
Title

Chronic hyperglycemia reduces the expression of
intercellular adhesion molecules and increases
intercellular hyperpermeability in the
periodontal epithelium

Author(s) Narukawa, Yuki; Sugiyama, Naoyuki; Miura, Jiro
et al.

Citation Journal of Periodontal Research. 2023, 58(4), p.
813-826

Version Type AM

URL https://hdl.handle.net/11094/94622

rights © 2023 John Wiley & Sons A/S. Published by John
Wiley & Sons Ltd.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



 1 

Chronic hyperglycemia reduces the expression of intercellular 1 

adhesion molecules and increases intercellular hyperpermeability 2 

in the periodontal epithelium 3 

 4 

Yuki Narukawa1,5, Naoyuki Sugiyama2,5, Jiro Miura3, Rentaro Yamashita3, Shotaro Tominaga1, 5 

Yoshihiro Izumi4, Takeshi Bamba4, Yasushi Ishihama2, Yoichiro Kashiwagi1,5*, and Shinya Murakami1* 6 

 7 

1 Department of Periodontology, Division of Oral Biology and Disease Control, Osaka University 8 

Graduate School of Dentistry, 1-8 Yamadaoka, Suita, Osaka 565-0871, Japan 9 

2 Graduate School of Pharmaceutical Sciences, Kyoto University, Sakyo-ku Kyoto, Japan 606-8501 10 

3 Division of Interdisciplinary Dentistry, Osaka University Dental Hospital, 1-8 Yamadaoka, Suita, 11 

Osaka, Japan. 12 

4 Division of Metabolomics, Medical Institute of Bioregulation, Kyushu University, Higashi-ku, 13 

Fukuoka, 812-8582, Japan 14 

5 These authors contributed equally to this work. 15 

 16 

*Corresponding author:  17 

Yoichiro Kashiwagi, Shinya Murakami 18 

Address: 1-8 Yamadaoka, Suita, Osaka 565-0871, Japan 19 

Tel: +81 6 6879 2932 20 

Email: kashiwagi.yoichiro.dent@osaka-u.ac.jp & murakami.shinya.dent@osaka-u.ac.jp  21 

 22 

Keywords: hyperglycemia, gingival epithelium, intercellular adhesion molecules, permeability, 23 

barrier function 24 

 25 

mailto:kashiwagi.yoichiro.dent@osaka-u.ac.jp
mailto:murakami.shinya.dent@osaka-u.ac.jp


 2 

 26 

Abstract: 27 

Background/Aims: Hyperglycemia in diabetes is closely associated with periodontal disease 28 

progression. This study aimed to investigate the effect of hyperglycemia on the barrier function of 29 

gingival epithelial cells as a cause of hyperglycemia-exacerbated periodontitis in diabetes mellitus. 30 

Methods: The abnormal expression of adhesion molecules in gingival epithelium in diabetes was 31 

compared between db⁄db and control mice. To study the effects of hyperglycemia on interepithelial cell 32 

permeability, the mRNA and protein expressions of adhesion molecules were investigated using a 33 

human gingival epithelial cell line (epi 4 cells) in the presence of either 5.5 mM glucose (NG) or 30 34 

mM glucose (HG). Immunocytochemical and histological analyses were performed. We also studied 35 

HG-related intracellular signaling to assess abnormal adhesion molecule expression in the cultured epi 36 

4 cells. 37 

Results: The results of the proteomic analysis implied the abnormal regulation of cell–cell adhesion, 38 

and mRNA and protein expression assessments revealed the significant downregulation of Claudin1 39 

expression in the gingival tissues of db/db mice (P < 0.05 vs. control). Similarly, the mRNA and protein 40 

expressions of adhesion molecules were lower in epi 4 cells cultured under HG conditions than in those 41 

cultured under NG conditions (P < 0.05). Three-dimensional culture and transmission electron 42 

microscopy revealed reduced thickness of the epithelial cell layers with no flattened apical cells and 43 

heterogeneously arranged intercellular spaces among adjacent epi 4 cells under the HG. These results 44 

were consistent with the increased permeability of epi 4 cells under the HG relative to that of cells under 45 

the NG. This abnormal expression of intercellular adhesion molecules under the HG was related to the  46 

increased expression of receptors for advanced glycation end products (AGEs) and oxidative stress 47 

relative to that seen under the NG, along with stimulation of ERK1/2 phosphorylation in epi 4 cells. 48 

Conclusions: High glucose–induced impairment of intercellular adhesion molecule expression in 49 

gingival epithelial cells was related to the intercellular permeability of gingival cells, representing a 50 
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possible link to hyperglycemia-related AGE signaling, oxidative stress, and ERK1/2 activation.  51 

52 
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1. Introduction 53 

Diabetes mellitus is a critical risk factor for the development and progression of periodontitis. A close 54 

association between chronic hyperglycemia in diabetes and the progression of periodontal disease has 55 

been reported in many preclinical and clinical studies1, 2. Hyperglycemia is associated with an increased 56 

incidence of alveolar bone loss, which is characteristic of advanced periodontal disease. It is generally 57 

accepted that impaired leukocyte function and abnormal collagen content and glucose metabolism in 58 

periodontal cells, together with gingival microvascular dysfunction, are related to the progression of 59 

periodontal disease3. 60 

The gingival epithelium directly confronts periodontal bacteria in the periodontal pocket, whereas 61 

the physical barrier function of the gingival epithelium is maintained by adhesion molecules between 62 

epithelial cells, as seen with other epithelial tissues. Tight junctions are composed of the main 63 

components of adhesion molecules i.e., Claudin1, occludin, and ZO-1, whereas E-cadherin acts as the 64 

adhesion molecule at adherens junctions. Recently, hyperglycemia was reported to negatively affect the 65 

physical barrier function in the intestinal epithelium4. Thus, the effects of hyperglycemia on the barrier 66 

function of the gingival epithelium must be studied to protect against bacterial invasion via the epithelial 67 

cells. 68 

Glucose metabolism in some cells is not regulated by insulin. Therefore, the large amount of glucose 69 

taken up by cells under hyperglycemic conditions activates various intracellular glucose metabolic 70 

pathways, such as increased polyol metabolism5, accumulation of advanced glycation end products 71 

