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Abstract

Background Circular RNAs (circRNAs) are a novel kind of non-coding RNAs proved to play crucial roles in the
development of multiple diabetic complications. However, their expression and function in diabetes mellitus (DM)-
impaired salivary glands are unknown.

Results By using microarray technology, 663 upregulated and 999 downregulated circRNAs companied with 813
upregulated and 525 downregulated mRNAs were identified in the parotid glands (PGs) of type2 DM mice under

a 2-fold change and P < 0.05 cutoff criteria. Gene ontology (GO) and kyoto encyclopedia of genes and genomes
(KEGG) analysis of upregulated mRNAs showed enrichments in immune system process and peroxisome proliferator-
activated receptor (PPAR) signaling pathway. Infiltration of inflammatory cells and increased inflammatory cytokines
were observed in diabetic PGs. Seven differently expressed circRNAs validated by gRT-PCR were selected for coding-
non-coding gene co-expression (CNC) and competing endogenous RNA (ceRNA) networks analysis. PPAR signaling
pathway was primarily enriched through analysis of circRNA-mRNA networks. Moreover, the circRNA-miRNA-MRNA
networks highlighted an enrichment in the regulation of actin cytoskeleton.

Conclusion The inflammatory response is elevated in diabetic PGs. The selected seven distinct circRNAs may
attribute to the injury of diabetic PG by modulating inflammatory response through PPAR signaling pathway and
actin cytoskeleton in diabetic PGs.
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Background

Patients with diabetes mellitus (DM) commonly experi-
ence xerostomia induced by salivary glands dysfunction,
which decreases salivary flow or alters saliva composi-
tions [1, 2]. The absence of salivary flow and salivary
antimicrobial function do harm to teeth, oral mucosa,
tongue, throat, even stomach, causing a series of prob-
lems such as burning mouth, tooth decay, periodontal
disease, gingivitis, geographic tongue, oral lichen pla-
nus, recurrent aphthous stomatitis, higher tendency to
infections, and defective wound healing, which nega-
tively affects life quality of patients with DM [3]. Stud-
ies show that the symptom of xerostomia is proportional
to the degree and duration of hyperglycemia [4]. The
higher degree of salivary glands dysfunction is observed
in patients with poor glycemic control [5]. Parotid gland
(PQ) is the largest one of the three major salivary glands,
responsible for producing approximately 25% and 53% of
total saliva in resting and stimulated state, respectively
[6]. Previous studies have revealed impaired structure
and function of PGs in DM patients and animals [7-9].
However, the mechanism of DM-induced injury on PG
remains elusive. Currently, over 536.6 million individuals
are living with DM, and its prevalence is expected to raise
to 783.2 million by 2045, largely threatening public health
worldwide [10]. Therefore, a better understanding of the
molecular mechanism underlying DM-associated PG
dysfunction will guide the development of more effective
therapeutics for diabetes-induced xerostomia.

Circular RNAs (circRNAs) are a novel class of endog-
enous noncoding RNAs characterized by forming cova-
lently closed continuous loop through back splicing or
exon-skipping. Due to the lack of a 5'cap structure and
a 3'poly(A) tail, circRNAs are much more stable and
conserved than linear RNAs [11]. Studies have dem-
onstrated that circRNAs can function as microRNA
(miRNA) sponges, modifiers of parental gene expression,
and regulators of splicing and transcription, hence, pos-
sess abundant functions [12]. Although, circRNAs have
been reported to be involved in many diseases, the role of
circRNAs in salivary gland function is poorly studied. To
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date, numerous circRNAs have been identified in differ-
ent tissues and play a regulatory role in DM and diabetic
complications [13]. CircRNA c¢ZNF532 is upregulated in
retinal pericytes in both DM mice and patients. Knock-
down of cZNF532 aggravates streptozotocin-induced
retinal pericyte degeneration and vascular dysfunction.
In contrast, overexpression of cZNF532 ameliorates
DM-induced retinal pericyte degeneration and vascu-
lar dysfunction [14]. Multiple circRNAs are identified as
the potential diagnostic biomarkers of pre-DM and DM
[15], and the altered expression of circRNAs has been
reported to associate with poor glycemic control, insulin
resistance, accelerated cellular senescence, and inflam-
mation in DM patients [16]. However, the expression
profile and function of circRNA in DM-injured salivary
glands has not been reported yet.

