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Aims: Salivary gland dysfunction is a common complication of diabetes mellitus (DM). Long non-coding RNA
(IncRNA) is evidenced to involve in the functional regulation of salivary gland, however, its role in DM-impaired
gland is unknown. Therefore, this study aimed to investigate the expression profiles and functional networks of
IncRNA in the parotid glands (PGs) of DM mice.

Main methods: Microarray was used to detect IncRNA and messenger RNA (mRNA) expression profiles in the PGs
from db/db and db/m mice. Eleven differently expressed (DE) IncRNAs validated by qRT-PCR were selected for
coding-non-coding gene co-expression (CNC) and competing endogenous RNA (ceRNA) network analysis, as well
as the following Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. Pearson’s
coefficient correlation analysis was used to analyze the correlations between DE IncRNAs expression and DM
pathology.

Key findings: By using a 2-fold change and P < 0.05 as the cutoff criteria, 1650 DE IncRNAs (758 upregulated and
892 downregulated) and 1073 mRNAs (563 upregulated and 510 downregulated) were identified in the PGs of
db/db mice compared to db/m mice. GO and KEGG analysis of DE mRNA suggested that activated inflammation
response and downregulated ion transport might count for the dysfunction of diabetic PG. CNC and ceRNA
networks analysis of 11 DE IncRNAs showed that the inflammation process and its related signaling pathways
including advanced glycation end product (AGE)-receptor for AGE (RAGE) signaling pathway in diabetic com-
plications, cytokine-cytokine receptor interaction, chemokine signaling pathway, apoptosis, and cell adhesion
molecules were significantly enriched. The alterations of IncRNAs were closely correlated with higher blood
glucose and serum insulin levels in mice.

Significance: We identified multiple IncRNAs/mRNAs and several signaling pathways that may involve in the
pathogenesis of diabetic salivary injury, providing new insight into potential target of diabetic hyposalivation.

1. Introduction

Diabetes mellitus (DM) is a group of metabolic disorders caused by
insulin production deficiency or insulin resistance [1]. Abnormal
glucose metabolism-induced hyperglycemia impairs the function of
salivary gland, thereby reducing saliva secretion [2]. With the global
epidemic of DM, an increasing number of people are suffering from a
series of problems caused by hyposalivation, including speaking,
chewing, tasting, and digesting difficulties [3]. Hence, it is worthwhile
to investigate the underlying mechanism of diabetic hyposalivation.

Parotid gland (PG) is one of the three major salivary glands, contributing
to 25% and 53% of total saliva in resting and stimulated state, respec-
tively [4]. Clinical observations already find benign enlargement of PGs
in patients with DM, accompanied by decreased salivary flow rates
[5,6]. Further studies find that the structures of PGs in DM patients and
rats are damaged, manifested as an accumulation of secreted granules
and lipid droplets. All these indicate that both structure and function of
PG are impaired under diabetic condition [7-11]. However, the un-
derlying mechanism is largely unclear.

Long non-coding RNA (IncRNA) is a cluster of non-protein-coding
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RNA with more than 200 nucleotides in length, which can function as
signals, decoys, guides, and scaffolds in epigenetic, transcriptional, or
post-transcriptional regulations [12,13]. Recently, an increasing num-
ber of IncRNA is emerging to play roles in salivary gland diseases. In
labial salivary glands of primary Sjogren’s syndrome (pSS) patients,
IncRNA expression profile is changed, which may contribute to the
pathophysiology of salivary glands by increasing autoimmune response
[14-16]. Pleomorphic adenoma is a common tumor of salivary gland.
Studies show that IncRNAs are differentially expressed (DE) in pleo-
morphic adenoma tissues from pleomorphic adenoma gene 1 transgenic
mice as compared with those from control mice [17]. Moreover, IncRNA
is reported to regulate insulin biosynthesis and secretion, as well as
glucose and lipid metabolism, thereby participating in the pathophysi-
ology of DM and its complications [18,19]. LncRNA CRNDE expression
is negatively correlated with the expression of cardiac fibrosis marker
genes. Overexpression of CRNDE attenuates cardiac fibrosis and en-
hances cardiac function in mice with diabetic cardiomyopathy [20].
Therefore, the expression profile and the potential role of IncRNA in the
dysfunction of diabetic PG need to be identified.

The present study was designed to establish IncRNA and messenger
RNA (mRNA) expression profiles in PGs from type 2 DM mice by
microarray technology. Coding-non-coding gene co-expression (CNC)
and competing endogenous RNA (ceRNA) networks, followed by Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis of DE IncRNAs and mRNAs were constructed to investigate the
potential functions of IncRNA, which may provide new directions for
further mechanism studies on the dysfunction of diabetic PG.

2. Materials and methods
2.1. Animal experiments

Four 16-week-old male leptin receptor-deficient db/db mice weigh-
ing 40-55 g (a model of spontaneous type 2 DM) and age-matched db/m
mice weighing 25-30 g were purchased from Changzhou Cavens Labo-
ratory Animal Ltd. The animal experiment was approved by the Ethics
Committee of Animal Research, Peking University Health Science Center
(No. LA2019252) and complied with the ARRIVE guidelines as well as
the National Institutes of Health Guide for the Care and Use of Labora-
tory Animals (NIH Publications No. 8023). Mice were housed in a hu-
midity- and temperature-controlled room on a reversed 12 h light/dark
cycle with free access to food and water. The animals were fasted for at
least 6 h with water ad libitum before extraction. Blood glucose level
was measured by a Glucometer (ACCU-CHEK). Serum insulin was
detected by the Iodine [*%%1]-Insulin Radioimmunoassay Kit (Union
Medical & Pharmaceutical Technology Ltd.). Insulin resistance index
(HOMA-IR) was calculated by the following formula: fasting insulin
(mU/L) x fasting glucose (mmol/L)/22.5. After anesthesia with an
intraperitoneal injection of chloral hydrate (0.4 g/kg body weight), the
fresh PG samples were extracted and frozen with liquid nitrogen for 1-2
min, then stored at —80°C.