(AGEs)6, abnormal activation of protein kinase C (PKC) signaling7, mitochondrial superoxide anion 72 

production, and formation of reactive oxygen species (ROS), resulting in increased oxidative stress in 73 

these cells8. However, no definite evidence suggests that hyperglycemia affects the barrier function of 74 

the gingival epithelium. Therefore, in the present study, we investigated the effect of hyperglycemia on 75 

the barrier function of gingival epithelial cells to identify the possible mechanisms underlying 76 

hyperglycemia-exacerbated periodontitis in diabetes mellitus. 77 

78 



 5 

2. Materials & methods 79 

2.1. Cell culture  80 

Human gingival epithelial cells (HGECs (epi 4)) were established and cultured as previously described9-81 

12. The cultured epi 4 cells were seeded in a density similar to that of each experiment in the culture 82 

plates. After reaching sub-confluency, epi 4 cells were cultured in 30 mM (high glucose, HG), 5.5 mM 83 

(normal glucose, NG), or 5.5 mM glucose with 24.5 mM mannitol (hyperosmolar control for HG group) 84 

for 14 or 21 d13-15. Some wells were cultured in HG conditions for 7 or 14 d and then in NG conditions 85 

for another 14 or 7 d. Cells were maintained in the culture medium, which was replaced every 3 d. In 86 

some experiments, epi 4 cells were pretreated with 1 mM N-acetylcysteine (NAC), an antioxidant agent, 87 

in the presence of HG conditions. The optimal exposure time to HG and NAC concentrations was 88 

determined based on preliminary experiments.  89 

2.2. Multilayer cell culture (airlift culture) 90 

The epi 4 cells were exposed to an air–liquid interface for 3–4 weeks using clear polyester membrane 91 

inserts (Transwell○R: 12-mm diameter, 0.4-mm pore size; Corning 3460; Corning, Corning, NY, USA) 92 

placed in 12-well culture dishes (Corning)16. The epi 4 cells were seeded onto the membrane insert at a 93 

density of 1 × 105 cells/well. HuMedia KG2 (KURABO, Osaka, Japan) was added to the lower wells, 94 

and the culture medium was replaced every other day. 95 

2.3. Animals 96 

Eleven-week-old male C57BLKS/Jlar-＋Leprdb/＋Leprdb (db⁄db) mice and C57BL/6 wild-type mice 97 

were purchased from Japan SLC, Inc. (Shizuoka, Japan). Housing conditions and anesthetization 98 

procedures were determined based on previous studies17. All animal experiments were conducted 99 

according to protocols approved by the Institutional Animal Care and Use Committee of Osaka 100 

University Graduate School of Dentistry (Permit Number: 27-022-0). 101 

2.4. Quantification of alveolar bone resorption 102 

Morphometric analysis of buccal alveolar bone resorption was performed using an R_mCT2 3D micro–103 
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X-ray computed tomography (µCT) system designed for use on laboratory animals (Rigaku, Tokyo, 104 

Japan). An examiner, who was calibrated and blinded to the experimental groups, measured the linear 105 

distances from the cement-enamel junction (CEJ) to the alveolar bone crest (ABC) using the 3D image 106 

analysis software TRI/3D-BON (RATOC System Engineering Co., Ltd., Tokyo, Japan). Five point 107 

liners were measured on each molar root surface (three on the distal root and two on the mesial root). 108 

An increase in CEJ distance was considered as an onset and progress of periodontitis18. 109 

2.5. Proteomic analysis 110 

The disrupted murine gingival tissues were suspended in 450 µL of methanol and then in 250 µL of 111 

water and 500 µL of chloroform. After vortex mixing, the suspension was centrifuged at 4,600 x g for 112 

5 min, and then both methanol/water and chloroform phases were removed to yield the intermediate 113 

precipitates. The precipitates were dried under vacuum, and crude proteins extracted from the 114 

precipitates via the phase-transfer surfactant method19 were subjected to reductive alkylation, followed 115 

by successive digestion with Lys-C endopeptidase and trypsin, as previously described17. After 116 

acidification with trifluoroacetic acid, the detergents were removed with ethyl acetate extraction. The 117 

peptide solution was desalted using a stage tip20 equipped with an SDB-XC Empore disk membrane 118 

(3M, St. Paul, MN, USA). The desalted peptides were isotopically labeled with the TMTsixplex™ kit 119 

(Thermo Fisher Scientific, Waltham, MA, USA) via a nanoscale solid-phase labeling method21 and then 120 

fractionated with a strong cation exchange chromatography through a combined acid salt gradient 121 

method22. 122 

The fractionated peptides were analyzed using nanoLC/MS/MS with an Orbitrap Fusion Lumos mass 123 

spectrometer (Thermo Fisher Scientific) in data-dependent acquisition mode, coupled to an 124 

Ultimate3000 RSLCnano system (CTC Analytics, Zwingen, Switzerland) and an HTC-PAL 125 

autosampler (CTC). Peptides were identified via database searching using Mascot v. 2.7.0 (Matrix 126 

Science, London, UK) against the UniProtKB/ReferenceProteome (2017/11) of Mus musculus. Details 127 

of the sample preparation, nanoLC/MS/MS, and data analysis are described in the Supplementary 128 

Materials. 129 
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 130 

2.6. Quantitative analysis of mRNA levels 131 

Total RNA isolation and cDNA synthesis were performed as previously described11, 17. Polymerase 132 

chain reaction (PCR) was carried out using the ABI 7300 real-time PCR system (Applied Biosystems, 133 

