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Disruption of tight junctions contributes to hyposalivation of
salivary glands in a mouse model of type 2 diabetes
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1 | INTRODUCTION

Abstract

Tight junction (TJ) plays an important role in regulating paracellular fluid transport
in salivary glands; however, little is known about the involvement of TJs in diabe-
tes salivary glands. This study aimed to investigate the alterations of TJs and their
possible contribution in diabetes-induced hyposalivation. Here, we observed that
the morphologies of submandibular glands (SMGs) were impaired, characterized by
enlarged acini accumulation with giant secretory granules, which were significantly
reduced in atrophic ducts in SMGs of db/db mice, a spontaneous model of type-2
diabetes. However, the secretory granules were increased and scattered in the acini
of diabetes parotid glands (PGs). Other ultrastructural damages including swollen mi-
tochondria, expansive endoplasmic reticulum, and autophagosomes were observed
in the diabetes group. The levels of TJ proteins including claudin-1 (Cldn1) and clau-
din-3 (Cldn3) were increased, whereas those of claudin-4 (Cldn4), occludin (Ocln), and
zonula occludens-1 (ZO-1) were decreased in SMGs of db/db mice. Higher Cldn1 and
Cldn3 and lower claudin-10 (Cldn10) and Ocln levels were observed in PGs of diabe-
tes mice. Taken together, the structures of SMGs and PGs were impaired in diabetes
mice, and the disruption of TJ integrity in both SMGs and PGs may contribute to
diabetes-induced hyposalivation.
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dry mouth is up to 30%-80% in diabetes patients and only 10%-30%
in healthy subjects (Carda et al., 2006; Ivanovski et al., 2012; Malicka

Saliva plays a critical role in the maintenance of oral and systemic
health through its diverse functions such as providing lubrication, ini-
tiating digestion, and offering first-line immunity (Dawes et al., 2015).
Diabetes is one of the most prevalent metabolic diseases affecting
millions of people (Cho et al., 2018). Dry mouth is a common com-
plication of diabetes (Hoseini et al., 2017; Carramolino-Cuellar et al.,
2018; Pedersen et al., 2018). Studies show that the prevalence rate of

et al., 2014). Moreover, components of saliva have been reported to be
altered in diabetes patients, which may change oral microenvironment
and make it susceptible to bacteria (Naseri et al., 2018; Salehi et al.,
2019; Tiongco et al., 2019). Reduced salivary flow can cause damage
to the oral cavity and induce diseases like dental caries, oral infec-
tions, swallowing difficulties, and speaking difficulties, which in turn
affect the quality of patient life (Dawes et al., 2015, Marsh et al., 2016,
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Mauri-Obradors et al., 2017). Ameliorating hyposalivation can there-
fore largely improve life quality of patients with diabetes. However,
the mechanism of diabetes-induced hyposalivation is not yet fully un-
derstood; hence, it is of great significance to investigate the underlying
mechanisms of diabetes hyposalivation.

Saliva is mainly secreted from three major salivary glands namely
the submandibular glands (SMGs), parotid glands (PGs), and sublingual
glands (SLGs) through a tight junction (TJ)-based paracellular pathway
and an aquaporin 5 (AQP5)-mediated transcellular pathway (Liu and
Lin, 1969). Recently, reduced expression of AQP5 has been reported in
diabetes patients and animal models (Zhang et al., 2013; Huang et al.,
2018); however, little is known about the changes in the paracellular
pathway in diabetes salivary glands. TJs are the protein complex lo-
cated at the cell-to-cell interactions, which consist by transmembrane
proteins, such as claudins (Cldns) and occludin (Ocln), together with
intracellular proteins, like zonula occludens (ZOs) (Zhang et al., 2018).
TJs mediate water, ions and small molecules passing through the
paracellular pathway, and play an important role in salivary secretion
(Zhang et al., 2013; Xiang et al., 2014; Cong et al., 2015; Buckley and
Turner, 2018). In hyposecretory SMG, acinar TJ width is decreased,
while the expression of ZO-1, Cldn3, and Cldn11 are reduced (Cong
et al., 2012; Yang et al., 2017). Additionally, both epithelial and endo-
thelial TJs are disrupted in salivary glands of patients with Sjégren's
syndrome (SS) as well as model mice, contributing to salivary hypose-
cretion (Zhang et al., 2016; Cong et al., 2018). Moreover, TJs are re-
portedly damaged in other diabetes complications (Jiang et al., 2019;
Bu et al., 2020). Cldn1 is upregulated in streptozotocin-induced mice
podocytes, which contributes to the pathogenesis of albuminuria
(Hasegawa et al., 2013). Down-regulation of TJ proteins Cldn5, Ocln,
and ZO-1 are observed in vascular endothelial cells of cerebral tissue
in KKAy mice, a genetic model of type-2 diabetes (Li et al., 2018). Even
in the early stage of type-2 diabetes, TJ structures are reported to be
impaired in distal intestinal epithelia (Beltrame de Oliveira et al., 2019).
These findings imply that the abnormality of TJ is an important mecha-
nism related to the pathogenesis of diabetes complications. However,
whether TJs are altered in diabetes salivary glands and involved in dia-
betes-induced hyposalivation or not is still unknown.