2.2. Microarray detection and analysis

Frozen PGs from db/m and db/db mice were cryo pulverized using
biopulverizer (Biospec) and homogenized with TRIzol (Invitrogen Life
Technologies) by Mini-Bead-Beater-16 (Biospec). RNA was collected
from each sample based on the manufacturer’s protocols. The quantity
and integrity of purified RNA were evaluated using NanoDropND-1000
(Thermo Scientific) and Agilent 2100 bioanalyzer (Agilent Technolo-
gies). Microarray hybridization was performed using Agilent Gene
Expression Hybridization Kit (Agilent Technologies) in hybridization
chambers according to the manufacturer’s instructions. The Agilent
Feature Extraction Software (version 11.0.1.1) was used to analyze and
extract array images. Quantile normalization and subsequent data pro-
cessing were conducted in GeneSpring GX v12.1 software package
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(Agilent Technologies). Threshold defined as fold-change > 2.0 (Stu-
dent’s t-test, P < 0.05) was used as a volcano plot filtering for DE
IncRNAs and mRNAs. The DE profiles of IncRNA and mRNA between
db/m and db/db groups were presented by hierarchical clustering. All
the microarray hybridization and analysis were carried out by KangChen
Biotech (Shanghai, China). All the original data have been submitted to
the GenBank databases with accession number GSE161162.

2.3. Reverse transcription PCR and quantitative real-time PCR

Total RNA was extracted from homogenized PG tissues using Trizol
reagent (Invitrogen Life Technologies). For each sample, 2 ug RNA was
reversed into cDNA using 5 x All-In-One RT MasterMix (Applied Bio-
logical Materials Inc.) according to the manufacturer’s protocols. For
quantitative real-time PCR (qQRT-PCR), 10 pL reaction mixture including
5 pL of 2 x SYBR® Green Master Mix (Genstar), 2 pL of 1:3 diluted
cDNA, and 1 pL of 10 nmol/L primer were incubated in a PikoReal Real-
Time PCR System (Thermo Fisher Scientific) at 95°C for 5 min, and
followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. Data analysis
was further conducted through PikoReal 2.0 software. The primer se-
quences of IncRNAs and mRNAs were displayed in Tables 1 and 2.

2.4. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
enrichment analysis

The topGO (http://www.geneontology.org) was applied to conduct
GO analysis of target genes on molecular function, biological process,
and cellular component. KEGG pathway analysis (www.genome.
jp/kegg) was applied to analyze the key regulatory pathways involved
in the injury of diabetic PG. Furthermore, the enrichment score —log10
(P value) was calculated to analyze the significance of the differences in
terms.

2.5. Coding-non-coding gene co-expression and competing endogenous
RNA network analysis

The DE IncRNAs validated by qRT-PCR and related DE mRNAs were
selected to construct CNC and ceRNA networks. The IncRNA-mRNA co-
expression networks were constructed by calculating the Pearson cor-
relation coefficients (PCC) and P-values between multiple genes using
Cytoscape software (The Cytoscape Consortium). The transcripts were
filtered using a PCC > 0.95 and P < 0.05. The targeted microRNAs
(miRNAs) were predicted with miRNA target prediction software based
on TargetScan and miRanda databases. LncRNA-miRNA-mRNA ceRNA
networks were further constructed.

2.6. Statistical analysis

The numerical data were presented as mean =+ standard error of the
mean (SEM). Statistical analysis between two groups of normalized data
was performed using the students’ t-test in GraphPad Prism 5.0. Mann
Whitney U test was used if the variances were significantly different
through F test in SPSS 24. Correlation was conducted by Pearson’s co-
efficient correlation analysis. A level of P < 0.05 was considered sta-
tistically significant.