Waltham, MA, USA) with Power SYBR® Green PCR Master Mix (Applied Biosystems) according to 134 

the manufacturer’s protocol. All reactions were performed in triplicate. The specific primers used are 135 

described in Supplementary Table S1.  136 

2.7. Protein expression analysis 137 

Cells were rinsed with ice-cold PBS and lysed with RIPA buffer (Thermo Fisher Scientific). Total 138 

proteins were extracted from frozen mouse gingival tissue using T-PER Tissue Protein Extraction 139 

Reagent (Thermo Fisher Scientific) and then used for western blotting. Immunoblotting was performed 140 

using the following primary antibodies: Claudin1 (1:2500; 51-9000, Thermo Fisher Scientific), 141 

occludin (1:5000; 91131, Cell Signaling Technology Inc, Danvers, MA, USA), E-cadherin (1:500; 3195, 142 

Cell Signaling Technology Inc), ERK1/2 (1:1000; 9194, Cell Signaling Technology Inc.), phospho 143 

ERK1/2 (1:1000; 8544, Cell Signaling Technology Inc.), and β-actin (1:10000; A5416, Sigma-144 

Aldrich, St. Louis, MO, USA). The membranes were briefly washed and incubated with HRP-145 

conjugated anti-rabbit IgG antibodies (1:10000; NA934, GE Healthcare, Chicago, IL, USA). 146 

Immunoreactive bands were visualized using ECL chemiluminescent substrate (Thermo Fisher 147 

Scientific). Immunoreactive proteins were detected using the western blotting detection system 148 

ImageQuant LAS 4000 (GE Healthcare) and densitometrically analyzed using the image analysis 149 

program WinROOF (Mitani Corporation, Fukui, Japan).  150 

2.8. Permeability assay  151 

To assess the barrier function of epi 4 cells via the permeability assay method, cells were cultured in 152 

the upper compartment (Transwell® Permeable Supports; 12 mm insert, 0.4 mm pore size; Corning) 153 

(1x105 cells/well). After 14 d of culture, the passage of 5 mg/mL of fluorescein isothiocyanate (FICT) 154 
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dextran (4 kDa) (Sigma-Aldrich) from the upper compartment to the lower compartment was measured. 155 

After 2 h of incubation, the fluorescence intensity of the lower part of the medium was measured at 485 156 

nm excitation and 538 nm emission using a microplate reader (Fluoroskan Ascent; Thermo Fisher 157 

Scientific Inc.) to determine permeability.  158 

2.9.    Immunocytochemical analysis 159 

Epi 4 cells (9 × 105 cells/well) were cultured on a glass-bottom dish (Matsunami Co., Bellingham, WA, 160 

USA) mounted on a 35-mm plate. Confluent monolayers were cultured for 48 h in the presence of 1.5 161 

mM Ca2+. The cells were then fixed for 10 min with 4% paraformaldehyde (PFA). After blocking with 162 

1% BSA, the cell monolayer was incubated with rabbit anti-human Claudin1 (1:250; 51-9000, Thermo 163 

Fisher Scientific Inc.) and then with rabbit anti-human E-cadherin (1:200; 3195, Cell Signaling 164 

Technology) in PBS for 60 min at room temperature(25 °C). The cells were washed three times with 165 

1% BSA in PBS between each step. The cells were incubated with Alexa Fluor 488-conjugated sheep 166 

anti-rabbit antibody (Thermo Fisher Scientific) for 30 min and counter-stained with 4, 6-diamidino-2-167 

phenylindole dihydrochloride (DAPI) (Sigma-Aldrich) for nuclear staining. Photographs were obtained 168 

using a confocal laser scanning microscope (Leica TCS SP8, Leica Microsystems, Wetzlar, Germany). 169 

 170 

2.10. Histological examinations and ultrastructural evaluation with transmission 171 

electron microscopy (TEM)  172 

Multilayered epi 4 cells were cultured on TranswellR, fixed in 4% PFA for 12 h at 4 °C, and embedded 173 

in paraffin. Tissue sections were cut at 4 µm thickness and stained with hematoxylin and eosin (H&E). 174 

Cultured cells were fixed with 3% glutaraldehyde (Fujifilm Wako Pure Chemical Corp., Tokyo, Japan) 175 

and 2% osmium tetroxide and then dehydrated in an ascending series of ethanol. The specimens were 176 

embedded in epoxy resin (Quetol 812; Nisshin EM, Tokyo, Japan). Curing samples were sectioned to 177 

a thickness of 70 nm using a diamond knife and mounted on copper grids using an ultramicrotome 178 

(Ultrome V; LKB, Bromma, Sweden). The sections were stained with an EM stainer (Nisshin EM, 179 

Tokyo, Japan) and 0.4% lead citrate for TEM (H800; Hitachi, Tokyo, Japan). 180 
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2.11.  Measurement of intracellular ROS levels 181 

To analyze oxidative stress under HG conditions, ROS accumulation was measured by fluorescence 182 

intensity using Fluoroskan Ascent (Thermo Fisher Scientific; excitation wavelength: 480 nm, 183 

fluorescence: 530 nm). Intracellular ROS levels were measured using the OxiSelectTM Intracellular ROS 184 