Based on this background, this study aimed to investigate the
morphological alterations of the three major salivary glands in
type-2 diabetes mice and the role of TJs in diabetes-induced hypos-
alivation, providing novel insights into diabetes-induced hyposali-
vation and availing a potential target for ameliorating dry mouth in
diabetes patients.

2 | MATERIALS AND METHODS
2.1 | Reagents and antibodies

Alcian Blue 8GX, Schiff's reagent and Oil red O staining solution
were purchased from Sigma-Aldrich. The primary antibodies to Cldn1
(BS1063), Cldn3 (BS1067), Cldn4 (BS1068) and claudin-7 (Cldn7,
BS1070) were purchased from Bioworld Technology (Minneapolis,
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MN, USA). Primary antibodies to Cldn10 (38-8400), Ocln (71-1500),
Z0-1 (40-2200) and Alexa-Fluor-594-conjugated secondary antibod-
ies were from Thermo Fisher Scientific. The antibody to B-actin (#4970)
was purchased from Cell Signaling Technology (Beverly, MA, USA).

2.2 | Animals

Six 16-week-old male leptin receptor knock-out db/db mice and
six age-matched db/m mice were provided by ChangZhou Cavens
Laboratory Animal Ltd. The animal research was approved by the
Ethics Committee of Animal Research, Peking University Health
Science Center (No. LA2015071) and complied with the ARRIVE
guidelines (Group, 2010) as well as the relevant national laws on the
protection of animals. Mice were kept in a humidity-and tempera-
ture (24 °C)-controlled animal room with a light-dark cycle (12:12 hr)
in different cages for each group (3/cage). The animals were allowed
free access to normal diet (complete formula feed, 12.95% fat,
24.02% protein and 63.03% carbohydrate, purchased from BEIJING
KEAO XIELI FEED CO., LTD.) and drinking water ad libitum but were
fasted for a minimum of 5 hr with water ad libitum before extraction.
After anesthesia with an intraperitoneal injection of chloral hydrate
(0.4 g/kg body weight), the volume of saliva was measured for 10 min
after injection of pilocarpine (10 pg/g body weight) using capillary
tubes. Total protein content of collected saliva was detected using
the BCA Protein Assay Kit (M&C Gene Technology). SMGs, PGs
and SLGs were isolated and extracted from db/m and db/db mice
at 9:00-12:00 a.m. Blood glucose level was measured on mice tail
veins using a Glucometer (ACCU-CHEK). Blood samples were col-
lected from the heart and the serum was isolated by centrifuging at
2,975 g for 10 min at 4°C. The level of serum insulin was measured
with the lodine [*2°1]-Insulin Radioimmunoassay Kit (Union Medical
& Pharmaceutical Technology Ltd.). Assessment of insulin resistance
index (HOMA-IR) was calculated according to the following formula:
fasting insulin (mU/L) x fasting glucose (mmol/L)/22.5. Finally, mice
were sacrificed by spinal dislocation.

2.3 | Histological evaluation

SMG, PG and SLG tissues from mice were fixed in 4% paraformal-
dehyde for 24 hr, embedded in paraffin wax, and cut into serial sec-
tions of 5 um. The sections were deparaffinized and hydrated, then
stained with hematoxylin and eosin (H&E). To determine the com-
ponents of the secretory granules, the deparaffinized and hydrated
series sections were immersed in 1% alcian blue (AB) (pH 2.5) for
15 min. After rinsing in water, the sections were counterstained with
hematoxylin. For periodic acid-Schiff (PAS) staining, deparaffinized
and hydrated sections were oxidized in 1% periodic acid solution for
10 min and rinsed in distilled water, after which the sections were
placed in Schiff reagent for 15 min and their nucleus were counter-
stained. Fresh SMG, PG and SLG samples were embedded in optimal

cutting temperature compound and cut into frozen slices of 7 um by
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a cryostat for Oil red O staining. Images of the glands were captured
under a light microscope (Q550CW, Leica, Manheim, Germany). Five
fields of each section were randomly chosen to evaluate the size of
acini and ducts in mice SMGs. The mean size of each section was

statistically analyzed.