Therefore, the current study aimed to identify the
expression profiles and functional networks of circRNAs
and messenger RNA (mRNAs) in the PG of type 2 DM
(T2DM) mouse. The interactions between circRNAs,
miRNA and mRNAs were constructed by coding and
non-coding co-expression (CNC) and competing endog-
enous RNA (ceRNA) networks analysis. Gene ontology
(GO) and kyoto encyclopedia of genes and genomes
(KEGG) analysis were further conducted to investigate
the potential mechanisms.

Results

Differential expression of circRNA and mRNA in the PGs
between db/m and db/db mice

As the evidences from higher blood glucose, serum insu-
lin level, and HOMA-IR in db/db mice than db/m mice,
T2DM model was confirmed in db/db mouse (Fig. 1A-C).
The secretory function of db/db mice was proved to be
impaired in our previous study [8]. Total RNA extracted
from the PG tissues was used for circRNA and mRNA
microarray. As showed in volcano plot, a total number of
14,033 mouse circRNAs were detected, comparing with
the db/m group, 663 circRNAs were upregulated and 999
circRNAs were downregulated in the PGs of db/db mice
after applying filtering of fold change>2 and P<0.05
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Fig. 1 Confirmation of db/db mice a diabetic mice model. (A) Blood glucose of db/m and db/db mice. (B) Serum insulin levels of db/m and db/db mice.
(C) Insulin resistance indicator (HOMA-IR) of db/m and db/db mice. **P<0.01, versus db/m mice, n=4
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(Fig. 2A). The results of mRNA microarray presented 813
upregulated and 525 downregulated mRNAs among the
87,211 detected mRNAs in db/db mice (Fig. 2B). Heat
maps showed the expression profiles of the top 30 dis-
tinct circRNAs (Fig. 2C) and mRNAs (Fig. 2D) between
db/m and db/db groups in terms of fold change. The
original data supporting the findings of this study are
available in the GenBank database with the accession
numbers GSE233564.

Validation of circRNA and mRNA expression in microarray
by qRT-PCR

Then 14 differently expressed (DE) circRNAs and 20 DE
mRNAs highly expressed among the top 30 distinct cir-
cRNAs and mRNAs with a cut-off criterion FDR<0.05
were selected to validate microarray data by quantitative
real-time polymerase chain reaction (QRT-PCR). Among
the 14 DE circRNAs, mmu_circRNA_44427 was upregu-
lated, mmu_circRNA_002523, mmu_circRNA_004275,
mmu_circRNA_21009, mmu_circRNA_32858, mmu_cir-
cRNA_34309, and mmu_circRNA_41023 were down-
regulated. The expression of these seven circRNAs
was consistent with the results of microarray analy-
sis (Fig. 3A, B). In addition, the results for 17 mRNAs
(Pnliprp1, Slc39a4, Tspan3, Gdf15, Hmgn3, Clec7a, Spib,
Plscrl, Rgsl, Raplgap, Faim2, Mrap, Serpina3k, Wfdc12,
Fmo5, Cyp2j13, and Scgb2b21) were in accordance to
those of mRNA microarray analysis (Fig. 3C, D). These
results demonstrated the reliability of the data from cir-
cRNA and mRNA microarrays.