Assay Kit (Cell Biolabs, Inc., San Diego, CA, USA). 185 

2.12.  Statistical analysis  186 

Data are expressed as mean ± SEM. Differences between multiple experimental conditions were 187 

analyzed using one-way analysis of variance with Tukey’s post hoc test. All other comparisons between 188 

the two groups were analyzed using Welch’s t-test. A P-value < 0.05 was considered statistically 189 

significant. 190 

191 
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3. Results 192 

3.1. Severity of alveolar bone resorption in diabetic db/db and control mice  193 

Blood glucose and body weight under ad libitum feeding in db/db mice were significantly (P < 0.05) 194 

higher than those in wild-type (WT) mice (Fig. S1). To assess the severity of periodontitis, bone loss 195 

on the buccal side of the maxillary alveolar bone was measured at five points via µCT image analysis. 196 

db/db mice exhibited a more significant increase (P < 0.01) in alveolar bone resorption than WT mice 197 

at 11 weeks of age (Fig. 1a, b). 198 

3.2. Differential proteomic expression in the gingival epithelium between WT and db/db 199 

mice 200 

Proteomic profiles of the gingival tissues from normal and db/db mice were quantitatively analyzed 201 

using nanoLS/MS/MS-based proteomics. In total, 20,911 peptide-spectrum match (PSM), 6,904 unique 202 

peptides, and 1,742 unique proteins were identified (Supplementary table S2). Of these, 38 proteins 203 

were upregulated by more than 1.2-fold in db/db mice, while 17 proteins were downregulated by less 204 

than 0.83-fold (Figure 1C and Supplementary Table S2). Gene ontology enrichment analysis of the 205 

highly differentially expressed proteins in db/db mice using the DAVID Gene Functional Classification 206 

Tool23, 24 revealed that molecules that play a role in the adherence junction or in biological processes 207 

related to the response to oxidative stress (such as oxidative phosphorylation and glutathione 208 

metabolism) were substantially enriched (Supplementary Table S2).  209 

The expression of the IQ motif-containing GTPase-activating protein 1 (IQGAP1; IQGA1_MOUSE), 210 

which is a molecule that functions in adherence junctions, was slightly upregulated 1.35-fold in db/db 211 

mice. In addition, phosphoglycerate kinase 1 (PGK1_MOUSE) and aldo-keto reductase family 1 212 

member A1 (AK1A1_MOUSE) were also upregulated in the glycolysis/gluconeogenesis pathway in 213 

db/db mice (Table 1,2).  214 

3.3. HG induced reductions in the expressions of intercellular adhesion molecules of the 215 

gingival epithelium in db/db mice than those in WT mice 216 
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Through shotgun proteomic analysis of gingival tissue, we found that the expression of intercellular 217 

adhesion-related proteins in the db/db mice gingival epithelium was different from that in WT mice. To 218 

determine whether the expression of cell–cell adhesion–related molecules was downregulated in the 219 

gingival tissues obtained from db/db mice compared to those from WT mice, mRNA and protein 220 

expression levels were measured. Claudin1, Zo-1, and tricellulin mRNA expression levels were 221 

significantly lower in the db/db mice (P < 0.05) than in the WT mice. However, both E-cadherin and 222 

occludin mRNA expressions tended to be lower in the gingival tissues excised from db/db mice than in 223 

those from WT mice; however, these differences were not significant between the two groups of mice 224 

(Fig. 2a-e). Consistently, western blot analysis revealed lower levels of Claudin1 protein expression 225 

in the db/db mice (P < 0.01) than in the WT mice (Fig. 2f). 226 

3.4. Effects of HG in the expression of intercellular adhesion molecules on epi 4 cells 227 

We speculated that HG may modify the expression of intercellular adhesion molecules in epi 4 cells, as 228 

previously described in mouse gingiva. Thus, we investigated the effects of hyperglycemia on the 229 

viability of gingival epithelial cells. The epi 4 cells were cultured for 14 d under NG and HG conditions, 230 

and the amount of ATP in viable cells was measured by luminescence intensity. No significant 231 

differences in luminescence intensity were observed between the NG and HG conditions, indicating 232 

that hyperglycemia did not affect the viability of gingival epithelial cells (Fig. S2). To evaluate whether 233 

the expression of intercellular adhesion molecules in epi 4 cells was affected by HG levels, we collected 234 

cell lysates 14 d after the incubation of cells in the NG or HG conditions. Claudin1 (p < 0.001), ZO-1 235 

(p < 0.01), tricellulin (p < 0.001), and E-cadherin (p < 0.001) mRNA expressions were significantly 236 

lower in epi 4 cells cultured under HG conditions for 14 d than in those cultured under NG conditions. 237 

However, the reductions in occludin mRNA expression were not significant between the HG and NG 238 

conditions (Fig. 3a-e). Western blot analysis also revealed lower levels of Claudin1, E-cadherin, and 239 

occludin protein expressions in epi 4 cells cultured in the HG conditions (P < 0.05) than in those cultured 240 

in the NG condition (Fig. 3f). Immunohistochemical analyses indicated downregulated Claudin1 and 241 

E-cadherin expressions in epi 4 cells cultured under the HG conditions than in those under NG 242 
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conditions (Fig. 3g-h). To investigate whether exposure time to HG conditions affects Claudin1 protein 243 

expression, we incubated epi 4 cells for three weeks under HG conditions, for two weeks under HG 244 

conditions, and then one week under NG conditions, or for one week under HG conditions and then two 245 

weeks under NG conditions. The results showed that the one-week HG exposure with two-week NG 246 

exposure yielded higher expression of Claudin1 than three-week exposure to HG conditions. Thus, we 247 

speculated that the reduction of Claudin1 protein expression observed under HG culture was dependent 248 

on the duration of HG exposure. Conversely, the Claudin1 expression might be time-dependently 249 

recovered, to some extent, after changes in medium glucose condition to NG. (Fig. 3i). To examine the 250 

contribution of hyperosmolarity to the effects of hyperglycemia, epi 4 cells were cultured for 21 d in 251 

medium containing NG, HG, or 5.5 mM glucose with 24.5 mM mannitol (Fig. 3j). There were no changes 252 

in the Claudin1 protein expression in epi 4 cells cultured in the high mannitol condition. 253 