2.4 | Transmission electron microscopy

Animal tissues of salivary glands were fixed in 2% glutaraldehyde
at 4°C for 24 hr and post-fixed in 1% osmium tetroxide at 4°C for
2 hr. Ultrathin sections were produced and stained with 10% uranyl
acetate and 1% lead citrate. The ultrastructure was observed under
a transmission electron microscope (TEM) (HITACHI H-7000, Tokyo,
Japan). Ten acinar cells and ten ductal cells of each sample were ran-
domly selected to analyze the size and number of secretory granules
in mice SMGs and PGs.

2.5 | Western blotting

The samples were homogenized in RIPA buffer (Thermo Fisher
Scientific) and sonicated for 27 s (run 3 s and pause 2 s), then
centrifuged at 17,136 g for 10 min at 4°C. The supernatant was
collected, and the protein concentration was determined by the
Bradford method (M&C Gene Technology Ltd). Equal amounts
of proteins (20-40 ug) were separated on a 10% and 12% SDS-
PAGE at a stable voltage 100 V for about 2 hr and transferred
onto a polyvinylidene difluoride membrane at a stable electric
current of 200 mA for 2-3 hr. The membranes were blocked with
5% non-fat milk for 2 hr at room temperature, probed with the
primary antibodies at 4°C overnight, and incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibodies for
2 hr at room temperature. Immunoreactive bands were visualized
with enhanced chemiluminescence (Thermo Scientific Pierce), and
their densities were quantified using Image J Software (National
Institutes of Health).

TABLE 1 Primers for tight junction

ANNTQNIGH, - ST .-

2.6 | Reverse transcription PCR and real-time PCR

Total RNA was extracted from homogenized gland tissue using
TRIzol reagent (Invitrogen). For each sample, 1-2 ug RNA was re-
versed into cDNA by 5 x All-In-One RT MasterMix (G490, Applied
Biological Materials Inc) according to the manufacturer's instruc-
tions. For real-time PCR, 2 x SYBR® Green Master Mix (Genstar) was
used with 10 nmol/L of each primer, and 2 ul of each 1:3 diluted
cDNA, in a final volume of 10 pl. DyNAmo™ ColorFlash SYBR Green
gPCR Kit (Thermo Fisher Scientific) was used on a PikoReal Real-
Time PCR System (Thermo Fisher Scientific) cycling at 95°C x 5 min,
95°C x 10 s, followed by 60°C x 30 s for 40 cycles, after which analy-
sis was done using PikoReal 2.0 software. The primer sequences for
TJ components were as shown in Table 1.

2.7 | Immunofluorescence staining

Gland samples were fixed in 4% paraformaldehyde for 24 hr at 4°C,
dehydrated in 30% sucrose and embedded in optimal cutting tem-
perature compound. Frozen slices of 7 um were cut in a cryostat
and immersed in citrate buffer (pH 6.0) then heated in a microwave
oven for 15 min for antigen retrieval. After blockage with 1% bovine
serum albumin, the sections were incubated by the primary antibod-
ies with dilution 1:100 or 1:200 in 1% bovine serum albumin at 4°C
overnight. Secondary antibodies with dilution 1:400 in phosphate-
buffered saline were incubated at 37°C for 1 hr. Nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPI). Confocal images were
captured by using a laser scanning confocal microscope (Leica TCS
SP8, Wetzlar, Germany).

2.8 | Statistical analysis
Data are described as mean + standard error of the mean. The nor-

mality of data in db/m and db/db mice was confirmed by Shapiro-
Wilk test. Statistical significance of the difference between db/m

proteins Gene Forward primer (5’-3’) Reverse primer (5’-3')
Mouse

Cldn1 GACAGGAGCAGGAAAGTAGGA CTTTGGAATTAGGCAGAACGA
Cldn2 CCATGGCCTCCCTTGGCGTCC CACACATACCCAGTCAGGCTG
Cldn3 TTTCTTTGTCCATTCGGCTTG ACCGTACCGTCACCACTACCA
Cldn4 GATCTTGGCCTTGACGGTCTC CTCTGGATGAACTGCGTGGTG
Cldn5 CCATGGGGTCTGCAGCGTTGG GGCGAACCAGCAGAGCGGCAC
Cldn7 CCATGGCCAACTCGGGCCTGCAAC TCACACGTATTCCTTGGAGG
Cldn10 CCATGGGTAGCACGGCCTTGG TTAGACATAGGCATTTTTATC
Ocln CCATCTTTCTTCGGGTTTTCA CTTCTGGATCTATGTACGGCTCA
Z0-1 GTAAAGCCTGGTGGTGGAACT TCGAACCTCTACTCTACGACATG
p-actin CACAGCTGAGAGGGAAATC TCAGCAATGCCTGGGTAC

Abbreviations: Cldn, claudin; Ocln, occuldin; ZO-1, zonula occludens-1.
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and db/db mice was evaluated using unpaired Student's t test with
GraphPad software (GraphPad Prism 5.0, CA, USA). All p < .05 were
considered to be significant.