GO and KEGG pathway analysis of DE mRNAs

According to GO analysis, the upregulated mRNAs were
mostly enriched in immune system process for biologi-
cal process, cell periphery for cellular component, and
protein binding for molecular function in the PGs of db/
db mice (Fig. 4A). While the most significantly enriched
GO terms for the downregulated mRNAs was small
molecule metabolic process in biological process, endo-
plasmic reticulum in cellular component, and catalytic
activity in molecular function (Fig. 4B). KEGG path-
way analysis of upregulated mRNAs revealed the top 10
enriched signaling pathways were osteoclast differen-
tiation, B cell receptor signaling pathway, leishmaniasis,
cytokine-cytokine receptor interaction, nuclear factor
(NF)-kappa B signaling pathway, rheumatoid arthritis,
natural killer cell mediated cytotoxicity, viral protein
interaction with cytokine and cytokine receptor, legionel-
losis, and antigen processing and presentation (Fig. 4C),
while the most enriched pathways for downregulated
mRNAs were peroxisome proliferator-activated receptor
(PPAR) signaling pathway, fatty acid degradation, protein
processing in endoplasmic reticulum, arachidonic acid
metabolism, AMPK signaling pathway, inflammatory
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mediator regulation of transient receptor potential (TRP)
channels, vascular smooth muscle contraction, vitamin
digestion and absorption, arginine and proline metabo-
lism, and biosynthesis of unsaturated fatty acids (Fig. 4D).

Inflammatory level in the PGs of db/db mice

Hematoxylin and eosin (H&E) staining displayed varied
degree of lymphocyte infiltration in the interstitial of
PGs from db/db mice, especially around the blood ves-
sels (Fig. 5A). Further qRT-PCR analysis showed that
the expression levels of several inflammatory cytokines
including interleukin-1p (IL-1pB), IL-6, IL-8, and tumor
necrosis-a factor (TNF-a), as well as chemokines such as
CCL2, CCL5, and CCL9 were enhanced in the PGs of db/
db mice when compared to db/m mice (Fig. 5B). These
results indicate that the inflammatory level is increased
in the PGs of mice with T2DM.

CNC network analysis

In order to identify the interactions between mRNAs
and circRNAs, CNC analysis was conducted using the
seven DE circRNAs validated by qRT-PCR in combina-
tion with the DE mRNAs obtained from microarray. The
predicted target genes of selected circRNAs were used to
perform GO and KEGG analysis. The top 3 enriched bio-
logical processes were leukocyte migration, regulation of
cell proliferation, and immune system process, while the
top three enriched cellular components were membrane,
cell periphery, and membrane part. Furthermore, pro-
tein binding, molecular function regulator, and misfolded
protein binding were the top three enriched molecular
functions (Fig. 6A). KEGG pathway analysis revealed
the top 10 pathways involved in CNC functions of these
circRNAs were PPAR signaling pathway, malaria, rheu-
matoid arthritis, NF-kappa B signaling pathway, inflam-
matory mediator regulation of TRP channels, regulation
of actin cytoskeleton, cytokine-cytokine receptor interac-
tion, B cell receptor signaling pathway, vascular smooth
muscle contraction, and fat digestion and absorption
(Fig. 6B). CNC network between seven circRNAs and 58
mRNAs involving in PPAR signaling pathway, NF-kappa
B signaling pathway, and cytokine-cytokine receptor
interaction signaling pathway closely related to inflam-
mation were screened and summarized (Fig. 7).

CircRNA-miRNA-mRNA regulatory network analysis

One of the most important functions of circRNA is to act
as a ceRNA through competitively binding to miRNA,
and influencing the expression of miRNA target genes.
Hence, ceRNA network analysis was additionally carried
out with the one upregulated and six downregulated cir-
cRNAs validated in qRT-PCR and the related DE mRNAs.
The number of predicted miRNA-ID was confined within
1000. GO and KEGG analysis were performed, which
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Fig. 2 Differentially expressed circRNAs and mRNAs in PGs of db/db mice comparing to db/m mice. (A) Volcano plots presenting differences in the
expression of circRNAs between db/db and db/m mice. (B) Volcano plots presenting differences in the expression of mRNAs between db/db and db/m
mice. (C) Heat map of top 30 upregulated and downregulated circRNAs with raw intensity higher than 500. (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). CircRNA, circular RNA; PGs, parotid glands; mRNA, massage RNA
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Fig. 3 Validation of DE circRNAs and mRNAs by gRT-PCR. (A) Expression of 5 selected upregulated circRNAs in db/db mice and db/m mice. (B) Expres-

sion of 9 selected downregulated circRNAs in db/db mice and db/m mice.

