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Abstract: Tight junctions (TJs) play an important role in water, ion, and solute transport through
the paracellular pathway of epithelial cells; however, their role in diabetes-induced salivary gland
dysfunction remains unknown. Here, we found that the TJ proteins claudin-1 and claudin-3 were
significantly increased in the submandibular glands (SMGs) of db/db mice and high glucose (HG)-
treated human SMGs. HG decreased paracellular permeability and increased claudin-1 and claudin-3
expression in SMG-C6 cells. Knockdown of claudin-1 or claudin-3 reversed the HG-induced decrease
in paracellular permeability. MiR-22-3p was significantly downregulated in diabetic SMGs and
HG-treated SMG-C6 cells. A miR-22-3p mimic suppressed claudin-1 and claudin-3 expression and
abolished the HG-induced increases in claudin-1 and claudin-3 levels in SMG-C6 cells, whereas
a miR-22-3p inhibitor produced the opposite effects. Specificity protein-1 (Sp1) was enhanced in
diabetic SMGs and HG-treated SMG-C6 cells, which promoted claudin-1 and claudin-3 transcription
through binding to the corresponding promoters. A luciferase reporter assay confirmed that miR-22-
3p repressed Sp1 by directly targeting the Sp1 mRNA 3′-untranslated region (3′-UTR). Consistently,
the miR-22-3p mimic suppressed, whereas the miR-22-3p inhibitor enhanced, the effects of HG on
Sp1 expression. Taken together, our results demonstrate a new regulatory pathway through which
HG decreases the paracellular permeability of SMG cells by inhibiting miR-22-3p/Sp1-mediated
claudin-1 and claudin-3 expression.

Keywords: diabetes; submandibular gland; microRNA-22-3p; tight junction; specificity protein-1

1. Introduction

Saliva is vital to oral and systemic health, as it contributes to mechanical cleaning and
plays a protective role in the oral cavity through physiological and biochemical mecha-
nisms [1]. Patients with diabetes exhibit a high prevalence of salivary gland dysfunction,
which disturbs the homeostasis of the oral cavity by altering the salivary composition and
volume [2,3]. Hyposalivation induced by salivary gland dysfunction negatively affects
the quality of life of patients with diabetes by interfering with their eating and speaking
functions and nutritional state, enhancing the risks of oral infection, dental caries, and
periodontal diseases [4]. Despite intensive research on the alterations in salivary flow and
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components in patients with diabetes, the molecular mechanism of diabetic hyposalivation
remains largely unknown.

Insulin resistance induced by obesity and high fat diet is one of the major pathogenic
factors of type 2 diabetes (T2D). Studies have suggested that the obesity and high fat
diet induced insulin resistance contributed to the dysfunction of salivary glands. It has
been reported that high fat diet caused obese-insulin resistance, which not only leads
to the pathophysiological alterations of salivary glands, including impaired intracellular
calcium transients, increased oxidative stress, inflammation, and salivary mitochondrial
dysfunction, but also changes the lipid profiles in salivary glands and disrupts salivary
redox homeostasis [5–7]. Moreover, the corresponding changes in the composition of
saliva can reflect the function of salivary gland. As showed in premenopausal women,
plasma adiponectin levels increased as a function of salivary pH, suggesting that sali-
vary pH is a significant correlate of plasma adiponectin levels in women [8]. With the
increasing prevalence of type 2 diabetes and obesity, saliva may be promising avenue with
simple, inexpensive and non-invasive advantages to monitor health status, disease onset,
and progression.

Tight junctions (TJs) are cell-cell interactions located in the most apical region between
polarized cells [9]. The integrity of TJs is crucial in maintaining paracellular secretion of
salivary components [10,11]. A functioning TJ is composed of transmembrane proteins,
intracellular proteins, and scaffolding proteins. As major transmembrane components of
TJs, 27 claudin proteins have been identified, and these proteins constitute the backbone of
TJ strands and characteristically form paracellular barriers and pores to determine paracel-
lular permeability [11]. Knockout of claudin-1 in mice leads to loss of the TJ barrier to water
and macromolecules at the stratum granulosum of the epidermis; consequently, these mice
die of dehydration in the neonatal period [12]. Claudin-3 is decreased in the submandibular
gland (SMG) and positively correlated with salivary function in patients with IgG4-related
sialadenitis, a chronic fibroinflammatory disease characterized by salivary gland swelling
and hyposalivation [13]. Differential expression patterns of claudins are detected in the
salivary glands among species. The human SMG expresses claudin-1 to claudin-12 and
claudin-16. However, claudin-6, claudin-9, and claudin-11 are not expressed in the mouse
SMG [14]. Claudin-1, claudin-3, claudin-4, claudin-5, and claudin-7 are expressed in the
rat SMG [15]. Although several claudins have been demonstrated to play roles in salivary
gland diseases, their alterations and underlying mechanism in diabetes-induced salivary
gland dysfunction remain to be elucidated.

MicroRNAs (miRNAs) are highly conserved single-stranded noncoding RNAs of
approximately 18-24 nucleotides. MiRNAs regulate gene expression by initiating the degra-
dation of target mRNAs or inhibiting mRNA translation, thereby participating in various
physiological and pathological processes including diabetes and its complications [16,17].
Recently, miRNAs have been shown to modulate the expression of TJ proteins and regulate
epithelial and endothelial barrier functions [18,19]. In a hypoxia-induced brain injury
mouse model, miR-212 and miR-132 are upregulated, which impairs blood-brain barrier
function by targeting claudin-1, junctional adhesion molecule 3, and TJ-associated protein
1 [20]. Inhibition of miR-155 increases claudin-1 and zonula occludens-1 (ZO-1) expression
by directly targeting the claudin-1 mRNA 3′-untranslated region (3′-UTR) and strengthens
endothelial TJs after oxygen-glucose deprivation in human primary brain microvascular
endothelial cells [21]. Moreover, miR-146b-3p increases claudin-5 and ZO-1 expression in
human retinal endothelial cells by inhibiting inflammatory factor secretion in macrophages
obtained from patients with diabetic retinopathy, thereby reducing diabetes-induced blood-
retinal barrier damage [22]. Therefore, miRNAs may play roles in salivary gland function
by regulating TJs.

The present study was designed to investigate the alterations in claudins in the SMG
of a type 2 diabetes (T2D) mouse model and explore the regulatory mechanism by which
miRNAs affect claudins in the diabetic SMG.
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2. Material and Methods
2.1. Mice

Male db/db mice (T2D group, 8 weeks old) and age-matched male db/m mice (con-
trol group), purchased from ChangZhou Cavens Laboratory Animal Ltd. (Changzhou,
China), were raised under constant temperature and humidity conditions with free ac-
cess to water and food for 8 weeks. The animals were fasted for at least 6 h with
water available ad libitum before extraction. Blood glucose and serum insulin levels
were measured with a glucometer (ACCU-CHEK) and the Iodine [125I]-Insulin Radioim-
munoassay Kit (Union Medical & Pharmaceutical Technology Ltd., Tianjin, China), respec-
tively. The insulin resistance index (HOMA-IR) was calculated with the formula fasting
insulin (mU/L) × fasting glucose (mmol/L)/22.5. After intraperitoneal injection of chloral
hydrate (0.4 g·kg−1 body weight), the SMGs were extracted from mice, frozen in liq-
uid nitrogen, and then stored at −80 ◦C. All procedures were approved by the Ethics
Committee of Animal Research, Peking University (No. LA2015071) and complied to
ARRIVE guidelines.

2.2. Cell and Human Submandibular Gland Tissue Culture

The rat SMG acinar cell line SMG-C6 (a kind gift from Dr David O. Quissell) was
cultured in DMEM/F12 (1:1 mixture) as previously described [23]. In high-glucose (HG)
experiments, cells were incubated in normal medium supplemented with D-glucose at
a final concentration of 25 mmol/L. Human SMG tissues were collected from 10 pa-
tients who underwent functional neck dissection for oral and maxillofacial malignant
tumors without irradiation or chemotherapy at the Department of Oral and Maxillofacial
Surgery, Peking University School and Hospital of Stomatology. All SMGs were con-
firmed to be histologically normal. Detailed information on the patients is listed in Table
S1. The research protocol was approved by the Peking University Institutional Review
Board, and was conducted in accordance with the Declaration of Helsinki. All partici-
pants signed an informed consent document before tissue collection. Fresh SMGs were
transported, cut, and incubated with or without HG medium for the indicated times, as
described previously [23].

2.3. Transmission Electron Microscopy

SMG tissues were fixed in 2% glutaraldehyde and postfixed in 1% osmium tetroxide.
Ultrathin sections were cut and stained with 10% uranyl acetate and 1% lead citrate. The
ultrastructure of TJs was observed by using a transmission electron microscope (HITACHI
H-7000, Tokyo, Japan), and 5 fields of each sample were randomly chosen for evaluation of
TJ width in the SMG by using ImageJ software as described previously [24].