3. Results
3.1. Differential expression of IncRNAs and mRNAs

A type 2 DM of db/db mice was validated by the higher blood
glucose, serum insulin, and insulin resistance index compared to db/m
mice (Fig. 1A-C). LncRNA and mRNA expression profiles of mice PGs
were analyzed by microarray technology. The volcano plot analysis was
used to assess variations in IncRNAs between two groups. Of the 33,802
IncRNAs in the microarray, 1650 IncRNAs were differentially expressed
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Table 1
Primers for validated IncRNAs.
Gene Forward primer (5'-3') Reverse primer (5'-3') Size (bp)
ENSMUST00000175668 CGGGAGTATTTGGAAATGAACCT CTGGATAGCAGTGAAATGTCAGAAT 93
ENSMUST00000123574 CCGAGGCTACAAGGTGGAT CTGTTGGTTACTGCCAAGCTATA 197
ENSMUST00000189909 TCCTGAGGCGAGCATTGGC CTGTATTCCAAAAGTACCTGAAATC 81
ENSMUST00000146010 TTACGGATATTTCCTGAACGAC CACATCGAAGCATTTATTCATAGT 176
uc008anr.1 CCTCTTCTGGAAATTCACAAA TTCCTCTGAATAGTTGTTTCTTGA 199
ENSMUST00000147774 CTGATCAAGAACACCTGCCCT GTCACCAACCTGAGACCACC 242
ENSMUST00000146884 TTCACTTCTCTTCCAGGTCTTT AAGCAGGGTGCTCTTACAGT 292
ENSMUST00000099676 AGCAGGAGTCTAGCAGACAACC TGGCAGAAGACTTTAACGACG 143
ENSMUST00000150947 CAGTACATTGGTGAACTGCTTC GGCTACACATTTGCTCATCTTT 275
TCONS_00008179 GCTTGGGGCTGTCTTTATCC TTGGGCTGTATGGAATGGG 171
uc.273- AAATCTGCTCCAGGCTCACA AGTGGTTTGTGGTGTTTTTGAG 70
TCONS_00002412 CGGCATACCGTCACTGTAAA CCTCGGAAACCCAGCGAG 178
ENSMUST00000140392 TCCCATGTTTGGAGAGTGG GATGAAGAAAATCCAGTAACCA 153
AK155805 CAGGCAGTTGGGTTGGTTT CAGAATGGACTTACTCGGTGC 200
ENSMUST00000203799 GGAGTGCCGACACCAGAGT CAGAAGCGTTGATGTAGCAGA 236
ENSMUST00000160089 TCGTGCCTGTTTCCCTGAAT GGGCTGAGAGCTATGTGGAT 93
ENSMUST00000189055 TAAAGTCCTTCTTGATGTCCTCTAC TTACTCTCTCGGGATCTCTCAG 189
ENSMUST00000128831 CTACGATGAGGACGTGTTGGC CTGGAATGAAGGACCAATATCTCC 123
ENSMUST00000140814 TGGGACTTCCCTCCTCACA ACGGCACTCGTACCAACC 100
ENSMUST00000210596 TTCAGTCACACAGCAACCCG GGGTCACAGGACTTGGGATCT 173
p-actin GTACCACCATGTACCCAGGC AACGCAGCTCAGTAACAGTCC 247
Table 2
Primers for validated mRNAs.
Gene Forward primer (5'-3') Reverse primer (5'-3') Size (bp)
Tnfrsfl2a CCTGGTCTGGAGAAGATGCC TGAATGAATGGACGACGAGTG 138
Tspan3 GTGCTGGTCTTCCTCAACCT CAGCTATGATCACCACGGCA 145
Hmgn3 CACCAACGTAGTCATTATGCC AATCTTTGTTCCAGGTTCTTTC 184
Tmem176a TGCCATCGTTATTGGGTCTC TCCTCTGTTTCCGCCTTTGT 291
Hist1h4i CATGTCTGGTCGTGGCAAAG CCCTGGATGTTGTCCCGAA 87
Ms4a4b TGTGAGAACACACAAGCAAAG CTTTGAAGGCACAGCAACTCC 153
Cyr61 CGAGTTACCAATGACAACCCAG TGCAGCACCGGCCATCTA 223
Chll CAGATCGGGGTGTGGATCAG GAGGCAACGTGCAAAGACTG 300
Mmd TGGACCCCTGGCATCTCATA CATGGGCGAACGGAATGATG 254
Mastl AATCTAGCTGGCGGGAGT GGGCATCTCTCTCAGCTTGTA 295
Cyp2j13 CCTTTGTGGGCAACTCGTTC CTGGCCACTGGAGAAGATCAA 245
Wfdcl12 TTGGTCCTCATGACGCTCCT CACCTTACTCTGAGGGATCTGT 237
Rprml GCTCATCAAGTCCGAGAGCA GTAGTCTCTTCCTCGCGGTG 139
Cyp4a3l TTGCCAGAATGGAGAATGAGG CTTGGGACAGGTGGGTAGAGC 274
Nkx3-2 AACCGTCGCTACAAGACCAAAC GACGCAGGAATCCTTCTTTGC 273
Scgb1b27 CAAGGCACAGGCAACCAGTC GTGAGAGCAAGGATGTACCCAT 76
Tmcl GTTGCCCTTTGACCTACTCCT TGCTACGCTGAGAATACAGATACA 178
Scgb2b3 GCCTTCCTGGTGATTGGAGAG TGATGCAACCAAAGCCTTTTCC 110
Slc27a5 GGACCACTGGACTCCCAAAG GGTTGCTCAGGGACGTTACA 298
Slc27a2 CCTCCTGATGATCGACCGTG AGGCACGCCATACACATTCA 154
B-actin GTACCACCATGTACCCAGGC AACGCAGCTCAGTAACAGTCC 247
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Fig. 1. Confirmation of db/db mice a type 2 diabetes mice model. (A) Blood glucose levels of db/m and db/db mice. (B) Serum insulin levels of db/m and db/db
mice. (C) Insulin resistance index (HOMA-IR) of db/m and db/db mice. **P < 0.01, versus db/m mice, n = 4.

in the PGs of db/db mice as compared to db/m mice (fold change > 2, P
< 0.05). Among these IncRNAs, 758 were upregulated and 892 were
downregulated (Fig. 2A). Hierarchical clustering map presented the top
30 upregulated and downregulated IncRNAs with raw intensity higher
than 500 (Fig. 2B). The information of the top 10 upregulated and
downregulated IncRNAs was shown in Table 3. Besides, a total of 1073