(C) Expression of 10 selected upregulated mRNAs in db/db mice and db/m

mice. (D) Expression of 10 selected downregulated mRNAs in db/db mice and db/m mice. *P<0.05 and **P <0.01, versus db/m mice, n=4. DE, differently

expressed; circRNA, circular RNA; mRNA, massage RNA
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Fig. 5 Inflammatory level in the PGs of db/db mice. (A) H&E staining of
the PGs from db/m and db/db mice. (B) Expression of inflammatory cy-
tokines in the PGs from db/m and db/db mice, *P<0.05 and **P<0.01,
versus db/m mice, n=4. PGs, parotid glands

revealed the pathways associated with the research back-
ground. The top three enriched biological processes
were cell adhesion, biological adhesion, and leukocyte
chemotaxis. In term of cellular components, cell part,
cell, and cell periphery were the mostly enriched. while,
the top three enriched molecular functions were bind-
ing, catalytic activity, protein binding (Fig. 8A). In addi-
tion, KEGG pathway analysis showed that the top four
enriched pathways were regulation of actin cytoskeleton,
leukocyte trans-endothelial migration, focal adhesion,
and PPAR signaling pathway (Fig. 8B). The ceRNA reg-
ulatory network among circRNA, miRNA, and mRNA
relating to the regulation of actin cytoskeleton, leu-
kocyte trans-endothelial migration, and PPAR signal-
ing pathways includes three upregulated circRNAs and
one downregulated circRNA, among which mmu_cir-
cRNA_002523 had the widest interactions with miRNA
and mRNA (Fig. 9). The DE circRNAs and their targeted
miRNAs and mRNA involved in the regulation of actin
cytoskeleton were further listed in Table 1, which showed
that mmu_circRNA_002523, mmu_circRNA_34309,
and mmu_circRNA_44427 can interact with multiple
miRNAs, and regulate genes including Egfr, Itga4, Itgal,
Rac2, Rock2, Vavl, Scin, Fgf18, and Nckapll, involved in
the regulation of actin cytoskeleton signaling pathway
(Table 1).
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Discussion

CircRNAs are a class of circular noncoding RNAs that
are abundant, endogenous, stable, and evolutionarily
conserved in eukaryotic cells. Emerging evidence finds
that circRNAs are aberrantly expressed in organs under
diabetic stress, and play crucial roles in the pathogen-
esis of DM and its complications [17, 18]. Even though,
the studies of circRNAs have been documented in
many DM-impacted organs, their expression profiles
and potential functions in DM-impaired salivary glands
remain unclear. In the current study, Microarray technol-
ogy was used to detect circRNAs and mRNAs expression
profiles of PG from a T2DM mouse model, and identi-
fied 1662 DE circRNAs including 663 upregulated and
999 downregulated, as well as 813 upregulated and 525
downregulated mRNAs. According to the DE circRNAs
and mRNAs validated by qRT-PCR, GO and KEGG anal-
ysis, as well as CNC and ceRNA network were further
conducted on seven most distinct circRNAs including
one upregulated circRNA (mmu_circRNA_44427), and
six downregulated circRNAs (mmu_circRNA_002523,
mmu_circRNA_004275, mmu_circRNA_21009,
mmu_circRNA_32858, mmu_circRNA_34309, and
mmu_circRNA_41023).

T2DM is identified to be a chronic inflammatory dis-
order with immune system dysfunction. Chronic low-
grade inflammation has been implicated as important
pathogenic determinants of DM and subsequent diabetic
complications [19, 20]. The activation of immune system
response results in the increasing secretion of various
inflammatory factors, which play vital roles in the occur-
rence of insulin resistance [21, 22]. In addition, inflam-
mation is a key feature of many salivary gland diseases,
and it contributes to the pathogenesis and progression
of these disorders. Pro-inflammatory cytokines IL-1(,
IL-6, IL-17 and TNF-a, as well as chemokines CXCLS,
CXCL10, and CXCL13 are significantly elevated in the
saliva of patients with Sjogren’s syndrome compared
to healthy controls, and that their levels are correlated
with the activity and severity of disease [23-25]. Higher
IL-4 and IL-13 levels are identified in the submandibular
glands (SMGs) of patients with lgG4-related sialadenitis,
which induces salivary gland epithelial cell senescence
through ROS/p38 MAPK-p16™K4* pathway or damaging
mitochondrial functions [26, 27]. In the current study,
GO and KEGG analysis of DE mRNAs showed that the
upregulated mRNAs were notably enriched in immune
system process and the signaling pathways related to
inflammation process, such as B cell receptor signaling
pathway, cytokine-cytokine receptor interaction, NF-
kappa B signaling pathway, natural killer cell mediated
cytotoxicity, viral protein interaction with cytokine and
cytokine receptor, and antigen processing and presenta-
tion. Additionally, lymphocyte infiltrations and higher
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biological process (BP), and molecular function (MF). (B) KEGG pathway analysis of co-expressed mRNAs of 7 selected circRNAs. GO, gene ontology; KEGG,
kyoto encyclopedia of genes and genomes; CNC, coding—non-coding gene co-expression; mRNA, massage RNA; circRNA, circular RNA