2.4. Western Blot Analysis

SMGs and cells were homogenized in RIPA buffer (Thermo Fisher Scientific, Waltham,
MA, USA) and centrifuged for 15 min at 4 ◦C. The supernatant was collected, and the
protein concentration was measured by the Bradford method (M&C Gene Technology
Ltd., Beijing, China). Equal amounts of proteins (20 µg) were separated by 10% or 12%
SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes, which were
blocked with 5% nonfat milk, probed with primary antibodies, and then incubated with
horseradish peroxidase-conjugated secondary antibodies. Detailed information on the
antibodies is listed in Table S2. Immunoreactive bands were visualized with an enhanced
chemiluminescence reagent (Thermo Fisher Scientific, Waltham, MA, USA). Band inten-
sity was calculated with ImageJ software v1.8.0 (National Institutes of Health, Bethesda,
MD, USA).

2.5. Reverse Transcription PCR and Quantitative Real-Time PCR

Total RNA was extracted and reverse transcribed into cDNA with 5 × All-In-One RT
MasterMix (G490, Applied Biological Materials Inc., Richmond, Canada) according to the
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manufacturer’s instructions. Quantitative real-time PCR (qRT-PCR) was performed on
a PikoReal Real-Time PCR System using the DyNAmo™ ColorFlash SYBR Green qPCR
Kit (Thermo Fisher Scientific) and analyzed with PikoReal 2.0 software. The primer se-
quences are shown in Table S3. MiRNA quantification was determined by the miDETECT
A Track qRT-PCR Starter Kit (RiboBio, Guangzhou, China) according to the manufac-
turer’s instructions. The qRT-PCR primers specific for miR-22-3p and U6 were designed
by RiboBio.

2.6. Immunofluorescence Staining

Frozen sections (10 µm) of SMGs were immersed in citrate buffer (pH 6.0) and heated
in a microwave oven for antigen retrieval. SMG-C6 cells cultured on glass coverslips
were fixed in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. Sections
and cells were blocked with 1% bovine serum albumin, incubated with anti-claudin-1,
anti-claudin-3, anti-claudin-4 or anti-Sp1 antibodies at 4◦C overnight, and then incubated
with Alexa Fluor 594- or Alexa Fluor 488-conjugated secondary antibodies. Nuclei were
stained with 4′,6-diamidino-2-phenylindole (DAPI). Confocal images were captured by a
laser scanning confocal microscope (TCS SP8, Leica, Germany).

2.7. Knockdown of Claudin-1, Claudin-3 and Sp1

GFP-tagged shRNA constructs specific for rat claudin-1 and claudin-3 and a scramble
control were constructed with pGFP-V-RS vectors (Origene, MD, USA). The Sp1-specific
siRNA sequence, nonspecific negative control, and positive control were synthesized
by HanBio company. The sequences are listed in Tables S4 and S5. SMG-C6 cells were
cultured to 60% confluency and transfected with the shRNA or siRNA of interest by
using Lipofectamine® 2000 (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Claudin-1- and claudin-3-knockdown cells were selected with puromycin
(10 µg/mL, HanBio, Shanghai, China). The stably transfected clones were isolated and
passaged.

2.8. Measurement of Transepithelial Electrical Resistance and Paracellular Tracer Flux

A confluent monolayer of SMG-C6 cells was grown in a 24-well Corning Transwell™
filter (6.5-mm diameter, 0.4-µm pore size). Transepithelial electrical resistance (TER) was
measured using an Epithelial Volt Ohm Meter EVOM2 (World Precision Instruments,
Sarasota, FL, USA). All TER values were obtained from at least three wells. Final values
were calculated by subtracting the blank filter value (80 Ω) and multiplying by the surface
area of the filter. For the paracellular tracer flux assay, 1 mg/mL 4-kDa (68059, Sigma-
Aldrich, St. Louis, MO, USA) or 40-kDa FITC-dextran (53379, Sigma-Aldrich) was added
to the medium in the basal compartment, the medium in the apical compartment was
collected after an incubation at 37 ◦C for 3 h, and the paracellular tracer flux was measured
using EnSpire Multilabel Plate Reader (PerkinElmer, Waltham, MA, USA).

2.9. Plasmid Construction and a Dual-Luciferase Activity Assay

TargetScan database was used to predict the potential binding sites for miR-22-3p in
the Sp1 mRNA 3′-UTR. The sequence of the Sp1 mRNA 3′-UTR containing the binding
site or a mutant sequence was cloned into the pGL3 vector (Promega, Madison, WI, USA),
and a luciferase reporter plasmid was constructed. SMG-C6 cells were cotransfected with
a luciferase reporter plasmid and miR-22-3p mimic or inhibitor (RiboBio). Luciferase
activity was measured using a dual-luciferase reporter assay system according to the
manufacturer’s protocol (Promega) and determined with a luminometer (BioTek, Winooski,
VT, USA). Relative luciferase activity was calculated with normalization to the Renilla
luciferase activity.
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2.10. Chromatin Immunoprecipitation Assay

A chromatin immunoprecipitation (ChIP) assay was performed with a ChIP kit
(#9005, Cell Signaling Technology, Danvers, MA, USA). Cells cultured in 15-cm plates
were crosslinked with 1% formaldehyde, quenched with 0.125 mmol/L glycine, and then
lysed. DNA was fragmented using an ultrasonicator (SONICS, Tokyo, Japan). Protein-DNA
complexes were immunoprecipitated with anti-Sp1 or IgG antibodies at 4 ◦C overnight.
The crosslinked complexes were washed and decrosslinked at 65 ◦C for 30 min. The pulled-
down DNA fragments and input DNA were purified and used for qRT-PCR analysis with
primers designed to amplify the claudin-1 and claudin-3 promoter regions containing the
putative Sp1 binding sites. The primer sequences are listed in Tables S6 and S7.

2.11. Transfection of a MiR-22-3p Mimic or Inhibitor

A miR-22-3p mimic, a miR-22-3p inhibitor, and the corresponding negative controls
(NCs) were purchased from RiboBio. SMG-C6 cells were cultured until 50% confluent
and then transiently transfected with the miR-22-3p mimic, the miR-22-3p inhibitor, or
a NC by using the ribo FECT™ CP Transfection Kit (C10511, RiboBio) according to the
manufacturer’s instructions. After 24 h, the cells were treated with or without HG medium.

2.12. Statistical Analysis

Data are presented as the mean± standard error of the mean (SEM). Statistical analysis
was carried out using an unpaired Student’s t-test for two-group comparisons. Multiple
groups were compared with one-way or two-way ANOVA followed by Bonferroni’s test
with GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA). p < 0.05 was considered
to be statistically significant.

3. Results
3.1. Expression of Claudin-1 and Claudin-3 Is Upregulated in the Diabetic Submandibular Gland

The blood glucose and serum insulin levels and HOMA-IR of db/db mice were higher
than those of db/m mice, confirming the establishment of a T2D mouse model (Figure
S1A–C). Transmission electron microscopy images of SMGs showed that the TJs appeared
as a narrow and continuous seal in the apical region between neighboring acini in db/m
mice, while the lateral membranes of tight junctions appeared to be less well defined but
closely aligned compared with db/m mice (Figure 1A,B). Quantitative analysis showed
that the average TJ width, an indicator of TJ opening, was decreased in the SMGs of db/db
mice (Figure 1C).

To identify the alterations in TJ components in the diabetic SMG, the expression and
distribution of claudins were detected. The mRNA and protein levels of claudin-1 and
claudin-3 were significantly increased, while the claudin-4 mRNA and protein levels were
decreased in the SMGs of db/db mice (Figure 1D–G). No differences were observed in
claudin-2, claudin-5, claudin-7 or claudin-10 expression between db/db mice and db/m
mice (Figure 1D,H,I). Immunofluorescence staining images showed that claudin-1 and
claudin-3 were predominantly expressed in the apicolateral and basolateral membranes of
acini in the mouse SMG, and their staining intensities were enhanced in the db/db group.
Claudin-4 was mainly located in the apicolateral membrane of ducts, and consistent with
Western blot analysis results, the fluorescence intensity of claudin-4 was reduced in the
diabetic SMG. However, no obvious differences were observed in the locations of claudin-1,
claudin-3, and claudin-4 between the db/db and db/m groups (Figure 1J).

