregulated in a time-dependent manner and reversed by modulation of those signaling
molecules under HG condition in the future studies.

Taken together, the results of past studies show that retinal, renal tubular, intestinal, and gingival
epithelial cells exhibit reduced expression of adhesion molecules under hyperglycemic conditions
through AGEs-RAGE, oxidative stress, and ERK1/2 signaling derived from abnormal intracellular

glucose metabolism.

5. Conclusions

We identified the impaired expression of intercellular adhesion molecules in gingival epithelial tissues
in hyperglycemic db/db mice relative to that in WT mice, as well as in HGECs cultured under HG
versus NG conditions. This abnormal gene expression was reflected in the reduction of protein
expression of adhesion molecules and the leakiness of the intercellular barrier in cultured HGECs (epi
4 cells). The abnormal expression of intercellular adhesion molecules under HG conditions was related
to AGE-RAGE signaling activation, oxidative stress, and ERK1/2 in gingival epithelial cells. Thus, the
findings of the present study suggest that hyperglycemia-induced disruption of intercellular adhesion in

gingival epithelial cells is related to the development and progression of periodontal disease in diabetes.
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Figure legends

Fig. 1 Diabetes exacerbates alveolar bone loss and changes the proteomic expression phenotype in
db/db mice compared to that in WT mice. The buccal-side maxillary alveolar bone loss (ABL, colored
lines) was measured from the cementoenamel junction (CEJ) to the alveolar bone crest (ABC) at five
points (a); distobuccal regions for the first maxillary molar (M1) (1), mesiobuccal regions (2),
distobuccal regions for the second maxillary molar (M2) (3), mesiobuccal regions (4), and distobuccal
(5) regions for the third maxillary molar (M3) in 11-week-old db/db mice or control mice. Comparison
of the sum of the five CEJ-ABC linear distances (b). n = 5; ** P < 0.01. Data are shown as mean +
SEM. Proteome profiles of the gingival tissues of WT and db/db mice, using nanoLC/MS/MS, were

measured in triplicate (c).

Fig. 2 mRNA and protein expression of intercellular adhesion molecules in the gingival epithelium of
db/db or WT mice. mRNA expression of Claudinl (a), ZO-1 (b), tricellulin (¢), occludin (d), and E-
cadherin (e). mRNA expression was determined using quantitative RT-PCR and normalized against the
expression of HPRT mRNA. n=4, * P <(.05 vs control mice. Western blotting of Claudinl expression
in gingival epithelium excised from db/db and control mice (f). The bar graphs on the right show
densitometric quantification of the levels of Claudinl relative to those in the control (f). n = 3; ** P <

0.01 vs WT mice. B-actin was used as loading control.

Fig. 3 The mRNA and protein expression of intercellular adhesion molecules in the human gingival
epithelial cell line (epi 4). mRNA expression of Claudinl (a), ZO-1 (b), tricellulin (¢), occludin (d), and
E-cadherin (e) in epi 4 cells. mRNA expression was determined using quantitative RT-PCR and
normalized against HPRT mRNA expression. n = 4, ** P < (0.01, *** P < 0.001, vs NG group (a-¢).
Western blot analysis of Claudinl, occludin, and E-cadherin on epi 4 cells (f). B-actin was used as a

loading control. The bar graphs on the right show densitometric quantification of the levels of Claudinl,
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occludin, and E-cadherin, relative to those of the NG group. n = 3; *P < 0.05. Immunocytochemistry
with Claudinl (g) and E-cadherin (h) in epi 4 cells under HG or NG conditions. Scale bars: 50 um.
Western blot analysis of Claudinl in epi 4 cells evaluating the effect of HG and its recovery by transfer
of the cells to the NG condition. B-actin was used as the loading control. The bar graphs on the right
show densitometric quantification of Claudinl levels. n = 3; **P < 0.01. The groups of ‘NG (3W)’ or
‘HG (3W)’ were cultured for three weeks of epi 4 cells under NG or HG conditions, respectively. The
group of ‘HG (1W) — NG (2W)’ was cultured under HG conditions for one week and then changed to
NG conditions for two weeks. The group of ‘HG (2W) — NG (1W)’ was cultured for two weeks under
HG conditions and then changed to NG conditions for one week. n = 3; ** P <0.01 (i). To examine the
contribution of hyperosmolarity to the effects of high glucose, epi 4 cells were cultured for 21 d in a
medium containing either 6 mM glucose (NG), 25 mM glucose (HG), or 5.5 mM glucose containing
24.5 mM mannitol as a hyperosmolar control group (j). n = 5; ** P <0.01. Data are shown as mean +

SEM.

Fig. 4 Measurements of gingival epithelial barrier function and the structure of the experimental 3D-
cultured epi 4 cells.

Permeability was analyzed as described in the Materials & methods section. Cells were cultured with
NG (5§ mM) or HG (30 mM) for 14 d. Results are expressed as fold change relative to the NG group.
*P < 0.05 compared to the NG group (a). A cross-section of the immortalized HGECs (epi 4 cells)
cultured by the airlift multilayer model (approximately seven cell layers; apical side up) and stained
with H&E. Scale bar, 100 um (b). Transmission electron microscopy image of gingival epi 4 cells. The
intercellular spaces in the adjacent parts of the cells are more heterogeneously arranged under HG
conditions than under NG conditions, and adherence junction is reduced in the cell adhesion region
(white arrowheads) (¢, d). Original magnification (c); 6000x%, (d); 12000x area in white rectangle in (c)

respectively, Scale bar, 500 nm.
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Fig. 5 Molecular mechanisms underlying HG-induced suppression of Claudinl expression in epi 4 cells,
AGE signaling, oxidative stress, and ERK1/2 activation. Cells were cultured with NG or HG for 14
days, mRNA expression of RAGE on epi 4 cells were determined using quantitative RT-PCR and
normalized against HPRT mRNA expression. n = 4; *P < 0.05 (a). Cells were cultured with NG
condition with or without CML (1 ng/mL) for 14 d, mRNA expression of Claudinl in epi 4 cells was
determined. n = 4; *P < 0.05 (b). Hyperglycemic gingival epithelial cells increase the generation of
intracellular reactive oxygen species (ROS). ROS production was determined by H2DCFDA
fluorescence in epi 4 cells., n = 4; *P < 0.05 (¢), and N-acetyl cysteine (NAC) reverses the damage to
the gingival tight junction proteins compromised by hyperglycemia, n = 4; *P < 0.05, ** P < 0.01 (d).
Hyperglycemia upregulated the phosphorylated ERK (p-ERK) pathway in human gingival epithelial
cells (e), and NAC attenuated this upregulation (f). Claudinl mRNA expression in epi 4 cells under NG
or HG conditions with or without NAC (1 mM). n = 4; *P < 0.05, ** P <(0.01. Western blot analysis
using the specific antibodies against p-ERK, total ERK, and B-actin. The bar graphs on the right show
densitometric quantification of the amounts of p-ERK normalized to the amount of total ERK, relative
to that in the NG group. Cells were cultured with NG (5 mM) or HG (30 mM) for 14d. n=3; * P <

0.05, ** P<0.01.
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