inflammatory factors including IL-1pB, IL-6, IL-8, TNE-
a, CCL2, CCL5, and CCL9 detected in the diabetic PGs
further confirmed the increased inflammation levels in
the PGs of DM mice. These results are consisted with a
previous study that observed an infiltration of inflam-
matory cells and higher levels of IL-6 and TNF-« in the

PG of diabetic rat with reduced salivary flow rate [28].
Therefore, inflammatory cytokines-activated inflamma-
tion may be responsible for the impairments of diabetic
PG. Controlling inflammatory response and reducing
the release of inflammatory mediators may be effective
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Fig.7 Coding and non-coding co-expression network involving in PPAR signaling pathway, NF-kappa B signaling pathway, and cytokine-cytokine recep-
tor interaction. Red nodes represent circRNAs; blue nodes represent mRNAs. Positive correlation is a solid line, negative correlation is a dashed line. PPAR,
peroxisome proliferator-activated receptor; NF-kappa B, nuclear factor-kappa B; circRNA, circular RNA; mRNA, massage RNA

strategies for protecting PG function under diabetic
condition.

PPARs are a family of nuclear hormone receptors that
are activated by fatty acids and their derivatives, and they
play a key role in glucose homeostasis and lipid metabo-
lism, inflammation, and cell differentiation, thus impli-
cated in a variety of human diseases. Studies suggest that
PPARs can exert an anti-inflammatory effect by sup-
pressing proinflammatory cytokine production. PPARs
activation, including PPARa and PPARP/S, reduces
inflammation in a mouse model of DM by inhibiting the
production of pro-inflammatory cytokines and T-lym-
phocyte/macrophage infiltration in the liver and white
adipose tissue, which improves metabolic derangements
in ob/ob mice [29]. In a hyperoxaluric mouse model, pio-
glitazone, a PPARy agonist, can suppress renal inflamma-
tory injury by enhancing PPARy mediated upregulation
of miR-23, which dampened the polarization of macro-
phage to inflammatory (M1) phenotype but induced the
anti-inflammatory M2 phenotype [30]. Moreover, PPARs
are expressed in salivary gland tissues and are involved in
the regulation of salivary gland function. Reduced PPARY
expression and its transcriptional activity are observed in
the labial salivary gland of primary Sjogren’s syndrome
(pSS) patients, and promotes inflammation in the duc-
tal epithelia via activated NF-kappa B pathways [31]. In
contrast, PPARYy activation has been shown to improve
salivary gland function and reduce inflammation in a
murine model of pSS [32]. Lycopene can protect SMG
against Bisphenol A induced toxicity via upregulating
PPARy and decreasing the levels of TNF-a and IL-1f

[33]. Collectively, PPAR signals may play crucial roles in
the pathogenesis of salivary gland diseases through their
anti-inflammatory function. Here, KEGG analysis of the
downregulated mRNAs and CNC network revealed a
significant enrichment in PPAR signaling pathway, indi-
cating that PPAR signals may be suppressed in diabetic
PGs. The seven DE circRNAs may regulate PPAR signal-
ing pathway through directly interacting with the PPAR
related mRNAs, and involved in the activated inflamma-
tion of diabetic PG.