3.2. High Glucose Increases the Expression of Claudin-1 and Claudin-3 in SMG-C6 Cells and
Cultured Human Submandibular Gland Tissues

To explore the role of HG in claudin expression, SMG-C6 cells were incubated in
25 mmol/L glucose for the indicated times. The amounts of claudin-1 and claudin-3 were
significantly increased, whereas the expression of claudin-4 was unaffected (Figure 2A–C).
Mannitol (25 mmol/L), used as an osmotic pressure control, did not affect the expression of
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claudin-1 or claudin-3 (Figure 2D–G). Immunofluorescent images and quantitative analysis
showed higher fluorescent intensities of claudin-1 and claudin-3 at 12 and 24 h in HG group,
but claudin-4 did not change. However, this is not occurred in high mannitol (HM) group
(Figure S2A–C). Moreover, elevated claudin-1 and claudin-3 expression was observed at
both the mRNA and protein levels in fresh cultured human SMG tissue after HG treatment
for 24 h, whereas the expression of claudin-4 and claudin-7 was unchanged (Figure 2H–M).
These results indicate that HG can directly upregulate claudin-1 and claudin-3 expression.
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Figure 1. Expression of claudin-1 and claudin-3 is upregulated in the diabetic submandibular
gland. (A,B) Transmission electron microscopy images of tight junctions (TJs, white arrows) in the
submandibular glands (SMGs) of db/m mice (A) and db/db mice (B). (C) Statistical analysis of TJ
width in mouse SMGs. n = 6. (D) QRT-PCR analysis of the mRNA levels of claudins (Clns) in mouse
SMGs. n = 8. (E–I) Western blot and densitometry analysis of Cln-1 (E), Cln-3 (F), Cln-4 (G), Cln-7
(H), and Cln-10 (I) in mouse SMGs. n = 6–8. (J) Immunofluorescence staining for Cln-1, Cln-3 and
Cln-4 in mouse SMGs. ** p < 0.01. AJ, adherens junction; D, desmosome.
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Figure 2. High glucose increases the expression of claudin-1 and claudin-3 in SMG-C6 cells and
cultured human submandibular gland tissues. (A–C) Western blot and densitometry analysis of
claudin-1 (Cln-1) (A), Cln-3 (B), and Cln-4 (C) expression in high glucose (HG = 25 mmol/L)-treated
SMG-C6 cells. n = 6. (D–G) QRT-PCR and western blot analysis of Cln-1 and Cln-3 expression in the
control (Ctrl), HG, and high mannitol (HM = 25 mmol/L) groups. n = 6. (H) QRT-PCR analysis of
the mRNA levels of Clns in HG-treated human submandibular glands (SMGs). (I–M) Western blot
(I) and densitometry analysis of Cln-1 (J), Cln-3 (K), Cln-4 (L), and Cln-7 (M) in HG-treated human
SMGs. n = 10. * p < 0.05 and ** p < 0.01.
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3.3. High Glucose Decreases the Paracellular Permeability of SMG-C6 Cells

To define the effect of HG on TJ barrier function, TER values were measured to
analyze the paracellular permeability of SMG-C6 cells. The basal TER value was consistent
with that in a previous report on the same cell line [25], while HG treatment of SMG-C6
cells increased the TER value starting at 12 h and elicited the greatest increase at 24 h
(Figure 3A). Paracellular permeability was also evaluated by using FITC-dextran as a
noncharged paracellular tracer. The 4-kDa FITC-dextran flux dropped at 12 and 24 h
after HG treatment (Figure 3B). Meanwhile, HG markedly reduced the paracellular flux of
40-kDa FITC-dextran starting at the first hour (Figure 3C). These results indicate that HG
decreases the paracellular permeability of SMG-C6 cells.

3.4. Claudin-1 and Claudin-3 Are Required for the High Glucose-Induced Reduction in
Paracellular Permeability

To further explore whether the increased claudin-1 and claudin-3 expression was
related to the reduction in paracellular permeability in HG-cultured SMG-C6 cells, we
established SMG-C6 cells with stable knockdown of claudin-1 or claudin-3 by shRNA trans-
fection. The expression of claudin-1 was significantly reduced in claudin-1-knockdown
cells, while the expression of claudin-3 and claudin-4 was unaffected (Figure 3D,E). A
significant decrease in claudin-3 expression, but not claudin-1 or claudin-4 expression,
was present in the claudin-3-knockdown group (Figure 3F,G). The basal TER values were
significantly decreased, whereas the 4-kDa and 40-kDa FITC-dextran fluxes were markedly
increased in both claudin-1- and claudin-3-knockdown SMG-C6 cells. Moreover, the HG-
induced higher TER values and lower FITC-dextran fluxes were abolished (Figure 3H–J),
suggesting that claudin-1 and claudin-3 play crucial roles in epithelial barrier formation in
SMG-C6 cells and mediate the HG-modulated alteration in paracellular permeability.

3.5. MiR-22-3p Is Downregulated and Involved in the High Glucose-Induced Upregulation of
Claudin-1 and Claudin-3

In our previous study, we identified 28 differentially expressed miRNAs in the SMGs
of db/db mice, and the bioinformatic analysis of these miRNAs revealed an enrichment in
the TJ signaling pathway, suggesting that the miRNAs might be involved in the regulation
of TJs in the diabetic SMG [26]. The raw high-throughput sequencing data have been made
publicly available at the Gene Expression Omnibus (GEO) database under the number
GSE141412. The top 3 upregulated miRNAs (miR-181a-5p, miR-375-3p, and miR-99b-5p)
and downregulated miRNAs (miR-145a-5p, miR-143-3p, and miR-22-3p) in the diabetic
SMG were assessed by qRT-PCR (Figure 4A). The expression of miR-375-3p, miR-99b-
3p, miR-143-3p, and miR-22-3p was consistent with that detected with high-throughput
technology (Figure 4B). Furthermore, miR-375-3p was upregulated, while miR-143-3p and
miR-22-3p were downregulated in HG-cultured SMG-C6 cells compared with control cells
(Figure 4C). Among these miRNAs, miR-22-3p was the most significantly downregulated.
In cultured human SMGs, HG also reduced miR-22-3p expression (Figure 4D).

MiR-22-3p has been demonstrated to regulate lipid, insulin, and glucose metabolism
and play a crucial role in the development of metabolic disorders such as obesity, diabetes
and diabetic complications [27–29]. To classify the role of miR-22-3p in the diabetic SMG, we
incubated SMG-C6 cells with HG medium for the indicated times and found that miR-22-3p
expression was attenuated (Figure 4E). A miR-22-3p mimic or inhibitor was transfected into
SMG-C6 cells 24 h before an incubation in HG medium. The efficiencies of the miR-22-3p
mimic and inhibitor were confirmed by qRT-PCR (Figure 4F,G). Overexpression of miR-22-
3p with the mimic (100 nmol/L) effectively inhibited claudin-1 and claudin-3 expression
and reversed the HG-induced upregulation of claudin-1 and claudin-3 (Figure 4H). In
contrast, the expression of claudin-1 and claudin-3 was evidently increased by transfecting
the miR-22-3p inhibitor (100 nmol/L) (Figure 4I). Our findings indicate that miR-22-3p
negatively regulates claudin-1 and claudin-3 expression. The reduction in the miR-22-3p
level contributes to the HG-induced upregulation of claudin-1 and claudin-3.
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Figure 3. Claudin-1 and claudin-3 are required for a high glucose-induced reduction in paracellular
permeability. (A) The effect of high glucose (HG = 25 mmol/L) on the transepithelial electrical
resistance (TER) of SMG-C6 cells. n = 8. (B,C) The effect of HG on the paracellular flux of 4-kDa
FITC-dextran (B) and 40-kDa FITC-dextran (C). n = 6. (D,E) Western blot (D) and densitometry
analysis (E) of claudin-1 (Cln-1), Cln-3, and Cln-4 after transfecting SMG-C6 cells with Cln-1-specific
shRNA. n = 3. (F,G) Western blot (F) and densitometry analysis (G) of Cln-1, Cln-3, and Cln-4
after transfecting SMG-C6 cells with Cln-3-specific shRNA. n = 3. (H) TER of Cln-1-knockdown
cells and Cln-3-knockdown cells. n = 6. (I,J) Paracellular flux of 4-kDa FITC-dextran (I) and 40-
kDa FITC-dextran (J) in Cln-1-knockdown cells and Cln-3-knockdown cells. n = 6. * p < 0.05 and
** p < 0.01.
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Figure 4. MiR-22-3p is downregulated and involved in the high glucose-induced upregulation of
claudin-1 and claudin-3. (A) Heat map of the top 3 upregulated and downregulated microRNAs
(miRNAs) in the submandibular glands (SMGs) of db/db mice. n = 4. (B) QRT-PCR analysis of the
top 3 upregulated and downregulated miRNAs in the SMGs of db/db mice. n = 8. (C) QRT-PCR
analysis of candidate miRNAs in high glucose (HG = 25 mmol/L)-treated SMG-C6 cells. n = 6. (D)
QRT-PCR analysis of miR-22-3p expression in HG-treated human SMGs. n = 10. (E) Time course
of miR-22-3p expression induced by HG in SMG-C6 cells. n = 6. (F,G) QRT-PCR analysis of the
efficiencies of a miR-22-3p mimic and inhibitor. n = 3. (H,I) Western blot and densitometry analysis
of Cln-1 and Cln-3 after transfecting SMG-C6 cells with the miR-22-3p mimic (H) or inhibitor (I).
n = 6. * p < 0.05 and ** p < 0.01. NC, negative control.
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3.6. Sp1 Is Increased in the Diabetic Submandibular Gland and High Glucose-Treated
SMG-C6 Cells