3.5. Hyperglycemia alters the intercellular permeability, 3D structure, and ultrastructure of 254 

gingival epithelial cells 255 

Because the HG condition modified the expression of intercellular adhesion molecules in epi 4 cells, 256 

we speculated that HG conditions increased the intercellular permeability in those cells. As evaluated 257 

by the transepithelial flux of FITC-dextran compared to that in a monolayer culture under NG condition, 258 

a significant reduction in intercellular permeability was observed after 14 d of HG culture in epi 4 cells 259 

(Fig. 4a). We performed histological examination of epi 4 cells in more detail via the 3D culture method. 260 

Cells were grown on polycarbonate filters for airlift culture under NG or HG conditions. The 261 

experimental epithelium comprised approximately 5 to 8 cell layers after 30 d of culture (Fig. 4 b center 262 

or right panel) compared to the monolayer cells at the starting date (Fig. 4 b left panel). Most of the 263 

apical cells were smoothly layered (Fig. 4b center panel) with tight junctions under the NG condition. 264 

However, under HG conditions, the thickness of the cell layers decreased relative to that observed under 265 

NG conditions. Furthermore, apical cells exhibited a flattened structure under HG condition compared 266 

to their morphology under the NG condition (Fig. 4b right panel). Next, we investigated the effects of 267 

HG conditions on the 3D structure at the ultrastructural histology of epi 4 cells using TEM. It was 268 
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observed that the intercellular spaces in the adjacent parts of the cells were heterogeneously arranged 269 

under HG conditions but not under NG conditions (Fig. 4c). 270 

3.6. Involvement of AGEs-RAGE and ROS in the Claudin1 expression of epi 4 cells cultured 271 

under HG conditions  272 

We further investigated whether the observed effects on adhesion molecules in epi 4 cells cultured under 273 

HG conditions were mediated through AGEs and oxidative stress. To examine the response of epi 4 to 274 

an exposure of AGEs, we analyzed the expression of receptors for advanced glycation end products 275 

(RAGEs) that specifically recognize AGEs. The expression of RAGE mRNA was elevated in epi 4 cells 276 

under HG conditions (Fig. 5a). We also examined whether these effects were mimicked by 277 

carboxymethyl lysine (CML), a type of AGE, on the expression of Claudin1 mRNA. Claudin1 mRNA 278 

expression was suppressed in epi 4 cells exposed to CML for 14 d (Fig. 5b). Furthermore, we measured 279 

ROS levels in epi 4 cells after 14 d of culture under HG conditions. A significant increase in ROS 280 

production was observed in epi 4 cells in HG condition than in those in NG condition (Fig.5 c). 281 

Consistently, we found that the downregulation of Claudin1 mRNA and protein expressions in epi 4 282 

cells cultured in the HG conditions was inhibited by 1 mM NAC, an antioxidant (Fig.5 d). These results 283 

indicated that HG-inhibited mRNA and protein expressions of intercellular adhesion molecule in epi 4 284 

cells were mediated through oxidative stress. 285 

3.7. Activation of cell signaling molecules through ROS production in epi 4 cells cultured 286 

under HG conditions 287 

To evaluate whether MAPK activation in epi 4 cells cultured under HG condition was involved in HG-288 

induced suppression of Claudin1 mRNA, MAPK phosphorylation was examined in epi 4 cells after 14 289 

d of culture under HG conditions. As shown in Figure 5e, protein extracts prepared from epi 4 cells 290 

exposed to HG or NG conditions for 14 d were immunoblotted with antibodies against p-ERK1/2 and 291 

total ERK1/2. HG increased ERK1/2 phosphorylation after 14 d of incubation compared to that 292 

observed under NG conditions. In addition, protein extracts prepared from epi 4 cells exposed to HG or 293 

NG conditions for 14 d with NAC were immunoblotted with antibodies against p-ERK1/2 and total 294 
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ERK1/2. NAC significantly suppressed p-ERK1/2 activation in epi 4 cells under HG conditions (Fig. 295 

5f). 296 

297 
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4. Discussion 298 

In the present study, to the best of our knowledge, we, for the first time, revealed impaired barrier 299 

function of gingival epithelial cells cultured under HG conditions with concomitant reduction in protein 300 

and mRNA expression of intercellular adhesion molecules such as Claudin1, Zo-1, E-cadherin, and 301 

tricellulin. The expression of occludin was also lower under HG conditions than under NG conditions. 302 

We also identified reduced expression of these adhesion molecules in the gingival tissues excised from 303 

markedly hyperglycemic diabetic db/db mice compared to that in the tissues excised from WT mice. 304 

Thus, abnormal barrier function in diabetes may be induced by hyperglycemic conditions in gingival 305 

tissues. Proteomic analysis of the gingival tissues excised from db/db mice showed that hyperglycemia 306 

was involved in several changes in proteins related to cell adhesion, glucose metabolism, and oxidative 307 

stress compared to that in the tissues excised from control mice. Specifically, we found an increased 308 

expression of IQGAP1, which was extracted as a protein related to cell adhesion; IQGAP1 has been 309 

reported as a negative regulator of E-cadherin-mediated cell adhesion and is involved in the regulation 310 

of ERK activity25, 26. Therefore, further studies to investigate the role of IQGAP1 in the reduced 311 

expression of intercellular adhesion molecules in the gingival tissues under diabetic condition are 312 

necessary. 313 

In the present study, db/db mice exhibited higher alveolar bone resorption than that exhibited by WT 314 

mice. Diabetes mellitus is a disease associated with high blood glucose levels, resulting in poor 315 

peripheral circulation and high chances of infection. Therefore, this model is believed to mimic human 316 

periodontitis with diabetes to some extent. Hyperglycemia was previously reported to inhibit 317 

intercellular adhesion and promote intestinal epithelium permeability4. We investigated the effect of 318 

hyperglycemia on the intercellular permeability of cultured epithelial cells in vitro using epi 4 cells. 319 