DE mRNAs were detected in db/db mice, including 563 upregulated and
510 downregulated, which were depicted in the volcano plot (Fig. 2C)
and heat map (Fig. 2D). The 10 mRNAs with the largest fold changes in
both upregulated and downregulated groups were displayed in Table 4.
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Fig. 2. Differentially expressed IncRNAs and mRNAs in PGs of db/db mice comparing to db/m mice. (A) Volcano plots presenting differences in the expression of
IncRNAs between db/db mice and db/m mice. (B) Heat map of top 30 upregulated and downregulated IncRNAs with raw intensity higher than 500. (C) Volcano plots
presenting differences in the expression of mRNAs between db/db mice and db/m mice. (D) Heat map of top 30 upregulated and downregulated mRNAs with raw
intensity higher than 500. Values plotted on the x- and y-axes represent the averaged normalized signal values of each group (log2-scaled). LncRNA, long non-coding

RNA; mRNA, massage RNA; PG, parotid gland.

3.2. Validation of differentially expressed IncRNAs and mRNAs

To confirm the results of microarray, the top 20 DE IncRNAs and
mRNAs were assessed by qRT-PCR. Among 20 DE IncRNAs, 12 IncRNAs
were consistent with the microarray data. The results of 8 IncRNAs
including ENSMUST00000099676, ENSMUST00000123574, ENSMUS
T00000146010, ENSMUST00000147774, ENSMUST00000160089,

ENSMUST00000175668, ENSMUST00000189055, and ENSMUST
00000189909 were upregulated, while 4 IncRNAs including AK155805,
ENSMUST00000140392, ENSMUST00000140814, and
ENSMUST00000150947 were downregulated in the PGs of db/db mice
(Fig. 3A, B). The results of mRNA expression showed that 14 mRNAs
including 8 upregulated (Tnfrsfl12a, Tspan3, Hmgn3, Tmem176a, His-
t1h4i, Ms4a4b, Chll, and Mmd) and 6 downregulated (Cyp2j13, Wfdc12,
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Table 3
Top ten upregulated and downregulated IncRNAs of parotid glands in db/db mice.
Gene ID Source Chrome Fold change P-value Regulation Class
AK132892 Genbank chry 22.2417014 0.042319953 Up Intergenic
ENSMUSG00000108415 GENCODE chr7 14.3670564 0.011624392 Up Intergenic
AK138488 Genbank chr9 12.0713866 0.010513206 Up Intergenic
AK051538 Genbank chr3 8.0676053 0.000396168 Up Intergenic
ENSMUSG00000086070 GENCODE chr4 7.4184764 0.028916828 Up Intergenic
uc.146 UCR chr3 7.2478759 0.016735571 Up Intergenic
ENSMUSG00000095913 GENCODE chrl9 6.7277821 0.001804149 Up Antisense
AK045249 Genbank chr13 5.3530787 0.017868446 Up Intronic
ENSMUSG00000021519 GENCODE chrl3 5.2149984 0.000766994 Up Sence
ENSMUSG00000114851 GENCODE chrl3 5.1150718 0.017279288 Up Intergenic
ENSMUSG00000087112 GENCODE chr19 24.556398 0.000433013 Down Intergenic
ENSMUSG00000091021 GENCODE chr4 14.2993657 0.015806423 Down Antisense
humanlincRNA1009 lincRNA chrl2 13.4327799 7.46672E—-05 Down Sence
AKO080127 Genbank chr8 13.3184864 6.96531E—-05 Down Intergenic
ENSMUSG00000113741 GENCODE chrl2 12.6590183 7.20025E—-05 Down Antisense
ENSMUSG00000028060 GENCODE chr3 12.4492871 2.71488E—06 Down Sence
AK042825 Genbank chrl 12.035163 0.004025192 Down Intergenic
ENSMUSG00000087422 GENCODE chr2 11.640126 7.79065E—-05 Down Intergenic
ENSMUSG00000031375 GENCODE chrX 11.5410492 4.60976E—-05 Down Sence
ENSMUSG00000089934 GENCODE chr10 11.5410492 0.000108254 Down Intronic
Table 4 regulation of biological process, regulation of ion transport, and positive
able

Top ten upregulated and downregulated mRNAs of parotid glands in db/db
mice.

Gene symbol Chrome Fold change P-value Regulation
Gm29776 chr14 24.477149 0.00197521 Up
4921507P07Rik chré 20.1282934 0.038240957 Up
Wdré chr9 16.8519151 0.001257043 Up
Tmem9 chrl 16.4588434 0.000406055 Up
Tir12 chr4 12.185125 0.000258672 Up
H2-Abl chrl 7.4956671 0.003861202 Up
Chst7 chrX 7.2018267 0.002970704 Up
RbmxI2 chr7 6.5105383 0.018590881 Up
Mmp3 chr9 6.0435891 0.007259566 Up
Adamdecl chrl4 5.8511154 0.000305935 Up
Slc7all chr3 76.9199729 0.001765477 Down
Srrm4 chr5 60.4193821 0.000592696 Down
Cux1 chr5 53.8490878 0.001532157 Down
Tnxb chrl7 44.3879746 0.000340051 Down
Rprml chrll 22.5600639 0.001822389 Down
Mkks chr2 18.0295058 0.000192472 Down
Hmga2 chr10 14.587775 0.000786123 Down
0Olfr883 chr9 14.5681586 0.007079982 Down
Plbl chr5 13.719538 0.00022701 Down
cede198 chr14 13.3956077 0.000295879 Down

Rprml, Scgb2b3, Slc27a5, and Slc27a2) were in accordance to microarray
data (Fig. 3C, D).