To identify the mechanism by which miR-22-3p negatively regulates claudin-1 and
claudin-3 expression, we predicted miR-22-3p target genes with the TargetScan database
and found that Sp1, a transcription factor of claudins, is a direct target of miR-22-3p. The
mRNA and protein levels of Sp1 were higher in the SMGs of db/db mice than in those
of db/m mice (Figure 5A,B). Sp1 was distributed in both the cytoplasm and the nucleus
in SMG tissues from db/m mice, whereas significantly enhanced Sp1 immunostaining
was observed in SMG tissues from db/db mice, especially in the nucleus (Figure 5C).
Consistently, Sp1 was strongly upregulated in SMG-C6 cells after 6 h of exposure to HG
medium (Figure 5D,E). Immunofluorescence staining for Sp1 was predominantly found in
the nucleus of SMG-C6 cells, and the nuclear staining intensity was much stronger in the
HG group than in the control group (Figure 5F). In cultured human SMGs, Sp1 expression
was increased after exposure to HG for 24 h (Figure 5G–I).

3.7. Sp1 Activates the Transcription of Claudin-1 and Claudin-3 by Binding to the Claudin-1 and
Claudin-3 Promoters

Bioinformatic prediction with the JASPAR and ALGEN databases showed that several
Sp1 binding sites existed in the promoter of claudin-1 spanning from −400 to 315 bp and
that of claudin-3 spanning from−1677 to 396 bp. Therefore, we evaluated the claudin-1 and
claudin-3 promoter regions in several fragments, with each fragment being approximately
200 bp. ChIP assays were performed to verify whether Sp1 binds to the promoter regions
of claudin-1 and claudin-3. The interaction between Sp1 and a claudin-1 promoter motif
in the −284 to −84 bp region was obviously increased under HG conditions (Figure 6A).
Furthermore, HG promoted interactions between Sp1 and the claudin-3 promoter in 3
specific motifs within the following regions: −1677 to −1480 bp, −364 to −146 bp, and
−147 to 52 bp (Figure 6B).

To determine the precise regulatory role of Sp1 in claudin-1 and claudin-3 expression,
we inhibited Sp1 by using the specific Sp1 inhibitor mithramycin A (mitA) or siRNA.
MitA (100 nmol/L) significantly inhibited Sp1, claudin-1, and claudin-3 expression in
SMG-C6 cells (Figure 6C–F). Preincubation with 100 nmol/L mitA not only reduced
claudin-1 and claudin-3 expression but also suppressed their HG-induced upregulation
(Figure 6G–J). The efficiency of the Sp1-specific siRNA was confirmed by Western blot
analysis (Figure 6K,L). Silencing endogenous Sp1 repressed the expression of claudin-1
and claudin-3. Moreover, the effects of HG on claudin-1 and claudin-3 disappeared with
Sp1-specific siRNA treatment (Figure 6M–P).

3.8. MiR-22-3p Upregulates Claudin-1 and Claudin-3 by Directly Targeting Sp1 in SMG-C6 Cells

Bioinformatic prediction using TargetScan indicated that the Sp1 mRNA 3′-UTR con-
tains one conserved binding site for miR-22-3p (Figure 7A). To confirm that Sp1 is a direct
target of miR-22-3p, luciferase reporter plasmids containing the wild-type Sp1 3′-UTR
segment or a mutated sequence were constructed (Figure 7B). A luciferase reporter as-
say showed that the miR-22-3p mimic reduced the luciferase activities of SMG-C6 cells
transfected with the Luc-Sp1-3′-UTR-Wt plasmid; conversely, luciferase activity was in-
creased by the miR-22-3p inhibitor. However, the luciferase activity was unaffected by
cotransfection of either the miR-22-3p mimic or the miR-22-3p inhibitor in the Luc-Sp1-3′-
UTR-Mut group (Figure 7C). Moreover, HG treatment enhanced luciferase activity in the
Luc-Sp1-3′-UTR-Wt group but had no effect in either the vector or Luc-Sp1-3′-UTR-Mut
group (Figure 7D). These results demonstrate that Sp1 is a direct target of miR-22-3p and
that HG attenuates the direct interaction between miR-22-3p and Sp1. Furthermore, over-
expression of miR-22-3p apparently reduced Sp1 expression and reversed the HG-induced
upregulation of Sp1 (Figure 7E). Downregulation of miR-22-3p conversely increased Sp1
expression in SMG-C6 cells (Figure 7F).
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Figure 5. Sp1 is increased in the diabetic submandibular gland and high glucose-treated SMG-C6 cells. (A) QRT-PCR
analysis of specificity protein-1 (Sp1) mRNA levels in mouse submandibular glands (SMGs). n = 8. (B) Western blot and
densitometry analysis of Sp1 expression in mouse SMGs. n = 8. (C) Immunofluorescence images showing the distribution
and expression of Sp1 in mouse SMGs. (D,E) Time course of the Sp1 mRNA and protein expression induced by high glucose
(HG = 25 mmol/L) in SMG-C6 cells. n = 6. (F) Immunofluorescence images showing the distribution and expression of Sp1
in HG-treated SMG-C6 cells. (G–I) Time course of the Sp1 mRNA and protein expression induced by HG (25 mmol/L) in
human SMGs. n = 10. * p < 0.05 and ** p < 0.01.



Cells 2021, 10, 3230 13 of 19

Cells 2021, 10, x 14 of 21 
 

 

 
Figure 6. Sp1 activates the transcription of claudin-1 and claudin-3 by binding to the claudin-1 and claudin-3 promoters. 
(A) Chromatin immunoprecipitation (ChIP) assay for detection of the binding between specificity protein-1 (Sp1) and the 
claudin-1 (Cln-1) promoter. n = 6. (B) ChIP assay for detecting the binding between Sp1 and the Cln-3 promoter. n = 6. (C–
F) Western blot (C) and densitometry analysis of the efficiency of the Sp1 inhibitor mithramycin A (mitA). n = 3. (G–J) 
Western blot (G) and densitometry analysis of Sp1 (H), Cln-1 (I), and Cln-3 (J) after incubating SMG-C6 cells with 100 
nmol/L mitA. n = 6. (K,L) Western blot and densitometry analysis of the efficiency of Sp1-specific siRNA. n = 3. (M–P) 
Western blot (M) and densitometry analysis of Sp1 (N), Cln-1 (O), and Cln-3 (P) after transfecting SMG-C6 cells with Sp1-
specific siRNA. n = 6. * p < 0.05 and ** p < 0.01. Ctrl, control; NC, negative control; PC, positive control. 

3.8. MiR-22-3p Upregulates Claudin-1 and Claudin-3 by Directly Targeting Sp1 in SMG-C6 
Cells 

Bioinformatic prediction using TargetScan indicated that the Sp1 mRNA 3′-UTR con-
tains one conserved binding site for miR-22-3p (Figure 7A). To confirm that Sp1 is a direct 