The sponge effect on miRNA is another classical func-
tion of circRNAs termed as ceRNA function, both cir-
cRNAs and miRNAs have been documented to play
important role in the formation of DM and diabetic com-
plications [34, 35]. Here, the ceRNA analysis showed that
the regulation of actin cytoskeleton was the most signifi-
cantly enriched signaling pathway. DE circRNAs includ-
ing mmu_circRNA_002523, mmu_circRNA_34309, and
mmu_circRNA_44427 can interact with multiple miR-
NAs, and regulate mRNA involved in the regulation of
actin cytoskeleton signaling pathway. The actin cytoskel-
eton system is the basic structural and functional unit
that regulates cell morphology, cell adhesion, and motil-
ity, which play substantial roles in inflammation, senil-
ity, and involved in the development of salivary gland
and the pathological process of salivary gland diseases
[36]. Researchers have identified that F-actin cytoskel-
eton and the cell adhesion protein zonula occluden-1
are the earliest determinants of duct specification in
the embryonic submandibular gland (SMG), which is
a vital process during the branching morphogenesis of
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the SMG [37]. Furthermore, the dynamic interactions
between actin cytoskeleton and tight junction proteins
play a vital role in salivary secretion. In IgG4-related sial-
adenitis, F-actin is observed to be discontinued, kinked,
and diminished with a dispersed rearrangement pattern

in SMGs from patients, this further induces disorga-
nized tight junction and contribute to hyposalivation of
patients with IgG4-related sialadenitis [38]. In a radia-
tion mouse model, F-actin organization is fragmented,
which promotes E-cadherin/B-catenin dissociation by



(2024) 25:450

Huang et al. BMC Genomics

AL
mmu—n.iéG-Sp ‘ mmu}iﬁ&?O—Sp
e p L

mmu_oloRNA 34309

Page 10 of 14

Cldn22 7anu-.9d-5p

\
\ /

e

mmu_circRNA_ 41023

. /mél'L RN AI{_4>1-§¥217
mmu/@ossp — 1
»/
et |
Nekap L.
Tmmﬁ? .203—5p
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mRNAs. Purple lines with T-shape arrow represent directed relationships; orange lines without arrow represent undirected relationships. CircRNA, circular
RNA; miRNA, microRNA; mRNA, massage RNA; PPAR, peroxisome proliferator-activated receptor

activating Rho-associated coiled-coil containing kinase
signaling pathway, and contributes to radiation-induced
damage in mouse PG [39]. Taken together, the downreg-
ulated mmu_circRNA_002523, mmu_circRNA_34309,
and mmu_circRNA_44427 may play significant roles
in the injury of diabetic PG through regulating actin
cytoskeleton.

This study is subject to certain limitations. Firstly, the
data utilized are exclusively derived from murine mod-
els, lacking corresponding human sample investigations.
Despite the relatively high conservation of circRNAs
across species, differences still persist between humans
and mice. Secondly, the conclusions drawn herein are
predominantly based on the results from genomic
sequencing and bioinformatics methodologies, devoid of
experimental data corroboration. Therefore, further in-
depth study such as clinical sample and circRNA knock-
down or overexpression studies are required in the future
to further confirm the role of circRNAs and the involved
signaling pathway in DM-induced xerostomia.

Conclusion

The present study comprehensively analyzed the expres-
sion profiles and functional networks of circRNAs
and mRNAs in the PG of a T2DM mouse model. The
inflammatory response was activated in diabetic PG.
Mechanically, the DE mRNA and seven distinct cir-
cRNAs-mRNAs networks may play regulatory roles in
the activation of inflammation in diabetic PG through
inhibiting PPAR signaling pathways; The circRNAs-
miRNA-mRNA networks may regulate secretory func-
tion of PG by modulating actin cytoskeleton. Overall, this
work helps to elucidate the potential mechanisms and
pathways of salivary secretion reduction induced by DM.