3 | RESULTS

3.1 | Impaired morphology and function of salivary
glands in db/db mice

The clinical and biochemical parameters of mice are presented in
Table 2. The body weight was increased in db/db mice in which
increased food and water intake, higher blood glucose, serum in-
sulin, and HOMA-IR value confirmed diabetes (Table 2). Despite
the higher body weight and larger size of db/db mice (Figure 1a),
gross observation showed that the size of both SMGs and PGs

TABLE 2 Theclinical and biochemical parameters of mice

Body weight Water intake Food intake
Group (g) (ml/day) (g/day)
db/m 34.73+1.20 7.50+0.79 3.44 +0.09
db/db 56.12 + 3.07** 13.13 £ 0.63** 4.84 +0.24**

Note: Mean + SEM, n = 5-6, **p < .01, versus db/m.
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were obviously decreased in db/db mice (Figure 1b). The aver-
age weight of SMGs was 92.08 + 5.75 mg in db/m mice, whereas
a lower weight of 45.50 + 7.18 mg was observed in db/db mice
(Figure 1c). Meanwhile, the weight of PGs was significantly re-
duced from 15.50 + 1.18 mg in db/m mice to 6.68 + 0.75 mg in
db/db mice (Figure 1d). However, no changes were observed in
SLGs of db/db mice (12.67 + 1.86 mg) as compared with db/m
mice (13.58 + 2.71 mg) (Figure 1e). In addition, the ratios of gland
weight to body weight were decreased in SMGs, PGs and SLGs
(Figure 1f-h). Therefore, a significant atrophy of salivary glands
was presented in db/db mice.

In order to evaluate the function of salivary glands in diabetic
condition, we measured the stimulated salivary flow rates of mice
after injection of pilocarpine. As shown in Figure 1i, the stimulated
salivary flow rates were significantly decreased in db/db mice com-

pared to db/m mice (Figure 1i). Moreover, the total salivary protein

Serum insulin
(mU/L)

Blood glucose

(mmol/L) HOMA-IR
7.80+0.68

2447 +£1.37**

12.76 +1.87
21.63 + 1.58**

415+0.71
24.33 + 1.33**

A 38
- db/m db/db
- ? @ o =
C & ¢.10; P E % 0.020;
N N
Eﬂ g:ggz :E:n gb 0.015-
2 0.04- g 0.010 2 0.010
% 0.024 E 0.005 :3 0.005-
w1 0.00- 0.00 @ (.000-
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E :én 1.5 g :E-nl.s E %‘)1.5'
-%D 3 1.04 505 1.0 -%‘J 2 1.0- FIGURE 1 Gross morphology and
s g = z i ok function of submandibular glands, parotid
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contentin collected saliva was also reduced in db/db mice (Figure 1j).
Taken together, the secretory function of diabetes salivary glands
was impaired.

3.2 | Impaired structure of submandibular
glands and parotid glands in db/db mice

We investigated the histological features of the three major sali-
vary glands. H&E staining showed an enlargement of acini and
an atrophy of ducts in SMGs of db/db mice (Figure 2a). The mean
size of acini was 73.35 * 2.45 pm? in db/m mice, which increased
to 139.10 £ 5.54 um2 in db/db mice while the ductal size reduced
from 260.90 + 9.25 um? in db/m mice to 204.0 + 6.174 um? in db/
db mice (Figure S1). No alterations were observed in the size of acini

FIGURE 2 Histological structure of
submandibular glands, parotid glands
and sublingual glands in db/m and db/
db mice. (a-c) H&E staining of SMGs,
PGs and SLGs. (d-f) Qil red O staining of
SMGs, PGs and SLGs. (g-i) Alcian blue
(AB) staining of SMGs, PGs and SLGs.
(j-1) Periodic acid-Schiff (PAS) staining of
SMGs, PGs and SLGs. A, acinus; D, duct;
PG, parotid gland; SLG, sublingual gland;
SMG, submandibular gland

and ducts of diabetes PGs and SLGs (Figure 2b,c). Oil red O staining
showed no accumulation of lipid droplets in SMGs, PGs and SLGs
(Figure 2d-f). The acidic and neutral mucin can be detected by AB
and PAS staining, respectively (Filipe and Branfoot, 1974). As shown
in Figure 2g,j, acini of SMGs were moderately stained by AB and PAS
reagents in db/m mice but strong staining was observed in db/db
mice, indicating that more acidic and neutral mucins accumulated in
the acini of diabetes SMGs (Figure 2g,j). The AB staining for PG acini
in both db/m and db/db mice was negative. However, PAS staining
intensity was slightly stronger in the acini of db/db mice compared
to db/m group, indicating that more neutral mucins were blocked
in the acini of diabetes PGs (Figure 2h,k). As shown in Figure 2il,
the acini of mice SLGs had strongly positive AB and PAS staining
results in db/m group, suggesting that SLGs acini contain much