Figure 6. Sp1 activates the transcription of claudin-1 and claudin-3 by binding to the claudin-1 and claudin-3 promoters.
(A) Chromatin immunoprecipitation (ChIP) assay for detection of the binding between specificity protein-1 (Sp1) and the
claudin-1 (Cln-1) promoter. n = 6. (B) ChIP assay for detecting the binding between Sp1 and the Cln-3 promoter. n = 6. (C–F)
Western blot (C) and densitometry analysis of the efficiency of the Sp1 inhibitor mithramycin A (mitA). n = 3. (G–J) Western
blot (G) and densitometry analysis of Sp1 (H), Cln-1 (I), and Cln-3 (J) after incubating SMG-C6 cells with 100 nmol/L mitA.
n = 6. (K,L) Western blot and densitometry analysis of the efficiency of Sp1-specific siRNA. n = 3. (M–P) Western blot (M)
and densitometry analysis of Sp1 (N), Cln-1 (O), and Cln-3 (P) after transfecting SMG-C6 cells with Sp1-specific siRNA.
n = 6. * p < 0.05 and ** p < 0.01. Ctrl, control; NC, negative control; PC, positive control.
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Figure 7. MiR-22-3p upregulates claudin-1 and claudin-3 by directly targeting Sp1 in SMG-C6 cells.
(A) Bioinformatic prediction using the TargetScan database indicated that the Sp1 mRNA 3′-UTR
contained one conserved binding site for miR-22-3p. (B) Construction of luciferase reporter plasmids
containing the Sp1 wild-type cDNA sequence (Luc-Sp1-3′-UTR-Wt) or a mutant sequence (Luc-Sp1-
3′-UTR-Mut). (C) Dual-luciferase reporter assay with SMG-C6 cells cotransfected with a luciferase
reporter plasmid and miR-22-3p mimic or inhibitor. n = 6. (D) Dual-luciferase reporter assay with
high glucose (HG = 25 mmol/L)-treated SMG-C6 cells transfected with a luciferase reporter plasmid.
n = 6. (E,F) Western blot and densitometry analysis of Sp1 after transfecting SMG-C6 cells with the
miR-22-3p mimic (E) or inhibitor (F). n = 6. (G) Schematic illustration showing the mechanism of the
miR-22-3p-mediated reduction in epithelial paracellular permeability in the diabetic SMG. * p < 0.05
and ** p < 0.01.
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4. Discussion

In the present study, we demonstrated the important role of the miR-22-3p/Sp1
pathway in modulating claudin-1 and claudin-3 expression in the SMG. In the diabetic
SMG, miR-22-3p was markedly downregulated, which increased the expression of the
transcription factor Sp1 by suppressing the interaction between miR-22-3p and the Sp1
3′-UTR. The enhanced Sp1 level activated claudin-1 and claudin-3 transcription by binding
directly to the promoter regions of claudin-1 and claudin-3, thereby reducing the paracel-
lular permeability of SMG acinar cells (Figure 7G). These findings provide new insights
into the important role of miR-22-3p in SMG function and reveal a new mechanism of
diabetic hyposalivation.

The maintenance of TJ function has been shown to play critical roles in both water
secretion and secretory granule exocytosis in the process of salivary secretion [30]. Al-
terations in the molecular composition of TJs affect the paracellular permeability of the
salivary gland epithelium and are involved in pathological processes, such as Sjögren’s
syndrome and radiation injury [31,32]. Among the multiple molecules composing TJs,
claudins are indispensable in forming epithelial barriers and transportation systems [33].
A previous study reported that activation of muscarinic acetylcholine receptors regulates
the paracellular transport of SMG epithelial cells by reducing claudin-4 expression [25].
In salivary inflammatory diseases, tumor necrosis factor-α increases the paracellular per-
meability of SMG-C6 cells by inducing the loss of claudin-3 in the TJ structure [34]. TJ
function and integrity are influenced by obesity associated diabetes. Obese and diabetic
mice model ob/ob mice display enhanced intestinal permeability by reducing ZO-1 and
occludin expression, which participates in the occurrence of intestinal disorders [35]. The
breakdown of blood-brain barrier caused by eroding tight junctions is observed in obesity
and high fat diet mice [36]. Here, the expression of claudin-1 and claudin-3 was signifi-
cantly increased in the SMGs of diabetic mice. Hyperglycemia is a main pathogenic factor
of diabetes, and HG incubation increased claudin-1 and claudin-3 expression and reduced
paracellular permeability in SMG-C6 cells. Knockdown of claudin-1 or claudin-3 increased
cell paracellular permeability and abolished the effect of HG on paracellular permeabil-
ity. These results indicate that claudin-1 and claudin-3 play vital roles in modulating
TJ function in SMG acinar cells and that upregulated claudin-1 and claudin-3 mediate
the HG-induced decrease in the paracellular permeability of SMG epithelial cells under
diabetic conditions. Although the expression of claudin-4 was reduced in the SMGs of
T2D mice, HG did not induce changes in SMG cells or the human SMG. Our previous
study showed that activation of AMP-activated protein kinase induced a redistribution of
claudin-4 but not claudin-1 or claudin-3 in submandibular epithelial cells [37]. The results
suggested that the expression of claudin-4 might be regulated by a different mechanism.
Interestingly, the effects of HG on SMG epithelium may be different with other tissues
such as intestinal epithelium. HG treated human intestinal Caco-2 cells present decreased
TER and increased paracellular permeability, caused by reduced expression of claudin-1,
occludin, and ZO-1 [38,39]. Moreover, by regulating Na/K-ATPase, HG enhances the
absorption of glucose and NaCl in diabetic intestine [40]. HG induced higher intestinal
permeability promotes infections and leads to intestinal disorders [41]. The inconsistent
results between salivary and intestinal epithelium revealed that TJ in different cell types
may play distinct functions.

The function of TJs is dynamically modulated by various regulatory mechanisms.
MiRNAs have recently been suggested to regulate TJ proteins and modulate epithelial
and endothelial barrier functions in different tissues, such as intestinal epithelium, renal
epithelium, blood-brain barrier, and blood-retinal barrier [42–44]. MiR-23a attenuates ZO-1
expression through posttranscriptional binding to the ZO-1 3′-UTR in lung epithelial cells
and is involved in HIV-mediated lung epithelial barrier dysfunction [45]. MiR-21 is reported
to increase the expression of occludin by targeting Rho-associated protein kinase 1 and plays
a protective role in the prevention of intestinal barrier dysfunction [46]. Moreover, claudin-
3 expression is indirectly affected by miR-93 through modulation of protein tyrosine
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kinase 6, which mediates intestinal epithelial dysfunction during inflammatory injury [47].
Thus, miRNAs can regulate TJ function in a direct or indirect manner [48]. Based on
the differentially expressed miRNAs in the SMGs of T2D model mice, we found that
miR-22-3p was markedly downregulated in the diabetic SMG and HG-treated SMG cells.
MiR-22-3p is reported to be downregulated in the islet tissues of mice with gestational
diabetes, and overexpression of miR-22-3p efficiently improves fasting blood glucose
levels and insulin resistance in mice [29]. The long noncoding RNA MIAT is increased
in a rat model of diabetic cardiomyopathy and HG-cultured neonatal cardiomyocytes,
which upregulates death-associated protein kinase 2 expression by sponging miR-22-3p
and consequently leads to cardiomyocyte apoptosis [28]. Moreover, Mir22-knockout mice
present dramatically exacerbated fat mass gain, hepatomegaly, and a liver steatosis response
to high-fat diet feeding compared to control mice [49]. Although miR-22-3p has been
demonstrated to be a master regulator of lipid and glucose metabolism with differential
effects on specific organs, its roles in the physiological and pathological processes of the
salivary gland remain unknown. Here, the miR-22-3p mimic reduced claudin-1 and claudin-
3 expression and diminished the HG-induced upregulation of claudin-1 and claudin-3,
whereas the miR-22-3p inhibitor increased claudin-1 and claudin-3 expression. These
results demonstrate that miR-22-3p is a negative regulator of claudin-1 and claudin-3
expression in SMG cells.

The main function of miRNAs is to regulate posttranscriptional gene expression
by binding to the 3′-UTR of target mRNAs, causing translational suppression or gene
activation. Bioinformatic analysis predicted that the transcription factor Sp1, but not
claudin-1 or claudin-3, contains miR-22-3p binding sites. Herein, a dual-luciferase reporter
assay showed that Sp1 was a specific target of miR-22-3p and that HG reduced the in-
teraction between miR-22-3p and Sp1. The miR-22-3p mimic repressed Sp1 expression
and the HG-induced upregulation of Sp1, whereas the miR-22-3p inhibitor enhanced
these events, indicating that miR-22-3p negatively regulates Sp1 expression by binding to
the Sp1 3′-UTR.

Several studies have shown that the claudin-1 and claudin-3 promoter regions contain
Sp1 binding sites and that mutations in these regions result in a significant loss of claudin-1
and claudin-3 transcription [50]. In this study, Sp1 was upregulated and predominantly
located in the nucleus in the diabetic SMG and HG-treated SMG cells. ChIP assays verified
that HG increased the binding of Sp1 with the claudin-1 promoter in the region −284 to
−84 bp in SMG-C6 cells, in which the binding site for Sp1 in the claudin-1 promoter was
similar to others in intestinal epithelial cells and human breast adenocarcinoma cell line
MCF-7 (−133 to −61 bp and −138 to −76 bp) [51,52]. Moreover, the binding between Sp1
and motifs in the claudin-3 promoter regions −1677 to −1480 bp, −364 to −146 bp, and
−147 to 52 bp was enhanced under HG conditions. Sp1 is reported to bind to the claudin-3
promoter region at −112 to −74 bp in ovarian cancer cells, which is consistent with our
result of −147 to 52 bp [53]. However, two new binding regions spanning from −1677 to
−1480 bp and −364 to −146 bp were found in our study, indicating that the interaction
sites of Sp1 involved in regulating claudins may be inconsistent among different cells. Sp1
is normally described as a transcriptional activator, but it can also act as a transcriptional
repressor [54,55]. To further identify the precise regulatory roles of Sp1 in claudin-1 and
claudin-3 expression in the SMG, a Sp1-specific inhibitor or siRNA was administered.
Knockdown of Sp1 relatively suppressed claudin-1 and claudin-3 expression and abolished
the higher claudin-1 and claudin-3 levels induced by HG. Our results demonstrate that HG-
induced Sp1 expression activates claudin-1 and claudin-3 transcription via direct binding
of Sp1 to the promoters of claudin-1 and claudin-3.