Materials and methods

Animals

Our previous study observed significant histological
alterations of PGs in 16 weeks old db/db mice compared
to db/m mice [8]. In order to monitor the variations in

mouse, male db/db (45-55 g, 8 weeks old) and db/m
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Table 1 The DE circRNAs, miRNAs, and mRNAs involved in the
regulation of actin cytoskeleton signaling pathway

CircRNA Common

miRNAs

CeNames Ce
Symbols

mmu_circRNA_002523 NM_207655 Egfr mmu-miR-17-3p,
mmu-miR-300-5p,
mmu-miR-468-5p,
mmu-miR-183-5p,
mmu-miR-666-3p,
mmu-miR-24-3p,
mmu-miR-431-5p
mmu-miR-185-3p,
mmu-miR-93-3p,
mmu-miR-140-5p,
mmu-miR-330-5p,
mmu-miR-501-5p,
mmu-miR-666-3p,
mmu-miR-127-5p,
mmu-miR-24-3p,
mmu-miR-339-5p,
mmu-miR-152-5p,
mmu-miR-326-3p
mmu-miR-204-3p,
mmu-miR-17-3p,
mmu-miR-134-5p,
mmu-miR-330-5p,
mmu-miR-127-5p
mmu-miR-204-3p,
mmu-miR-149-5p,
mmu-miR-330-5p,
mmu-miR-339-5p,
mmu-miR-320-3p,
mmu-miR-152-5p
mmu-miR-452-3p,
mmu-miR-501-5p,
mmu-miR-666-3p,
mmu-miR-127-5p,
mmu-miR-339-5p
mmu-miR-300-5p,
mmu-miR-330-5p,
mmu-miR-24-3p,
mmu-miR-326-3p

NM_010576 Itga4

NM_008400 ltgal

NM_009008 Rac2

NM_009072  Rock2

NM_011691 Vavl

mmu_circRNA_34309  NM_009132 Scin mmu-miR-670-3p,

mmu-miR-326-5p
mmu-miR-330-5p

mmu_circRNA_44427  NM_008005

NM_153505

Fgf18
Nckap1l mmu-miR-98-5p,

mmu-miR-203-5p

mice (25-30 g, 8 weeks old) were obtained from Chang-
zhou Cavens Laboratory Animal Ltd (Changzhou, China)
and were housed in a standard animal house with a 12 h
light/dark cycle for 8 weeks. The mice were free to nor-
mal chow with complete formula feed and water, which
were fasted for a minimum of 5 h with water ad libitum
before extraction. Blood glucose level was measured on
mice tail veins using a Glucometer (ACCU-CHEK). After
anesthesia with an intraperitoneal injection of 1% pen-
tobarbital sodium solution at 0.5 g/kg, the PG tissues
were isolated and extracted, immediately frozen in liquid
nitrogen and stored at -80 °C until analysis. Serum insulin
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was tested by the Iodine ['?°I]-Insulin Radioimmunoas-
say Kit (Union Medical & Pharmaceutical Technology
Ltd.). Insulin resistance index (HOMA-IR) was assessed
according to the following formula: fasting insulin
(mU/L) X fasting glucose (mmol/L)/22.5. The mice were
finally sacrificed by carbon dioxide suffocation. The CO,
flow rate was started with 4 L/min in a 10 L clean cham-
ber for about 3 min. The mice were unconsciousness as
evidenced by losing the righting reflex. Then, the flow
rate of CO, was increased to 6 L/min for 6 min. After
respiratory arrest, CO, flow was maintained for at least
1 min. Death was confirmed when the mice presented
respiratory arrest, body stiffness, and dilated pupils. All
animal experiments were approved by the Ethics Com-
mittee of Animal Research, Peking University Health Sci-
ence Center (No. LA2019252).

H&E staining

PG tissues from mice were fixed in 4% paraformaldehyde
for 24 h, embedded in paraffin wax, and cut into serial
sections of 5 pm. The sections were deparaffinized and
hydrated, then stained with H&E. Images of the glands
were captured under a light microscope (Q550CW, Leica,
Manheim, Germany).