more acidic and neutral mucins than SMGs and PGs. However, no
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FIGURE 3 Ultrastructure of submandibular glands, parotid glands and sublingual glands in db/m and db/db mice. (a, b) Acini of SMGs
in db/m and db/db mice. (c, d) Granular convoluted tubules (GCTs) of SMGs in db/m and db/db mice. (e, f) Mitochondria in SMGs of db/m
and db/db mice. (g, h) Endoplasmic reticulum in SMGs of db/m and db/db mice. (i, j) Autophagosomes in SMGs of db/m and db/db mice. (k,
1) Acini of PGs in db/m and db/db mice. (m, n) Mitochondria in PGs of db/m and db/db mice. (o, p) Acini of SLGs in db/m and db/db mice.
A, autophagosomes; ER, endoplasmic reticulum; Lu, lumen; M, mitochondria; N, nucleus; PG, parotid gland; SLG, sublingual gland; SMG,
submandibular gland; *, secretory granules; white arrows represent swollen and raptured mitochondria

obvious differences were observed between db/m and db/db group
(Figure 2i,1).

3.3 | Injured ultrastructure of submandibular
glands and parotid glands in db/db mice

TEM showed that round and homogenous secretory granules with a
mean diameter of 1.11 + 0.05 um occupied in the acinar cells of SMGs
in db/m mice (Figure 3a, Figure S2). However, secretory granules
with lower densities fused to each other, and formed relatively large
pools of secretory material (diameter around 3.20 + 0.25 um) in the

acinar cells of db/db mice (Figure 3b, Figure S2). Moreover, normal

endoplasmic reticulum appearance was displayed in the cytoplasm
of db/m mice, while irregular dilation around the nuclei of acinar cells
was observed in the SMGs of db/db mice (Figure 3a,b). The granu-
lar convoluted tubule (GCT) is a major component of the ductal sys-
tem in mouse SMG. Here, the number of secretory granules in GCTs
was significantly decreased in the SMGs of db/db mice (25 + 2.22/
cell in db/db mice against 45.00 + 1.39/cell in db/m mice, p < .01)
(Figure 3c,d, Figure S3). Swollen and ruptured mitochondria (white
arrows), as well as expansive rough endoplasmic reticulum, were
also observed in the SMGs of db/db mice (Figure 3e-h). Additionally,
more autophagosomes were detected in the acini of db/db mice com-
pared to db/m mice (Figure 3i,j). Similar to SMGs, the ultrastructural

characters of PGs presented more secretory granules and impaired
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FIGURE 4 Expression of tight junction
proteins in submandibular glands of
db/m and db/db mice. (a) The mRNA
expression of Cldn1, Cldn2, Cldn3,
Cldn4, Cldn5, Cldn7, Cldn10, Ocln, and
Z0O-1 in SMGs of db/m and db/db mice.
(b) The protein levels of Cldn1, Cldn3,
Cldn4, Cldn7, Cldn10, Ocln, and ZO-1

in SMGs of db/m and db/db mice. (c-h)
Immunofluorescence staining of Cldn1
(c), Cldn3 (d), Cldn4 (e), Cldn7 (f), Ocln (g),
and ZO-1 (h) in SMGs of db/m and db/
db mice. Cldn, claudin; Ocln, occludin;
SMG, submandibular gland; ZO-1, zonula
occludens-1. Data are presented as

mean £ SEM; n = 6, *p < .05; **p < .01
compared with db/m mice
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mitochondria in the acini of db/db mice. The number of secretory
granules was 96 + 3.89/cell in acinar cells of db/m mice PG, while db/
db mice had 109 + 3.32/cell (Figure S4). In line with PAS staining, the
secretory granules in the acini of PGs were concentrated in the api-
cal area of db/m mice, which were more dispersed in the acini of db/
db mice (Figure 3k-n). No obvious differences were observed in the
ultrastructure of SLGs between db/m and db/db mice (Figure 30,p).

3.4 | The changes in tight junction protein
expression in submandibular glands of db/db mice

Cognizant of the importance of TJs in salivary secretion, we evalu-
ated the expression and distribution of TJ proteins in SMGs. The levels
of Cldn1 and Cldn3 mRNA were enhanced, whereas Cldn4 and Ocln
mRNA levels were reduced in the SMGs of db/db mice while no sig-
nificant changes were detected in Cldn2, Cldn5, Cldn7, Cldn10, and
Z0O-1 mRNA levels (Figure 4a). Similarly, the protein levels of Cldn1 and
Cldn3 were much higher in db/db mice than in db/m mice, whereas the
expression of Cldn4, Ocln, and ZO-1 were lower in the SMGs of db/db
mice. The amounts of Cldn7 and Cldn10 were not changed (Figure 4b).