3.3. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
analysis of differentially expressed mRNAs

We next performed GO analysis to determine the potential biological
role of the DE mRNAs. The GO results indicated that the upregulated
mRNAs were involved in 64 cellular components, 1289 biological pro-
cesses, and 116 molecular functions. Among them, the most significantly
enriched cellular component was cell periphery (Fig. 4A). For biological
process, the top 5 GO terms were immune system process, regulation of
immune system process, cell activation, positive regulation of response
to stimulus, and leukocyte activation (Fig. 4B). In addition, the top 5
enriched molecular functions of upregulated mRNAs were binding,
protein binding, chemokine activity, chemokine receptor binding, and
fibronectin binding (Fig. 4C). Meanwhile, GO analysis of downregulated
mRNAs showed involvements in 60 cellular components, 409 biological
processes, and 90 molecular functions. According to enrichment score,
the most significantly enriched cellular component was cell part
(Fig. 4D). Xenobiotic metabolic process, ion transport, negative

regulation of ion transport were significantly enriched biological pro-
cesses of downregulated mRNAs (Fig. 4E). For molecular functions, ion
transmembrane transporter activity, inorganic molecular entity trans-
membrane transporter activity, and transmembrane transporter activity
were significantly enriched (Fig. 4F).

KEGG pathway analysis of DE mRNAs determined 86 altered path-
ways in the PGs of db/db mice including 68 upregulated and 18
downregulated. The upregulated mRNAs in the PGs of db/db mice were
significantly involved in the pathways like cytokine-cytokine receptor
interaction, osteoclast differentiation, chemokine signaling pathway,
Staphylococcus aureus infection, and rheumatoid arthritis (Fig. 4G). The
notable pathways including arachidonic acid metabolism, linoleic acid
metabolism, serotonergic synapse, cortisol synthesis and secretion, and
inflammatory mediator regulation of transient receptor potential chan-
nels were associated with the downregulated mRNAs (Fig. 4H).

3.4. Coding-non-coding gene co-expression network analysis

In order to identify co-expressed mRNAs of DE IncRNAs in diabetic
PG, 11 IncRNAs (fold change > 2, P < 0.05), excepting for
ENSMUST00000147774 which was validated to be upregulated less
than 2 folds in the qQRT-PCR experiment, were selected to conduct the
IncRNA-mRNA interaction and co-expression network using Cytoscape
v2.8.3.4. GO analysis on co-expressed mRNAs presented that these
mRNAs were involved in 78 cellular components, 1266 biological pro-
cesses, and 127 molecular functions. The significantly enriched GO
terms were immune system process, cell activation, biological adhesion,
cell adhesion, and leukocyte activation in biological processes and cell
periphery, plasma membrane, cell part, cell, and extracellular region in
cellular components (Fig. 5A, B). In addition, the molecular functions of
binding, protein binding, protein dimerization activity, signaling
pattern recognition receptor activity, and pattern recognition receptor
activity were significantly enriched (Fig. 5C). KEGG pathway analysis
showed that the co-expressed mRNAs were mostly enriched in advanced
glycation end product (AGE)-receptor for AGE (RAGE) signaling
pathway in diabetic complications, cytokine-cytokine receptor interac-
tion, chemokine signaling pathway, malaria, and osteoclast differenti-
ation (Fig. 5D).

We then chose the top 3 signaling pathways with higher enrichment
scores in KEGG analysis and set the PCC of IncRNA and mRNA co-
expression at above 0.95 to draw IncRNA-mRNA interaction and co-
expression networks. As showed in the network, a total number of 34
DE mRNAs were related to 7 DE IncRNAs involving in AGE-RAGE
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Fig. 3. Validation of differently expressed IncRNAs and mRNAs by qRT-PCR. (A) Expression of selected 10 upregulated IncRNAs in db/db mice and db/m mice. (B)
Expression of selected 10 downregulated IncRNAs in db/db mice and db/m mice. (C) Expression of selected 10 upregulated mRNAs in db/db mice and db/m mice.
(D) Expression of selected 10 downregulated mRNAs in db/db mice and db/m mice. *P < 0.05 and **P < 0.01, versus db/m mice, n = 4. LncRNA, long non-coding
RNA; mRNA, massage RNA; qRT-PCR, quantitative real-time polymerase chain reaction.

signaling pathway in diabetic complications, cytokine-cytokine receptor
interaction, and chemokine signaling pathway (Fig. 6).