5. Conclusions

In summary, our study demonstrated an important role for miR-22-3p in regulat-
ing SMG epithelial paracellular permeability. During diabetes, inhibition of miR-22-3p
increases claudin-1 and -3 expression by directly targeting Sp1, resulting in lower ep-
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ithelial paracellular permeability in SMG epithelial cells, which might contribute to the
dysfunction of the diabetic SMG. These findings extend our understanding of the classic
miRNA function involved in salivary secretion and reveal a novel mechanism of diabetic
hyposalivation, which might provide an experimental basis for therapeutic strategies for
alleviating the oral health issues of patients with diabetes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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RT PCR, Table S4: Sequences of claudin 1 and 3 shRNA, Table S5: Sequences of Sp1 siRNA, Table
S6: Primers sequences of claudin 1 promoter fragments, Table S7: Primers sequences of claudin 3
promoter fragments.

Author Contributions: Y.H. designed and performed the experiments, analyzed the data, and wrote
the manuscript. H.-M.L. and Q.-Y.M. performed the experiments, analyzed the data, and wrote
the manuscript. X.C. and Y.Z. interpreted the data and revised the manuscript. S.-W.L. and K.P.
contributed to conception of the work and reviewed the manuscript. L.-L.W., R.-L.X. and G.-Y.Y.
approved the project, interpreted the data and revised the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation (Nos. 81974151 and
82081240420 to G.-Y.Y.) and the Beijing Natural Science Foundation (No. 7202078 to R.-L.X.).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and was approved by the Ethics Committee of Animal Research, Peking
University (No. LA2015071). The study was approved by the Ethics Committee of Peking University
School and Hospital of Stomatology (PKUSSIRB-201523064) for human research.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: The authors thank David O. Quissell (University of Colorado Health Science
Center, USA) for the generous gift of the rat SMG-C6 cell line. The authors thank Yi-Ping Wang, Wei
Li, Zhi-Zheng Li, and Suo Liu (Peking University School and Hospital of Stomatology) for their work
in the collection of patient SMG samples and information.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pedersen, A.M.L.; Sørensen, C.E.; Proctor, G.B.; Carpenter, G.H.; Ekström, J. Salivary secretion in health and disease. J. Oral

Rehabil. 2018, 45, 730–746. [CrossRef] [PubMed]
2. Indurkar, M.S.; Maurya, A.S.; Indurkar, S. Oral manifestations of diabetes. Clin. Diabetes. 2016, 34, 54–57. [CrossRef]
3. Miller, A.; Ouanounou, A. Diagnosis, management, and dental considerations for the diabetic patient. J. Can. Dent. Assoc. 2020,

86, k8. [PubMed]
4. Rohani, B. Oral manifestations in patients with diabetes mellitus. World J. Diabetes. 2019, 10, 485–489. [CrossRef] [PubMed]
5. Ittichaicharoen, J.; Apaijai, N.; Tanajak, P.; Sa-Nguanmoo, P.; Chattipakorn, N.; Chattipakorn, S.C. Impaired mitochondria and

intracellular calcium transients in the salivary glands of obese rats. Appl. Physiol. Nutr. Metab. 2017, 42, 420–429. [CrossRef]
[PubMed]
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Maciejczyk, M. Dysfunction of salivary glands, disturbances in salivary antioxidants and increased oxidative damage in saliva of
overweight and obese adolescents. J. Clin. Med. 2020, 9, 548. [CrossRef] [PubMed]

8. Tremblay, M.; Loucif, Y.; Methot, J.; Brisson, D.; Gaudet, D. Salivary pH as a marker of plasma adiponectin concentrations in
Women. Diabetol. Metab. Syndr. 2012, 4, 4. [CrossRef] [PubMed]

9. Maria, O.M.; Kim, J.W.; Gerstenhaber, J.A.; Baum, B.J.; Tran, S.D. Distribution of tight junction proteins in adult human salivary
glands. J. Histochem. Cytochem. 2008, 56, 1093–1098. [CrossRef] [PubMed]

10. Baker, O.J. Tight junctions in salivary epithelium. J. Biomed. Biotechnol. 2010, 2010, 278948. [CrossRef]

https://www.mdpi.com/article/10.3390/cells10113230/s1
https://www.mdpi.com/article/10.3390/cells10113230/s1
http://doi.org/10.1111/joor.12664
http://www.ncbi.nlm.nih.gov/pubmed/29878444
http://doi.org/10.2337/diaclin.34.1.54
http://www.ncbi.nlm.nih.gov/pubmed/32543368
http://doi.org/10.4239/wjd.v10.i9.485
http://www.ncbi.nlm.nih.gov/pubmed/31558983
http://doi.org/10.1139/apnm-2016-0545
http://www.ncbi.nlm.nih.gov/pubmed/28177730
http://doi.org/10.1155/2016/8163474
http://www.ncbi.nlm.nih.gov/pubmed/27471733
http://doi.org/10.3390/jcm9020548
http://www.ncbi.nlm.nih.gov/pubmed/32079369
http://doi.org/10.1186/1758-5996-4-4
http://www.ncbi.nlm.nih.gov/pubmed/22304893
http://doi.org/10.1369/jhc.2008.951780
http://www.ncbi.nlm.nih.gov/pubmed/18765838
http://doi.org/10.1155/2010/278948


Cells 2021, 10, 3230 18 of 19

11. Zhang, G.H.; Wu, L.L.; Yu, G.Y. Tight junctions and paracellular fluid and ion transport in salivary glands. Chin. J. Dent. Res.
2013, 16, 13–46.

12. Furuse, M.; Hata, M.; Furuse, K.; Yoshida, Y.; Haratake, A.; Sugitani, Y.; Noda, T.; Kubo, A.; Tsukita, S. Claudin-based tight
junctions are crucial for the mammalian epidermal barrier: A lesson from claudin-1-deficient mice. J. Cell Biol. 2002, 156,
1099–1111. [CrossRef]

13. Min, S.N.; Wu, L.L.; Zhang, Y.Y.; Zhu, W.X.; Cong, X.; Yu, G.Y. Disruption of tight junction structure contributes to secretory
dysfunction in IgG4-related sialadenitis. J. Mol. Histol. 2020, 51, 33–46. [CrossRef] [PubMed]

14. Zhang, X.M.; Huang, Y.; Zhang, K.; Qu, L.H.; Cong, X.; Su, J.Z.; Wu, L.L.; Yu, G.Y.; Zhang, Y. Expression patterns of tight junction
proteins in porcine major salivary glands: A comparison study with human and murine glands. J. Anat. 2018, 233, 167–176.
[CrossRef]

15. Peppi, M.; Ghabriel, M.N. Tissue-specific expression of the tight junction proteins claudins and occludin in the rat salivary glands.
J. Anat. 2004, 205, 257–266. [CrossRef] [PubMed]

16. Matsuyama, H.; Suzuki, H.I. Systems and synthetic microRNA biology: From biogenesis to disease pathogenesis. Int. J. Mol. Sci.
2019, 21, 132. [CrossRef] [PubMed]

17. Lapierre, M.P.; Stoffel, M. MicroRNAs as stress regulators in pancreatic beta cells and diabetes. Mol. Metab. 2017, 6, 1010–1023.
[CrossRef]

18. Lin, C.W.; Kao, S.H.; Yang, P.C. The miRNAs and epithelial-mesenchymal transition in cancers. Curr. Pharm. Des. 2014, 20,
5309–5318. [CrossRef] [PubMed]

19. Toyama, K.; Spin, J.M.; Tsao, P.S. Role of microRNAs on blood brain barrier dysfunction in vascular cognitive impairment. Curr.
Drug Deliv. 2017, 14, 744–757. [CrossRef] [PubMed]