Furthermore, we analyzed the distributions of TJ proteins.
Immunofluorescence images showed that Cldn1, Cldn3 and Cldn7
were mainly located in apicolateral and basolateral plasma membrane
of both acini and ducts. Cldn4 was predominantly expressed in the api-
colateral membrane of ducts in mouse SMG (Figure 4c-f). Ocln and

Z0O-1 were predominantly expressed in the apicolateral area in both

acinar and ductal cells (Figure 4g,h). The fluorescence intensities of
Cldn1 and Cldn3 were enhanced in the db/db group (Figure 4c,d) but
Cldn4 staining intensity was reduced in the ducts of diabetes SMGs
(Figure 4e). Moreover, the staining intensities of Ocln and ZO-1 were
much weaker in the acini of diabetes SMGs (Figure 4g,h). Apart from
changes in TJ protein expression, changes in their subcellular locations
also affect salivary secretion. However, no obvious alterations were

observed in the locations of TJ proteins in diabetes SMGs in this study.

3.5 | The changes in tight junction protein
expression in parotid glands of db/db mice

The expression levels of TJ proteins in PGs were further examined.
Cldn10 and Ocln mRNA levels were decreased in the PGs of db/
db mice (Figure 5a). Consistent with mRNA alterations, the protein
expression of Cldn10 and Ocln were largely reduced, and Cldn1
and Cldn3 protein levels were elevated in diabetes PGs. Other TJ
proteins including Cldn2, Cldn4, Cldn5, Cldn7, and ZO-1 were un-
changed in the PGs of db/db mice when compared to db/m mice
(Figure 5b).

4 | DISCUSSION

In this study, we analyzed the morphological alterations of the

three major salivary glands in diabetes mice. Our results suggested

A 2.0- 3 db/m
4 ) B8 db/db
=z s
Z5 15
£2
°>’ o 1.0- *
= Qo %
3 o 0.5
[T} .5
(14
0.0-
N & %) ) 43 Q N N
) Q> & & N S N > o
B db/m db/db_ |\,
Cldn1 }' -..| 2
Cldn3 | "= -.| 23
3 db/m
2.0 B db/db FIGURE 5 Expression of tight junction
cu 4|--~ «-| 2
" 'E O * proteins in parotid glands of db/m and
& 1.54 db/db mice. (a) The mRNA expression of
Cldn7 ‘.-‘-| 23 @
" E.. Cldn1, Cldn2, Cldn3, Cldn4, Cldn5, Cldn7,
] .
1.0+ Cldn10, Ocln, and ZO-1 in PGs of db/m
Cldn10 _. - -| 5 9 , Ocln,
g and db/db mice. (b) The protein levels of
Oclnm - | 63 =05 3| e Cldn1, Cldn3, Cldn4, Cldn7, Cldn10, Ocln,
E and ZO-1 in PGs of db/m and db/db mice.
70-1 ! . ’ | 210 0.0- PG, parotid gland; Cldn, claudin; Ocln,
— N & ¢°‘ ((\ N N » occludin; ZO-1, zonula occludens-1. Data
\b \b’ \b \b bo © 1,0
lHwtin|. - e - | 43 @ ¢ < o o are presented as mean = SEM; n = 6. *p <

.05; **p < .01 compared with db/m mice



HUANG ET AL.

that the structures were impaired in both diabetes SMGs and PGs.
Furthermore, by detecting TJ proteins in SMGs and PGs, we found
increased expression of Cldnl and Cldn3 and decreased expression
of Cldn4, Ocln, and ZO-1 in diabetes SMGs, while higher expression
of Cldn1 and Cldn3 and lower levels of Cldn10 and Ocln were meas-
ured in diabetes PGs. These TJ protein changes in diabetes SMGs
and PGs may lead to the disruption of TJ integrity and affect the se-
cretory functions of salivary glands. Moreover, the different changes
in TJ protein expression in diabetes SMGs and PGs indicated that
the mechanisms under the dysfunction of diabetes SMGs and PGs
were variable.