When epi 4 cells were cultured in the presence of 30 mM D-glucose for 21 d, the dextran permeability 320 

increased compared to that in the control group. This indicates that hyperglycemia functionally reduces 321 

cell–cell adhesion and increases leakiness in the gingival epithelium. This impairment in the barrier 322 
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function of epi 4 cells corresponded to the abnormal expression of adhesion molecules under HG 323 

conditions. An increase in osmotic pressure has been reported to increase tight junctions in renal tubular 324 

epithelial cells27. However, we did not observe increased barrier function in epi 4 cells cultured under 325 

high osmolar condition induced by a high concentration of mannitol, which was different from the HG 326 

condition in renal tubular epithelial cells. These suggested that epi4 cells exhibit a distinct mechanism 327 

of action compared to renal tubular epithelial cells, specifically regarding the osmotic effect of glucose. 328 

The barrier function of the epithelium is based on the intercellular adhesion mechanism, which is 329 

mainly composed of tight and adherens junctions. The epi 4 cells cultured under HG conditions, as well 330 

as gingival tissues excised from hyperglycemic db/db mice, showed a significant reduction in mRNA 331 

and protein expression of various adhesion proteins. In addition, this study was focused on the protein 332 

expression of Claudin1, which is a component of tight junctions that contributes to the outermost barrier 333 

mechanism in the epithelium28. Our results showed that the protein expression of Claudin1 significantly 334 

decreased in vivo and in vitro. Immunostaining of epi 4 cells showed that Claudin1 was expressed in 335 

the intercellular space of the NG group, but the staining was less evident in the HG group. These results 336 

suggest that barrier function is impaired under hyperglycemic conditions because of reduced 337 

intercellular adhesion molecule expression. In the present study, we found that the reduction of 338 

Claudin1 protein expression under HG condition was dependent on the duration of HG exposure. 339 

Conversely, the Claudin1 expression may be recovered by exposure to medium glucose or NG 340 

conditions in a time-dependent manner (Fig. 3i). However, abnormalities in adhesion molecules 341 

because of long-term hyperglycemia and reversibility with glycemic control were not assessed this 342 

study. 343 

Previous reports have described a gingival tissue model that mimics the oral junctional epithelial 344 

interface using gingival epithelial cells and gingival fibroblasts in a 3D co-culture system in vitro29, 30. 345 

Therefore, in the present study, epi 4 cells were cultured under HG conditions in a 3D culture system. 346 

We found that the uniform cell arrangement of the epithelial cell layer was impaired under HG condition 347 

and the cell layer was thinner than that in the NG group. Moreover, TEM revealed that intercellular 348 
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spaces were irregularly and heterogeneously arranged under HG culture conditions. Decreased 349 

expression of functional intercellular adhesion molecules in hyperglycemia may alter the morphology 350 

of the intercellular spaces and weaken the barrier function. All these abnormalities could be related to 351 

abnormal barrier function in cultured epi 4 cells under HG conditions. 352 

In terms of the biological significance of impaired barrier function in epithelial cells, hyperglycemia 353 

reportedly affects the physical barrier function in the intestinal epithelium4. Similarly, hyperglycemia-354 

mediated barrier disruption has also been reported to cause a systemic influx of microbial products and 355 

enhanced dissemination of enteric infection. Treatment with hyperglycemia or intestinal epithelial-356 

specific GLUT2 deletion restores barrier function and bacterial containment4, 31. The gingival 357 

epithelium directly confronts periodontal bacteria in the periodontal pocket, and the physical barrier 358 

function of the gingival epithelium is preserved by the integrity of gingival epithelial cells, which is 359 

maintained by the adhesion molecules between epithelial cells similar to other epithelial tissues. 360 

Therefore, impaired integrity of the gingival epithelium may permit the chronic penetration of 361 

periodontal bacteria in the subepithelial space and the gingival vascular bed. Furthermore, systemic 362 

translocation of infectious oral bacteria may cause systemic microinflammation, which is a risk factor 363 

for the progression of insulin resistance, diabetes, and cardiovascular disease32-35. 364 

Insulin is less involved in the glucose metabolism in non-insulin-sensitive cells than in insulin-365 

sensitive muscle cells, adipocytes, or hepatocytes. Glucose influxes into epithelial cells are dependent 366 

on the concentration of glucose in the extracellular matrix. Glucose taken up by cells is used for energy 367 

production by glycolysis and tricarboxylic acid cycle; however, under hyperglycemic conditions, 368 

collateral glucose metabolism may be activated in epithelial cells including polyol, hexosamine, PKC, 369 

AGEs, and the pentose phosphate pathway36. Previously, serum AGEs were reported to be significantly 370 

associated with periodontitis progression in patients with type 2 diabetes37. Histological studies using 371 

human gingival epithelial tissue samples have shown that RAGE expression is increased in the gingival 372 

epithelium of patients with periodontal disease compared to that in healthy gingiva, and further 373 

enhanced RAGE expression has also been reported in diabetic patients with periodontal disease38. In 374 
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this study, we used CML, an AGE, as a ligand for RAGE. CML is an indicator of long-term oxidative 375 

stress. We hypothesized that CML is involved in the reduction of intercellular adhesion molecules. HG 376 

treatment increased the expression of RAGE in epi 4 cells, suggesting that cellular responsiveness to 377 

AGEs is enhanced. After 14 d of stimulation with CML instead of HG, a significant reduction in 378 

Claudin1 mRNA expression was observed, suggesting that AGEs were involved in the downregulation 379 

of intercellular adhesion molecule expression in gingival epithelial cells. A previous study reported that 380 

AGEs induce ERK1/2 phosphorylation and decrease E-cadherin expression in the renal tubular 381 

epithelium39, and another study reported that AGEs decrease the expression of ZO-1 in retinal 382 

microvascular endothelial cells40. Moreover, activation of collateral pathways of the glycolytic system 383 

in epithelial tissues under HG conditions has resulted in the production of AGEs, and ERK1/2 384 

phosphorylation is involved in intracellular signaling41. Another report revealed that the expression of 385 