3.5. LncRNA-miRNA-mRNA network analysis

The IncRNA-associated ceRNA mechanism has been demonstrated to
participate in the development of diabetic complications. To classify the
ceRNA function, 11 DE IncRNAs were selected according to qRT-PCR
results. Then, we predicted miRNAs and their target genes in TargetS-
can and miRanda database, in which the involved genes were limited to
the DE mRNAs detected in the microarray, and the predicted miRNA ID
was within 1000. GO and KEGG analysis were carried out on DE mRNAs
involved in ceRNA function of the candidate IncRNAs. GO analysis
presented that the most significantly enriched cellular components was
cell part (Fig. 7A). The significantly enriched biological processes were
cellular process, immune system process, negative regulation of bio-
logical process, cell activation, and cell-cell adhesion (Fig. 7B). For
molecular functions, binding, protein binding, fibronectin binding, ion
binding, and ion transmembrane transporter activity were enriched
(Fig. 7C). The enriched pathways including AGE-RAGE signaling
pathway in diabetic complications, influenza A, apoptosis, colorectal
cancer, and cell adhesion molecules (CAMs) were associated with
ceRNA function of IncRNA (Fig. 7D).

In order to show detailed interactions among IncRNA, miRNA, and
mRNA, 3 significantly enriched signaling pathways including AGE-
RAGE signaling pathway in diabetic complications, apoptosis, and
CAMs in KEGG results were selected to draw IncRNA-miRNA-mRNA
networks (Fig. 8A-G). As shown in the networks, each IncRNA has a

different number of interacted genes. Among the 4 upregulated
IncRNAs, ENSMUST00000160089 had a maximum number of regulated
genes in its network, including 23 miRNAs and 18 mRNAs (Fig. 8B),
whereas ENSMUST00000099676 was only predicted to target 5 miRNAs
and regulate 2 mRNAs (Fig. 8C). The ceRNA function network of
ENSMUST00000140392 was the largest one in the 3 downregulated
IncRNAs, which was composed of 24 miRNAs and 13 mRNAs (Fig. 8G).

3.6. Correlation analysis between IncRNAs expression and diabetes
mellitus pathology

In order to investigate whether IncRNAs alterations were associated with
diabetic condition of mice, we further analyzed the correlations between 11 DE
IncRNAs expression and blood glucose as well as serum insulin levels. The
expression of ENSMUST00000099676, ENSMUST00000123574,
ENSMUST00000146010, ENSMUST00000160089, ENSMUST00000175668,
ENSMUST00000189055, and ENSMUST00000189909 were positively corre-
lated with blood glucose level (Fig. 9A-G). ENSMUST00000140392,
ENSMUST00000140814, and ENSMUST00000150947 levels were negatively
correlated with blood glucose level, whereas AK155805 expression was not
correlated with it (Fig. 9H-K).

In line with blood glucose, the expression amount of
ENSMUST00000099676, ENSMUST00000123574, ENSMUST00000146010,
ENSMUST00000160089, ENSMUST00000175668, and
ENSMUST00000189909 showed positive correlations with serum insulin level,
ENSMUST00000140392 and ENSMUST00000150947 expression showed
negative correlations with serum insulin level, while the expression of
ENSMUST00000189055, AK155805, and ENSMUST00000140814 showed no
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Fig. 4. GO and KEGG analysis of differently expressed mRNAs in PGs of db/db mice comparing to db/m mice. (A) GO analysis of upregulated mRNAs on cellular
component (CC). (B) GO analysis of upregulated mRNAs on biological process (BP). (C) GO analysis of upregulated mRNAs on molecular function (MF). (D) GO
analysis of downregulated mRNAs on CC. (E) GO analysis of downregulated mRNAs on BP. (F) GO analysis of downregulated mRNAs on MF. (G) KEGG pathway
analysis of upregulated mRNAs. (H) KEGG pathway analysis of downregulated mRNAs. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes;

mRNA, massage RNA; PG, parotid gland; DE, differently expressed.
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Fig. 5. GO and KEGG analysis based on CNC analysis results of 11 IncRNAs. (A) GO analysis of co-expressed mRNAs on cellular component (CC). (B) GO analysis of
co-expressed mRNAs on biological process (BP). (C) GO analysis of co-expressed mRNAs on molecular function (MF). (D) KEGG analysis of co-expressed mRNAs. GO,
Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; CNC, coding-non-coding gene co-expression; IncRNA, long non-coding RNA; mRNA, mas-
sage RNA.

Fig. 6. LncRNA-mRNA co-expression network
involving in AGE-RAGE signaling pathway in diabetic
complications, cytokine-cytokine receptor interac-
tion, and chemokine signaling pathway. Red nodes
represent upregulated IncRNAs; purple nodes repre-
sent downregulated IncRNAs; blue nodes represent
mRNAs. Positive correlation is a solid line, negative
correlation is a dashed line. LncRNA, long non-coding
RNA; mRNA, massage RNA; AGE, advanced glycation
end products; RAGE, receptor of AGE. (For interpre-
tation of the references to color in this figure legend,
the reader is referred to the web version of this
article.)
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Fig. 7. GO and KEGG analysis based on ceRNA analysis results of 11 IncRNAs. (A) GO analysis of ceRNA function-related mRNAs on cellular component (CC). (B) GO
analysis of ceRNA function-related mRNAs on biological process (BP). (C) GO analysis of ceRNA function-related mRNAs on molecular function (MF). (D) KEGG
analysis of ceRNA function-related mRNAs. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; ceRNA, competing endogenous RNA; IncRNA,

long non-coding RNA; mRNA, massage RNA.
correlation with serum insulin (Fig. 10A-K).
4. Discussion

Our study found that IncRNA and mRNA expression profiles were
altered in PG under diabetic condition. Bioinformatic analysis on DE
mRNA revealed that activated inflammation process and downregulated
ion transport were enriched in diabetic PG. Functional analysis of DE
IncRNA suggested that activation of inflammation response through
AGE-RAGE signaling pathway, cytokine-cytokine receptor interaction,
and chemokine signaling pathway may involve in CNC function of
IncRNA in the process of DM-induced PG impairment. In addition, AGE-
RAGE signaling pathway, apoptosis, and CAMs might be the down-
stream pathways of ceRNA function, which might contribute to both
activated inflammation response and downregulated ion transport in
diabetic PG.