Previous studies have demonstrated the impairmentsin the struc-
ture and function of salivary glands in diabetes patients and animal
models. Clinical pathological observations showed the enlargement
of acini and secretory granules in SMGs from diabetes patients. In
contrast, increased volume fractions of stromal components includ-
ing vessels, and proportionally less parenchyma have been reported
in previous studies (Lindeberg and Andersen, 1987; Reuterving et al.,
1987; Lilliu et al., 2015a, 2015b). In addition, lipid droplets and secre-
tory granules reportedly accumulate in the acinar and ductal cells in
SMGs of diabetes patients (Anderson and Garrett, 1986; Anderson
et al., 1994). In rats with streptozotocin-induced diabetes and insu-
lin resistant rats induced by a high-fat diet, degenerative changes in
the structure and reduced function of both SMG and PG have been
observed (Kolodziej et al., 2017; Maciejczyk et al., 2017). PGs from
diabetes patients are characterised by the presence of small acini,
increased number of intracytoplasmic lipid droplets in the acinar
and ductal cells, as well as an abundant adipose infiltration in the
stroma (Anderson and Garrett, 1986; Carda et al., 2005). However,
other reserchers found no changes in the size of acini and secre-
tory granules in diabetes PGs (Lilliu et al., 2015a, 2015b). Therefore,
controversy still exists in the nature of the alterations of diabetes
salivary glands. The different observations among these studies may
be related to the stages or types of diabetes. Here, we used type-2
diabetes model db/db mice to explore the morphological alterations
of the three major salivary glands in diabetic condition. Obvious at-
rophy of SMGs and PGs were observed in db/db mice when com-
pared to db/m mice. SMGs showed an atrophy of ducts in diabetes
mice and an enlargment of acini caused by accumulation of mucins.
Acini of murine SMGs are composed of seromucous cells, which are
moderately stained by AB and PAS reagents (Filipe and Branfoot,
1974). Here, stronger AB and PAS staining densities of acini in db/
db mice demonstrated that more acidic and neutral mucins accumu-
lated in the acini of diabetes SMG. As for PGs, acini of murine PGs
are mainly composed of serous cells, which display AB-negative and
moderate PAS-positive (Filipe and Branfoot, 1974). In our results,
although no changes in the size of acini were observed, more neu-
tral mucins were dipersed in acinar cells of diabetes PGs. Mucins
are the main component of saliva that can be altered when salivary
glands are in a pathological state, therefore they can reflect changes
in salivary glands functions (High et al., 1985). Therefore, accumula-
tion of mucins in both acini of diabetes SMG and PG demonstrated

that secretory functions of SMG and PG were impaired in diabetic
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condition. Moreover, the stimulated salivary flow rates were nota-
bly decreased in db/db mice, further suggesting reduced secretory
functions of diabetes salivary glands.

Ultrastructurally, large secretory granules were accumulated in
the acini of diabetes SMGs, and more were scattered in the acini
of diabetes PGs. Proteins are the main component of secretory
granules and their secretion is a dynamic process comprising syn-
thesis, transport, and secretion (Suzuki and Iwata, 2018). Here, the
docked secretory granules in diabetes SMG and PG suggested that
the process of secretion is somehow impaired in diabetic condition.
However, no obvious alterations were detected in diabetes SLGs.
Even if, in mucous cells of human labial glands, statistical analysis re-
vealed that the reactivity for statherin was significantly lower in the
samples from diabetes subjects than from subjects without diabetes
(Isola et al., 2011). The different results between human and mouse
mucous cell may due to species diversity. Normally, SMG contributes
to more than 60% of resting salivary secretion while PG contributes
only about 25% of resting saliva (Pedersen et al., 2018). However,
salivary production of PG increased to about 53% under the stimu-
lation of the parasympathetic nervous system (Cunning et al., 1998;
Pathak et al., 2004, Brazen et al., 2020). Therefore, the different roles
of SMG and PG in resting and stimulated conditions may account for
their discordant structural changes in diabetes. Previous studies also
identified an atrophy of both SMGs and PGs in alloxan-induced and
streptozotocin-induced diabetes rats (High et al., 1985; Reuterving
et al., 1987). Increased proportional volumes of acini and decreased
proportional volumes of the granular ducts, as well as an accumula-
tion of secretory granules are also reported in SMGs from diabetes
rats (High et al.,, 1985; Anderson et al., 1994). The difference was
that no lipid droplets were detected in our results, which may be due
to the difference in animal models. Other ultrastructural alterations
including ruptured mitochondria and expansive endoplasmic retic-
ulum, as well as more autophagosomes were measured in diabetes
SMGs and PGs, demonstrating that the ultrastructures of SMGs and
PGs were significantly injured by diabetes.