E-cadherin is downregulated in renal tubular epithelial cells because of increased ROS levels and the 386 

activation of ERK1/242 and that ERK1/2 is involved in the downregulation of ZO-1 expression in 387 

corneal epithelial cells43, 44. In this study, proteomic analysis of the gingival tissues excised from db/db 388 

mice implied a change in expression of proteins involved in oxidative stress. We demonstrated that ROS 389 

production and ERK1/2 phosphorylation significantly increased in epi 4 cells under HG conditions. 390 

These results imply that hyperglycemia increases oxidative stress and activates ERK1/2 signaling, 391 

downregulating the expression of intercellular adhesion molecules in gingival epithelial cells. 392 

Furthermore, the addition of NAC, an antioxidant, significantly protected against HG-dependent 393 

Claudin1 mRNA repression and upregulation of ERK phosphorylation. To confirm the direct 394 

significance of ERK signaling in the downregulation of Claudin1 under HG conditions, experiments 395 

with an ERK1/2 inhibitor should be performed. However, because of the cytotoxicity of ERK1/2 396 

inhibitors in this experiment, we could not demonstrate that ERK1/2 signaling was directly related to 397 

Claudin1 downregulation under HG conditions. 398 

As a limitation of the present study, mechanistic studies were exclusively represented by Claudin1 399 

protein expression in epi 4 cells under HG condition. We also did not assess the protein expression of 400 
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other adhesion molecules in periodontal tissues of db/db mice in the present study. Thus, further studies 401 

are needed to determine whether the protein expression of other adhesion molecules in periodontal 402 

tissues is also downregulated in a time-dependent manner and reversed by modulation of those signaling 403 

molecules under HG condition in the future studies.  404 

Taken together, the results of past studies show that retinal, renal tubular, intestinal, and gingival 405 

epithelial cells exhibit reduced expression of adhesion molecules under hyperglycemic conditions 406 

through AGEs-RAGE, oxidative stress, and ERK1/2 signaling derived from abnormal intracellular 407 

glucose metabolism. 408 

 409 

5. Conclusions 410 

We identified the impaired expression of intercellular adhesion molecules in gingival epithelial tissues 411 

in hyperglycemic db/db mice relative to that in WT mice, as well as in HGECs cultured under HG 412 

versus NG conditions. This abnormal gene expression was reflected in the reduction of protein 413 

expression of adhesion molecules and the leakiness of the intercellular barrier in cultured HGECs (epi 414 

4 cells). The abnormal expression of intercellular adhesion molecules under HG conditions was related 415 

to AGE-RAGE signaling activation, oxidative stress, and ERK1/2 in gingival epithelial cells. Thus, the 416 

findings of the present study suggest that hyperglycemia-induced disruption of intercellular adhesion in 417 

gingival epithelial cells is related to the development and progression of periodontal disease in diabetes. 418 

 419 

Authors’ contributions 420 

Y.N. and N.S. are the co-first authors and contributed equally to this work. Y.N. and Y.K. designed the study. 421 

Y.N., N.S., Y. Izumi., and Y.K. finalized the study protocols. Y.N., S.T., and Y.K. performed in vivo and 422 

HGEC experiments. J.M. acquired images using TEM. N.S., Y. Ishihama, and T.B. performed proteomic 423 

experiments and interpreted the analytical outcomes in close collaboration with Y. Izumi., T.B. Y.N., S.T., 424 

Y.K., and S.M. Y.N, N.S., and Y.K. wrote the manuscript. Y. Ishihama., T.B., and S.M. revised the manuscript. 425 



 20 

All authors approved the final version of the thesis and manuscript. The authors declare that they have no 426 

conflicts of interest. 427 

Acknowledgments 428 

This study was supported by the Japan Society for the Promotion of Science (JSPS) KAKENHI (Grant 429 

Numbers JP18K09573 and JP21K09916 to Y.K. and JP21K21084 to Y.N.) and the Advanced Research 430 

and Development Programs for Medical Innovation (AMED-CREST) Grant Number JP18gm1010010 431 

to S.M., YI, and BT.  432 

Conflict of interest: The authors declare no conflict of interest related to this study. 433 

Ethics statement: All animal experiments were conducted according to protocols approved 434 

by the Institutional Animal Care and Use Committee of Osaka University Graduate School of Dentistry 435 

(Permit Number: 27-022-0). 436 

Data sharing and data accessibility: The MS raw data, peak list, and database search 437 

files for the proteome analysis have been deposited to the ProteomeXchange Consortium via the jPOST 438 

partner repository (https://jpostdb.org)45 with the data set identifier PXD035613 (preview URL for 439 

reviewers: https://repository.jpostdb.org/preview/83357616262e368f73b605; Access key: 1552). The 440 

other data that support the findings of this study are available from the corresponding author upon 441 

reasonable request. 442 

 443 

444 

https://jpostdb/
https://repository/


 21 

Figure legends 445 

Fig. 1 Diabetes exacerbates alveolar bone loss and changes the proteomic expression phenotype in 446 

db/db mice compared to that in WT mice. The buccal-side maxillary alveolar bone loss (ABL, colored 447 

lines) was measured from the cementoenamel junction (CEJ) to the alveolar bone crest (ABC) at five 448 

points (a); distobuccal regions for the first maxillary molar (M1) (1), mesiobuccal regions (2), 449 

distobuccal regions for the second maxillary molar (M2) (3), mesiobuccal regions (4), and distobuccal 450 

(5) regions for the third maxillary molar (M3) in 11-week-old db/db mice or control mice. Comparison 451 

of the sum of the five CEJ-ABC linear distances (b). n = 5; ** P < 0.01. Data are shown as mean ± 452 