LncRNA is a newly found non-coding RNA with multiple biological
functions, which is demonstrated to be aberrantly expressed and play
essential roles in the pathophysiological process of diabetic complica-
tions, providing new avenues for the diagnosis and treatment of these
diseases [21-25]. Although the studies based on IncRNAs have been
conducted in many DM-impacted organs, IncRNA profile and related
mechanism in DM-impaired salivary gland are still unknown. Owing to
the cell type and organ-specific expression patterns of IncRNA, it is of
great significance to uncover IncRNA profiles in salivary gland under
diabetic condition. Here, we identified 1650 DE IncRNAs including 758
upregulated and 892 downregulated, accompanied by 1073 DE mRNAs
(563 upregulated and 510 downregulated) in the PGs of DM mice.

The changes in mRNA expression profiles are associated with bio-
logical behaviors and functions of cells. The results of GO and KEGG
analysis presented that the upregulated mRNAs in diabetic PGs were
mostly enriched in immune response and cytokine-cytokine receptor
interaction signaling pathway. Studies have shown that type 2 DM is a
chronic inflammatory disease with immune dysfunction and increased
inflammatory cytokines [26]. Various inflammatory factors produced by
the activation of immune system are not only directly involved in insulin
resistance, but also closely related to the occurrence of diabetic com-
plications [27,28]. The role of inflammatory modulators in the salivary
gland has been well explored in several diseases of salivary gland.
Studies have found that the innate and adaptive immunity, as well as the
consequent inflammation are the main mechanisms of pSS pathogenesis
[29]. Many inflammatory cytokines and receptors such as interleukins
(ILs), chemokines, interferons, and tumor necrosis factors (TNFs) are
reported to be elevated in the salivary glands of pSS patients, which
recruits leucocytes to the glands and leads to glandular destruction and
hyposalivation [30-32]. IgG4-related sialadenitis (IgG4-RS) is a chronic
fibro-inflammatory disease characterized by swelling of salivary glands
and hyposalivation. Proinflammatory cytokine TNF-a is found to
participate in acinar injury in IgG4-RS through inhibiting ERK1/2-
mediated autophagic flux [33]. Moreover, inflammatory cytokines are
proved to damage secretory functions of salivary gland in diabetic
condition. An infiltration of inflammatory cells and increased expression
of IL-6 and TNF-a, as well as decreased salivary flow rate are observed in
the PG from DM rat [34]. Solinas et al. find that the storage of lipid
droplets in diabetic PGs induced by high-fat diet activates the secretion
of inflammatory cytokines, including TNF-a, IL-6, and IL-1p, which is
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Fig. 9. Correlation analysis between IncRNAs expression and blood glucose level. (A) Correlation between ENSMUST00000099676 and blood glucose level. (B)
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associated with the dysfunction of diabetic PG [35]. Thus, inflammatory
modulators can affect salivation through regulating inflammation
response or other biological process like autophagy in salivary gland.
Here, the upregulated some mRNAs might activate immune response
through promoting inflammatory cytokines synthesis and the interac-
tion with their receptors in the PGs of DM mice, which might contribute
to the dysfunction of diabetic PG. On the other hand, GO analysis of
downregulated genes was enriched in ion transport process. lon trans-
port is crucial in the process of saliva secretion, which can regulate

11

water passing across epithelial cells of salivary glands, and a disruption
of ion transport especially Ca®" can notably influence salivation [36].
The increased inflammation and reduced intracellular calcium transient
rising rate are observed in high-fat diet rat, which causes obese-insulin
resistance, leading to pathophysiological alteration of submandibular
glands [37]. Therefore, our results predicted that upregulated inflam-
mation response and downregulated ion transport in PG might be crucial
in diabetic hyposalivation. However, the specific mechanism needs
further study.
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Fig. 10. Correlation analysis between IncRNAs expression and serum insulin level. (A) Correlation between ENSMUST00000099676 and serum insulin level. (B)
Correlation between ENSMUST00000123574 and serum insulin level. (C) Correlation between ENSMUST00000146010 and serum insulin level. (D) Correlation
between ENSMUST00000160089 and serum insulin level. (E) Correlation between ENSMUST00000175668 and serum insulin level. (F) Correlation between
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level. (K) Correlation between ENSMUST00000150947 and serum insulin level. n = 8. LncRNA, long non-coding RNA.
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To identify the roles of the DE IncRNAs in the pathophysiological
alterations of diabetic PG, we constructed a IncRNA-mRNA co-expres-
sion network on candidate 11 IncRNAs and DE mRNA from microarray.
Further bioinformatic analysis indicated that the genes involved in CNC
network were mostly enriched in AGE-RAGE signaling pathway in dia-
betic complication. AGE-RAGE signaling pathway is regarded as a signal
to induce inflammation [38,39]. Studies show that AGE treatment can
significantly increase IL-6 mRNA expression and secretion through
activating NF-xB, a key component in inflammatory cytokine produc-
tion, thereby enhancing macrophage differentiation into proin-
flammatory M1 phenotype. However, this effect is reversed by using
RAGE antagonist [40]. Other inflammation-associated signaling path-
ways including cytokine-cytokine receptor interaction and chemokine
signaling pathway were also enriched in diabetic PG. Moreover, among
the 11 IncRNAs, the upregulated ENSMUST00000099676 (AW112010)
is reported to be involved in inflammation response. Activation of T-cells
leads to the increase of AW112010, which exerts its proinflammatory
property by inhibiting IL-10 expression [41]. The translation of the non-
canonical open reading frames within Aw112010 is essential for
mucosal immunity, which contributes to intestinal inflammation by
promoting the production of inflammatory cytokines IL-12p40 and IL-6,
as well as inhibiting the release of anti-inflammatory IL-10 [42].
Collectively, the potential CNC function of DE 11 IncRNA, especially
ENSMUST00000099676, was to trigger inflammation response by a
network comprising AGE, cytokines, chemokines, and their target re-
ceptors, which were closely related to the pathophysiological injury of
diabetic PG.