20. Burek, M.; Konig, A.; Lang, M.; Fiedler, J.; Oerter, S.; Roewer, N.; Bohnert, M.; Thal, S.C.; Blecharz-Lang, K.G.; Woitzik, J.; et al.
Hypoxia-induced microRNA-212/132 alter blood-brain barrier integrity through inhibition of tight junction-associated proteins
in human and mouse brain microvascular endothelial cells. Transl. Stroke Res. 2019, 10, 672–683. [CrossRef]

21. Pena-Philippides, J.C.; Gardiner, A.S.; Caballero-Garrido, E.; Pan, R.; Zhu, Y.; Roitbak, T. Inhibition of microRNA-155 supports
endothelial tight junction integrity following oxygen-glucose deprivation. J. Am. Heart Assoc. 2018, 7, e009244. [CrossRef]

22. Samra, Y.A.; Saleh, H.M.; Hussein, K.A.; Elsherbiny, N.M.; Ibrahim, A.S.; Elmasry, K.; Fulzele, S.; El-Shishtawy, M.M.; Eissa,
L.A.; Al-Shabrawey, M.; et al. Adenosine deaminase-2-induced hyperpermeability in human retinal vascular endothelial cells is
suppressed by microRNA-146b-3p. Investig. Ophthalmol. Vis. Sci. 2017, 58, 933–943. [CrossRef]

23. Qu, L.H.; Hong, X.; Zhang, Y.; Cong, X.; Xiang, R.L.; Mei, M.; Su, J.Z.; Wu, L.L.; Yu, G.Y. C1q/tumor necrosis factor-related
protein-6 attenuates TNF-α-induced apoptosis in salivary acinar cells via AMPK/SIRT1-modulated miR-34a-5p expression. J.
Cell Physiol. 2021, 236, 5785–5800. [CrossRef]

24. Cong, X.; Zhang, Y.; Shi, L.; Yang, N.Y.; Ding, C.; Li, J.; Ding, Q.W.; Su, Y.C.; Xiang, R.L.; Wu, L.L.; et al. Activation of transient
receptor potential vanilloid subtype 1 increases expression and permeability of tight junction in normal and hyposecretory
submandibular gland. Lab. Investig. 2012, 92, 753–768. [CrossRef]

25. Cong, X.; Zhang, Y.; Li, J.; Mei, M.; Ding, C.; Xiang, R.L.; Zhang, L.W.; Wang, Y.; Wu, L.L.; Yu, G.Y. Claudin-4 is required for
modulation of paracellular permeability by muscarinic acetylcholine receptor in epithelial cells. J. Cell Sci. 2015, 128, 2271–2286.
[CrossRef]

26. Liu, H.M.; Huang, Y.; Li, L.; Zhang, Y.; Cong, X.; Wu, L.L.; Xiang, R.L. MicroRNA-mRNA expression profiles and functional
network of submandibular gland in type 2 diabetic db/db mice. Arch. Oral Biol. 2020, 120, 104947. [CrossRef]

27. Kaur, K.; Vig, S.; Srivastava, R.; Mishra, A.; Singh, V.P.; Srivastava, A.K.; Datta, M. Elevated hepatic miR-22-3p expression impairs
gluconeogenesis by silencing the Wnt-responsive transcription factor Tcf7. Diabetes. 2015, 64, 3659–3669. [CrossRef] [PubMed]

28. Zhou, X.; Zhang, W.; Jin, M.; Chen, J.; Xu, W.; Kong, X. lncRNA MIAT functions as a competing endogenous RNA to upregulate
DAPK2 by sponging miR-22-3p in diabetic cardiomyopathy. Cell Death Dis. 2017, 8, e2929. [CrossRef] [PubMed]

29. Zhang, H.; Wang, Q.; Yang, K.; Zheng, H.; Hu, Y. Effects of miR-22-3p targeted regulation of Socs3 on the hepatic insulin resistance
in mice with gestational diabetes mellitus. Am. J. Transl. Res. 2020, 12, 7287–7296.

30. Samiei, M.; Ahmadian, E.; Eftekhari, A.; Eghbal, M.A.; Rezaie, F.; Vinken, M. Cell junctions and oral health. EXCLI J. 2019, 18,
317–330. [PubMed]

31. Zhang, L.W.; Cong, X.; Zhang, Y.; Wei, T.; Su, Y.C.; Serrão, A.C.; Brito, A.R., Jr.; Yu, G.Y.; Hua, H.; Wu, L.L. Interleukin-17 impairs
salivary tight junction integrity in Sjögren’s syndrome. J. Dent. Res. 2016, 95, 784–792. [CrossRef] [PubMed]

32. Nam, K.; Maruyama, C.L.; Trump, B.G.; Buchmann, L.; Hunt, J.P.; Monroe, M.M.; Baker, O.J. Post-irradiated human submandibu-
lar glands display high collagen deposition, disorganized cell junctions, and an increased number of adipocytes. J. Histochem.
Cytochem. 2016, 64, 343–352. [CrossRef] [PubMed]

33. Markov, A.G.; Aschenbach, J.R.; Amasheh, S. Claudin clusters as determinants of epithelial barrier function. IUBMB Life. 2015, 67,
29–35. [CrossRef]

34. Mei, M.; Xiang, R.L.; Cong, X.; Zhang, Y.; Li, J.; Yi, X.; Park, K.; Han, J.Y.; Wu, L.L.; Yu, G.Y. Claudin-3 is required for modulation of
paracellular permeability by TNF-α through ERK1/2/slug signaling axis in submandibular gland. Cell Signal. 2015, 27, 1915–1927.
[CrossRef] [PubMed]

http://doi.org/10.1083/jcb.200110122
http://doi.org/10.1007/s10735-019-09854-8
http://www.ncbi.nlm.nih.gov/pubmed/31865502
http://doi.org/10.1111/joa.12833
http://doi.org/10.1111/j.0021-8782.2004.00332.x
http://www.ncbi.nlm.nih.gov/pubmed/15447685
http://doi.org/10.3390/ijms21010132
http://www.ncbi.nlm.nih.gov/pubmed/31878193
http://doi.org/10.1016/j.molmet.2017.06.020
http://doi.org/10.2174/1381612820666140128204508
http://www.ncbi.nlm.nih.gov/pubmed/24479807
http://doi.org/10.2174/1567201813666160830124627
http://www.ncbi.nlm.nih.gov/pubmed/27572324
http://doi.org/10.1007/s12975-018-0683-2
http://doi.org/10.1161/JAHA.118.009244
http://doi.org/10.1167/iovs.16-19782
http://doi.org/10.1002/jcp.30262
http://doi.org/10.1038/labinvest.2012.12
http://doi.org/10.1242/jcs.165878
http://doi.org/10.1016/j.archoralbio.2020.104947
http://doi.org/10.2337/db14-1924
http://www.ncbi.nlm.nih.gov/pubmed/26193896
http://doi.org/10.1038/cddis.2017.321
http://www.ncbi.nlm.nih.gov/pubmed/28703801
http://www.ncbi.nlm.nih.gov/pubmed/31338005
http://doi.org/10.1177/0022034516634647
http://www.ncbi.nlm.nih.gov/pubmed/26933138
http://doi.org/10.1369/0022155416646089
http://www.ncbi.nlm.nih.gov/pubmed/27126825
http://doi.org/10.1002/iub.1347
http://doi.org/10.1016/j.cellsig.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26148935


Cells 2021, 10, 3230 19 of 19

35. Cani, P.D.; Possemiers, S.; Van De Wiele, T.; Guiot, Y.; Everard, A.; Rottier, O.; Geurts, L.; Naslain, D.; Neyrinck, A.; Lambert, D.M.;
et al. Changes in gut microbiota control inflammation in obese mice through a mechanism involving GLP-2-driven improvement
of gut permeability. Gut 2009, 58, 1091–1103. [CrossRef]

36. Yamamoto, M.; Guo, D.H.; Hernandez, C.M.; Stranahan, A.M. Endothelial adora2a activation promotes blood-brain barrier
breakdown and cognitive impairment in mice with diet-induced insulin resistance. J. Neurosci. 2019, 39, 4179–4192. [CrossRef]

37. Xiang, R.L.; Mei, M.; Cong, X.; Li, J.; Zhang, Y.; Ding, C.; Wu, L.L.; Yu, G.Y. Claudin-4 is required for AMPK-modulated
paracellular permeability in submandibular gland cells. J. Mol. Cell Biol. 2014, 6, 486–497. [CrossRef]

38. Sharma, S.; Tripathi, P.; Sharma, J.; Dixit, A. Flavonoids modulate tight junction barrier functions in hyperglycemic human
intestinal Caco-2 cells. Nutrition 2020, 78, 110792. [CrossRef]