SEM. Proteome profiles of the gingival tissues of WT and db/db mice, using nanoLC/MS/MS, were 453 

measured in triplicate (c).  454 

 455 

Fig. 2 mRNA and protein expression of intercellular adhesion molecules in the gingival epithelium of 456 

db/db or WT mice. mRNA expression of Claudin1 (a), ZO-1 (b), tricellulin (c), occludin (d), and E-457 

cadherin (e). mRNA expression was determined using quantitative RT-PCR and normalized against the 458 

expression of HPRT mRNA. n = 4, * P < 0.05 vs control mice. Western blotting of Claudin1 expression 459 

in gingival epithelium excised from db/db and control mice (f). The bar graphs on the right show 460 

densitometric quantification of the levels of Claudin1 relative to those in the control (f). n = 3; ** P < 461 

0.01 vs WT mice. β-actin was used as loading control. 462 

 463 

Fig. 3 The mRNA and protein expression of intercellular adhesion molecules in the human gingival 464 

epithelial cell line (epi 4). mRNA expression of Claudin1 (a), ZO-1 (b), tricellulin (c), occludin (d), and 465 

E-cadherin (e) in epi 4 cells. mRNA expression was determined using quantitative RT-PCR and 466 

normalized against HPRT mRNA expression. n = 4, ** P < 0.01, *** P < 0.001, vs NG group (a-e). 467 

Western blot analysis of Claudin1, occludin, and E-cadherin on epi 4 cells (f). β-actin was used as a 468 

loading control. The bar graphs on the right show densitometric quantification of the levels of Claudin1, 469 
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occludin, and E-cadherin, relative to those of the NG group. n = 3; *P < 0.05. Immunocytochemistry 470 

with Claudin1 (g) and E-cadherin (h) in epi 4 cells under HG or NG conditions. Scale bars: 50 µm. 471 

Western blot analysis of Claudin1 in epi 4 cells evaluating the effect of HG and its recovery by transfer 472 

of the cells to the NG condition. β-actin was used as the loading control. The bar graphs on the right 473 

show densitometric quantification of Claudin1 levels. n = 3; **P < 0.01. The groups of ‘NG (3W)’ or 474 

‘HG (3W)’ were cultured for three weeks of epi 4 cells under NG or HG conditions, respectively. The 475 

group of ‘HG (1W) → NG (2W)’ was cultured under HG conditions for one week and then changed to 476 

NG conditions for two weeks. The group of ‘HG (2W) → NG (1W)’ was cultured for two weeks under 477 

HG conditions and then changed to NG conditions for one week. n = 3; ** P < 0.01 (i). To examine the 478 

contribution of hyperosmolarity to the effects of high glucose, epi 4 cells were cultured for 21 d in a 479 

medium containing either 6 mM glucose (NG), 25 mM glucose (HG), or 5.5 mM glucose containing 480 

24.5 mM mannitol as a hyperosmolar control group (j). n = 5; ** P < 0.01. Data are shown as mean ± 481 

SEM. 482 

 483 

Fig. 4 Measurements of gingival epithelial barrier function and the structure of the experimental 3D-484 

cultured epi 4 cells. 485 

Permeability was analyzed as described in the Materials & methods section. Cells were cultured with 486 

NG (5 mM) or HG (30 mM) for 14 d. Results are expressed as fold change relative to the NG group. 487 

*P < 0.05 compared to the NG group (a). A cross-section of the immortalized HGECs (epi 4 cells) 488 

cultured by the airlift multilayer model (approximately seven cell layers; apical side up) and stained 489 

with H&E. Scale bar, 100 µm (b). Transmission electron microscopy image of gingival epi 4 cells. The 490 

intercellular spaces in the adjacent parts of the cells are more heterogeneously arranged under HG 491 

conditions than under NG conditions, and adherence junction is reduced in the cell adhesion region 492 

(white arrowheads) (c, d). Original magnification (c); 6000×, (d); 12000× area in white rectangle in (c) 493 

respectively, Scale bar, 500 nm. 494 

 495 
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Fig. 5 Molecular mechanisms underlying HG-induced suppression of Claudin1 expression in epi 4 cells, 496 

AGE signaling, oxidative stress, and ERK1/2 activation. Cells were cultured with NG or HG for 14 497 

days, mRNA expression of RAGE on epi 4 cells were determined using quantitative RT-PCR and 498 

normalized against HPRT mRNA expression. n = 4; *P < 0.05 (a). Cells were cultured with NG 499 

condition with or without CML (1 ng/mL) for 14 d, mRNA expression of Claudin1 in epi 4 cells was 500 

determined. n = 4; *P < 0.05 (b). Hyperglycemic gingival epithelial cells increase the generation of 501 

intracellular reactive oxygen species (ROS). ROS production was determined by H2DCFDA 502 

fluorescence in epi 4 cells., n = 4; *P < 0.05 (c), and N-acetyl cysteine (NAC) reverses the damage to 503 

the gingival tight junction proteins compromised by hyperglycemia, n = 4; *P < 0.05, ** P < 0.01 (d). 504 

Hyperglycemia upregulated the phosphorylated ERK (p-ERK) pathway in human gingival epithelial 505 

cells (e), and NAC attenuated this upregulation (f). Claudin1 mRNA expression in epi 4 cells under NG 506 

or HG conditions with or without NAC (1 mM). n = 4; *P < 0.05, ** P < 0.01. Western blot analysis 507 

using the specific antibodies against p-ERK, total ERK, and β-actin. The bar graphs on the right show 508 

densitometric quantification of the amounts of p-ERK normalized to the amount of total ERK, relative 509 

to that in the NG group. Cells were cultured with NG (5 mM) or HG (30 mM) for 14 d. n = 3; * P < 510 

0.05, ** P < 0.01.  511 

 512 

513 
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