Another typical function of IncRNA is to act as a ceRNA for inter-
acting with specific miRNA, thereby exerting its negative regulation in
gene expression. Therefore, we established ceRNA network on the 11 DE
IncRNAs. The results showed that the DE mRNAs involved in ceRNA
network were enriched in AGE-RAGE signaling pathway in diabetic
complication, apoptosis and CAMs. Increasing studies reveal that many
diabetes-impaired tissues exhibit a higher degree of apoptosis, which is
documented to induce dysfunction of salivary gland under pathological
statuses such as pSS, post-irradiation, and high-fat diet [43-47]. Local
delivery of keratinocyte growth factor-1 into the irradiated salivary
glands could protect radiation-induced cell damages by suppressing
p53-mediated apoptosis, thus preventing submandibular glands hypo-
function in mice [48]. However, the role of apoptosis in diabetic salivary
gland is rarely reported. For CAMs, several CAMs, such as vascular cell
adhesion molecule 1, intercellular adhesion molecule 1, and integrin are
proved to play crucial roles in modulating inflammatory process [49].
Upon cytokine stimulation, CAMs genes are upregulated in order to
facilitate leukocyte adhesion and migration to sites of inflammation
[50]. Moreover, CAMs are reported to regulate Ca?" influx in neurons. In
response to the stimuli of the CAMs, intracellular Ca®* levels of neural
cells are increased by activating several classes of voltage-dependent
Ca®" channels [51]. Studies demonstrate that Ca®" is a critical factor
in the control of salivary gland function, an increase in intracellular
Ca%" concentrations can regulate the ion fluxes required to drive
vectorial fluid secretion, thereby promoting saliva secretion [52]. Taken
together, AGE-RAGE signaling pathway, apoptosis and CAMs are three
critical downstream pathways for the IncRNA ceRNA function in
contribution to the dysfunction of diabetic PG through modulating
inflammation, apoptosis, and ion transport processes.

The important pathogenic characteristics of DM are abnormal insulin
and glucose metabolism, which are demonstrated to influence salivary
gland function by regulating mRNA or protein expression. Early studies
have showed that insulin had a rapid, direct effect on the rate of protein
synthesis such as secretory enzyme, peroxidase in the rat submandibular
gland [53,54]. Insulin can induce the phosphorylation of its receptor
and activate elements involved in the early steps of insulin signaling
including Shc, JAK-2, and STAT-1 in salivary gland [55]. Hyperglycemia
increases the deposition of extracellular matrix proteins in the rat PG
through increasing of transforming growth factor-f2 expression and
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signal [56]. Our previous study reveals that high glucose downregulates
aquaporin 5 mRNA and protein expression, contributing to hypo-
secretion of diabetic submandibular gland [57]. Moreover, therapies
targeting insulin action or eliminating hyperglycemia are proved to be
effective in improving secretory function of salivary gland [58-60].
Therefore, the abnormalities of protein or mRNA expression in salivary
gland might closely related to DM pathology. In order to classify the
relationship between DM pathology and changes in PG IncRNAs
expression, we further analyzed the correlations between 11 candidate
IncRNAs and blood glucose as well as serum insulin levels. The results
showed that all upregulated IncRNAs were positively correlated with
blood glucose level, the downregulated IncRNAs excepting AK155805
were negatively correlated with blood glucose. For serum insulin level, 3
IncRNAs including 1 upregulated and 2 downregulated showed no sta-
tistical correlation. These data suggested that most of the altered
IncRNAs in diabetic PG might involve in DM pathological progress.

5. Conclusion

This study identified aberrant expression profiles of IncRNAs and
mRNAs in the PGs of DM mice, which were correlated with the changes
of higher blood glucose and serum insulin levels. The potential role of
significantly DE IncRNAs might be the regulation of inflammation,
apoptosis, and ion transport biological processes through AGE-RAGE,
cytokine-cytokine receptor interaction, chemokine, apoptosis, and
CAMs signaling pathways, which contributed to the dysfunction of
diabetic PG. These findings expand our understanding of IncRNA in
diabetic PG. By establishing regulatory networks, our study helps to
reveal the potential mechanisms of IncRNA in the pathogenesis of DM-
related hyposalivation, which provides valuable resources for further
investigation.
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