39. Thaiss, C.A.; Levy, M.; Grosheva, I.; Zheng, D.; Soffer, E.; Blacher, E.; Braverman, S.; Tengeler, A.C.; Barak, O.; Elazar, M.; et al.
Hyperglycemia drives intestinal barrier dysfunction and risk for enteric infection. Science 2018, 359, 1376–1383. [CrossRef]

40. Palaniappan, B.; Arthur, S.; Sundaram, V.L.; Butts, M.; Sundaram, S.; Mani, K.; Singh, S.; Nepal, N.; Sundaram, U. Inhibition of
intestinal villus cell Na/K-ATPase mediates altered glucose and NaCl absorption in obesity-associated diabetes and hypertension.
FASEB J. 2019, 33, 9323–9333. [CrossRef]

41. Do, M.H.; Lee, E.; Oh, M.J.; Kim, Y.; Park, H.Y. High-glucose or -fructose diet cause changes of the gut microbiota and metabolic
disorders in mice without body weight change. Nutrients 2018, 10, 761. [CrossRef] [PubMed]

42. Al-Sadi, R.; Engers, J.; Abdulqadir, R. Talk about micromanaging! Role of microRNAs in intestinal barrier function. Am. J. Physiol.
Gastrointest. Liver Physiol. 2020, 319, G170–G174. [CrossRef] [PubMed]

43. Zhuang, Y.; Peng, H.; Mastej, V.; Chen, W. MicroRNA regulation of endothelial junction proteins and clinical consequence. Mediat.
Inflamm. 2016, 2016, 5078627. [CrossRef] [PubMed]

44. Kady, N.M.; Liu, X.; Lydic, T.A.; Syed, M.H.; Navitskaya, S.; Wang, Q.; Hammer, S.S.; O’reilly, S.; Huang, C.; Seregin, S.S.; et al.
ELOVL4-mediated production of very long-chain ceramides stabilizes tight junctions and prevents diabetes-induced retinal
vascular permeability. Diabetes 2018, 67, 769–781. [CrossRef] [PubMed]

45. Yuan, Z.; Petree, J.R.; Lee, F.E.; Fan, X.; Salaita, K.; Guidot, D.M.; Sadikot, R.T. Macrophages exposed to HIV viral protein disrupt
lung epithelial cell integrity and mitochondrial bioenergetics via exosomal microRNA shuttling. Cell Death Dis. 2019, 10, 580.
[CrossRef]

46. Liu, Z.; Li, C.; Chen, S.; Lin, H.; Zhao, H.; Liu, M.; Weng, J.; Liu, T.; Li, X.; Lei, C.; et al. MicroRNA-21 increases the expression
level of occludin through regulating ROCK1 in prevention of intestinal barrier dysfunction. J. Cell Biochem. 2019, 120, 4545–4554.
[CrossRef]

47. Haines, R.J.; Beard, R.S., Jr.; Eitner, R.A.; Chen, L.; Wu, M.H. TNFα/IFNγ mediated intestinal epithelial barrier dysfunction is
attenuated by microRNA-93 downregulation of PTK6 in mouse colonic epithelial cells. PLoS ONE 2016, 11, e0154351. [CrossRef]

48. Cichon, C.; Sabharwal, H.; Rüter, C.; Schmidt, M.A. MicroRNAs regulate tight junction proteins and modulate epithe-
lial/endothelial barrier functions. Tissue Barriers 2014, 2, e944446. [CrossRef]

49. Gjorgjieva, M.; Sobolewski, C.; Ay, A.S.; Abegg, D.; Correia De Sousa, M.; Portius, D.; Berthou, F.; Fournier, M.; Maeder, C.;
Rantakari, P.; et al. Genetic ablation of miR-22 fosters diet-induced obesity and NAFLD development. J. Pers. Med. 2020, 10, 170.
[CrossRef]

50. Khan, N.; Asif, A.R. Transcriptional regulators of claudins in epithelial tight junctions. Mediat. Inflamm. 2015, 2015, 219843.
[CrossRef]

51. Wang, H.B.; Wang, P.Y.; Wang, X.; Wan, Y.L.; Liu, Y.C. Butyrate enhances intestinal epithelial barrier function via up-regulation of
tight junction protein Claudin-1 transcription. Dig. Dis. Sci. 2012, 57, 3126–3135. [CrossRef]

52. Zheng, Q.; Wang, C.; Wang, L.; Zhang, D.; Liu, N.; Ming, X.; Zhou, H.; Guli, Q.; Liu, Y. Interaction with SP1, but not binding to
the E-box motifs, is responsible for BHLHE40/DEC1-induced transcriptional suppression of CLDN1 and cell invasion in MCF-7
cells. Mol. Carcinog. 2018, 57, 1116–1129. [CrossRef] [PubMed]

53. Honda, H.; Pazin, M.J.; D’souza, T.; Ji, H.; Morin, P.J. Regulation of the CLDN3 gene in ovarian cancer cells. Cancer Biol. Ther.
2007, 6, 1733–1742. [CrossRef] [PubMed]

54. Li, L.; He, S.; Sun, J.M.; Davie, J.R. Gene regulation by Sp1 and Sp3. Biochem. Cell Biol. 2004, 82, 460–471. [CrossRef] [PubMed]
55. Kang, J.E.; Kim, M.H.; Lee, J.A.; Park, H.; Min-Nyung, L.; Auh, C.K.; Hur, M.W. Histone deacetylase-1 represses transcription

by interacting with zinc-fingers and interfering with the DNA binding activity of Sp1. Cell Physiol. Biochem. 2005, 16, 23–30.
[CrossRef]

http://doi.org/10.1136/gut.2008.165886
http://doi.org/10.1523/JNEUROSCI.2506-18.2019
http://doi.org/10.1093/jmcb/mju048
http://doi.org/10.1016/j.nut.2020.110792
http://doi.org/10.1126/science.aar3318
http://doi.org/10.1096/fj.201802673R
http://doi.org/10.3390/nu10060761
http://www.ncbi.nlm.nih.gov/pubmed/29899272
http://doi.org/10.1152/ajpgi.00214.2020
http://www.ncbi.nlm.nih.gov/pubmed/32658620
http://doi.org/10.1155/2016/5078627
http://www.ncbi.nlm.nih.gov/pubmed/27999452
http://doi.org/10.2337/db17-1034
http://www.ncbi.nlm.nih.gov/pubmed/29362226
http://doi.org/10.1038/s41419-019-1803-y
http://doi.org/10.1002/jcb.27742
http://doi.org/10.1371/journal.pone.0154351
http://doi.org/10.4161/21688362.2014.944446
http://doi.org/10.3390/jpm10040170
http://doi.org/10.1155/2015/219843
http://doi.org/10.1007/s10620-012-2259-4
http://doi.org/10.1002/mc.22829
http://www.ncbi.nlm.nih.gov/pubmed/29704436
http://doi.org/10.4161/cbt.6.11.4832
http://www.ncbi.nlm.nih.gov/pubmed/17986852
http://doi.org/10.1139/o04-045
http://www.ncbi.nlm.nih.gov/pubmed/15284899
http://doi.org/10.1159/000087728

	Introduction 
	Material and Methods 
	Mice 
	Cell and Human Submandibular Gland Tissue Culture 
	Transmission Electron Microscopy 
	Western Blot Analysis 
	Reverse Transcription PCR and Quantitative Real-Time PCR 
	Immunofluorescence Staining 
	Knockdown of Claudin-1, Claudin-3 and Sp1 
	Measurement of Transepithelial Electrical Resistance and Paracellular Tracer Flux 
	Plasmid Construction and a Dual-Luciferase Activity Assay 
	Chromatin Immunoprecipitation Assay 
	Transfection of a MiR-22-3p Mimic or Inhibitor 
	Statistical Analysis 

	Results 
	Expression of Claudin-1 and Claudin-3 Is Upregulated in the Diabetic Submandibular Gland 
	High Glucose Increases the Expression of Claudin-1 and Claudin-3 in SMG-C6 Cells and Cultured Human Submandibular Gland Tissues 
	High Glucose Decreases the Paracellular Permeability of SMG-C6 Cells 
	Claudin-1 and Claudin-3 Are Required for the High Glucose-Induced Reduction in Paracellular Permeability 
	MiR-22-3p Is Downregulated and Involved in the High Glucose-Induced Upregulation of Claudin-1 and Claudin-3 
	Sp1 Is Increased in the Diabetic Submandibular Gland and High Glucose-TreatedSMG-C6 Cells 
	Sp1 Activates the Transcription of Claudin-1 and Claudin-3 by Binding to the Claudin-1 and Claudin-3 Promoters 
	MiR-22-3p Upregulates Claudin-1 and Claudin-3 by Directly Targeting Sp1 in SMG-C6 Cells 

	Discussion 
	Conclusions 
	References