The morphological impairements of SMGs and PGs are relev-
ent to their functions. TJ-based paracellular fluid secretion largely
represents the functions of salivary glands, which play a dynamic
role in salivary secretion (Peppi and Ghabriel, 2004; Baker, 2016;
Yano et al., 2017). The expression and organization of TJ proteins
are altered during several pathological processes of xerostomia
(Ewert et al., 2010; Mellas et al., 2015; Ding et al., 2017; Cong et al.,
2018; Zhang et al., 2019). In salivary glands of SS patients and NOD
mice, the integrity of TJs is disrupted, including elevated Cldn1 and
Cldn3 expression as well as reduced Cldn4, Ocln, and ZO-1 expres-
sion (Zhang et al., 2016). ZO-1 is also observed to be decreased in
post-irradiated human SMG (Nam et al., 2016). Moreover, the ex-
pression of ZO-1, Cldn3, and Cldn11 are reduced in the hyposecre-
tory SMG, whereas these TJ proteins levels are reversed with the
restoration of SMG function (Cong et al., 2012; Yang et al., 2017).
Therefore, these findings suggest that TJ proteins are important in
the process of salivary secretion, but whether TJs are altered in di-

abetes-induced hyposalivation or not is still unclear. The present
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study found that the expression of Cldn1 and Cldn3 were increased,
while Cldn4, Ocln, and ZO-1 expression were decreased in diabetes
SMGs. Cldn1, Cldn3 and Cldn4 were classified to pore-sealing Cldns
in Cldn family. They fucntion as a barier to stop water, ions and mol-
ecules from passing through, which would decrease permeability
of the epithelium (Khan and Asif, 2015; Amoozadeh et al., 2017).
Therefore, the higher expression of Cldn1 and Cldn3 might stop sa-
liva components passing through the acinar epithelium and reduce
salivary secretion in diabetes SMGs. Since Cldn4 is predominantly
located in the apicolateral membrane of ductal cells in mouse SMG,
decreased Cldn4 may increased water and ion resorptions from
primary saliva, which further reduces saliva secretion. Studies in
diabetes retinal vessels revealed that reduced Ocln and ZO-1 in-
creased retinal endothelial permeability, which causes diabetic ret-
inopathy (Jiang et al., 2017). Ocln and ZO-1 are also reported to be
decreased in blood-brain barrier vessels under diabetic conditions,
which increases the permeability of the blood-brain barrier, and in-
creases the risk of diabetic neurological complications (Yoo et al.,
2016). Therefore, decreased Ocln and ZO-1 in diabetes SMGs might
also contribute to diabetes-induced hyposalivation. However, the
exact roles of these alterations in diabetes hyposalivation still need
further investigation.

The changes in TJs in PG have rarely been previously explored.
In our study, injured morphologies of diabetes PGs suggested that
the secretory function of PGs was damaged in diabetic condi-
tion. Our study revealed that Cldn1 and Cldn3 were upregulated,
while Cldn10 and OclIn were downregulated in db/db mice. Cldn10
was reported to be pore-forming claudins, which can increase
TJ permeability (Khan and Asif, 2015; Amoozadeh et al., 2017).
Therefore, lower Cldn10 level might reduce TJ permeability and
inhibit salivation through the paracellular pathway. All together,
the alterations of Cldn1, Cldn3, Cldn10 and Ocln expression might
contribute to the disruption of TJ, which is involved in the dys-
function of diabetes PGs.

There were several limitations in our study. Firstly, all the results
are based on mouse experiments. As is known, there are differ-
ences between the structures of human and mouse salivary glands.
The human SMG is a mixed gland mainly composed of serous acini
while mouse SMG is composed of seromucous acini. Therefore, the
results in our study may not fully reflect the changes in human
body. Secondly, our results suggested that morphological changes
of SMG, PG, and SLG were different under diabetic condition,
however the mechanism is not clear. Other researchers found that
serous acini are more vulnerable to diabetes than mucous acini
(Anderson and Garrett, 1986; Kamata et al., 2007). Herein, the dif-
ferently composed acini of SMG, PG and SLG may be the reasons,
but this needs further investigations. In addition, the mechanisms
by which diabetes alters TJ protein expression and reduces se-
cretory granules secretion in mice SMGs and PGs also need more
investigations. Our future work will focus on these three aspects
for better understanding of the mechanism on diabetes-induced
hyposalivation. Moreover, since mice were just fasted for 5 hr, and

eating food is known to stimulate salivary secretion, the secretory
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function of salivary glands might be influenced by the stimulation
of food.

The present study revealed that the morphologies of SMG and
PG were damaged in diabetes, characterized by acinar accumulation
of secretory granules. Moreover, the integrity of TJs was disrupted
in both diabetes SMGs and PGs, evidenced by higher Cldn1 and
Cldn3 levels, as well as lower Cldn4, Ocln, and ZO-1 levels in dia-
betes SMGs. Furthermore, higher Cldn1 and Cldn3 levels and lower
Cldn10 and Ocln levels were observed in diabetes PGs. The injured
TJsin SMG and PG might be responsible for diabetes hyposalivation.
Insulin resistance is a main characteristic and major pathogenesis of
type 2 diabetes and its complications, here, all the alterations ob-
served in salivary glands might be related to severe insulin resistance
in db/db mice. The results of our study provided new insights into
diabetes-induced hyposalivation and revealed potential targets for

helping improve life quality of diabetes patients.
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