CircRNA and mRNA microarray

Total RNA was extracted from homogenized PG tis-
sue utilizing Trizol reagent (Invitrogen life technologies)
and quantified by the NanoDrop ND-1000 spectropho-
tometer (Thermo Fisher Scientific). RNA integrity and
gDNA contamination were tested by denaturing agarose
gel electrophoresis. Sample preparation and microar-
ray hybridization were performed using Agilent Gene
Expression Hybridization Kit (Agilent p/n 5188-5242)
in hybridization chambers based on the manufacturer’s
instructions. Firstly, total RNA was digested by RNase
R (Epicentre, Inc.) to remove linear RNAs and enrich
circRNAs, then amplified and transcribed into fluores-
cent complementary RNA (cRNA) using random prim-
ers (Arraystar Super RNA Labeling Kit; Arraystar). The
labelled cRNAs were hybridized onto the Arraystar
Mouse circRNA Array (8x15 K; Arraystar). After wash-
ing, the slides were scanned with the Agilent Scanner
G2505C. The mRNA microarray data were also obtained
using the Agilent Mouse Gene Expression Array (4x44 K;
Arraystar). Agilent Feature Extraction software (ver-
sion 11.0.1.1) was used to analyze acquired array images.
Quantile normalization and subsequent data processing
were performed with the GeneSpring GX v12.1 soft-
ware package (Agilent Technologies). DE circRNAs and
mRNAs between db/m and db/db mice were identified by
volcano plot filtering and evaluated through fold-change
filtering (fold-change>2.0). Hierarchical clustering was
performed to reveal the distinguishable circRNA and
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Table 2 Primers for validated circRNAs
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Table 3 Primers for validated mRNAs

Gene Forward primer Reverse primer  Size Gene Forward primer (5’-3’)  Reverse primer (5’-3') Size
(5'-3") (5'-3") (bp) (bp)
mmu_circRNA_21284  TGACCCCGATTACG GCAACCCGTTTC 105 Pnliprp1 AAGTTGCCAGGAAGA CTCTCTTCCAGTCCA 132
TGGATCT AGCTCTCA CTCGG CGCAG
mmu_circRNA_27821 TCAAGACCCGAAA  GCGTATTGTCAAT 91 Slc39a4 GATGCTCCCAAAGTCG CTGTGGCTTGTCAGG 241
GGACAGA ACTTTATCATGT GTCA TTTGC
mmu_circRNA_41927  CACTCAGGTGTACC CCAGTTTTCTCCC 54 Tspan3 GTGCTGGTCTTCCTCA CAGCTATGATCACCA 145
TCTCCCATAC TGGTAACTGT ACCT CGGCA
mmu_circRNA_43045  ATAAGTTCAAAGGG TTGGGAATCCAG 140 Gdf15 AGAACCAAGTCCTGAC  AATCTCACCTCTGGAC 51
CAACAGGTC GACACTTCA CCAG TGAGTAT
mmu_circRNA_44427 CCAGCACACAATAA  ACAGGCGGCAGT 87 Hmgn3 CACCAACGTAGTCATT AATCTTTGTTCCAGGT 184
CTTGGGTC AGATAACG ATGCC TCTTTC
mmu_circRNA_002523  CAAGTAACCAAGA  GCTGCCTGTCATC 97 Clec7a TTTTCTCAGCCTTGCC GATCCATCCTCCCAGA 248
AAAAGCAAGA TGAGTTTAC TTCCT ACCAT
mmu_circRNA_004275  GCAGACAGCTATTA TTCTTCTCACTAA 89 Spib AGCTGGATGGCCCAC TGTCCAGCCCCATGT 122
AGACAGCA ATCCTTCTTCA ACTTA AGAGT
mmu_circRNA_21009 GTTTGCTGCACTGA TGGGTAGGCATG 164 Plscri AGAGCTCGCGTCATTC ATGGGGTAAGCAGCA 246
GTCGAT TTCCTTT AGAG TGGTC
mmu_circRNA_23491 CATGAAGGTGTGGT TTTCCAAATAGGA 69 Rgs1 TCGGCCAAGTCCAAA CTGTCTGGTTGGCAA 85
CAGAGGTTT TGCAATTAGTCC GACAT GGAGT
mmu_circRNA_23976 ~ TCAACTTCCAAATG ATACTCCATCTTC 93 Raplgap CACCTGCGGCTGTTG GCAGGACTTTCCTCGT 281
ATAAATTCA CTCTTTCTGT CTTAG TGGTACT
mmu_circRNA_29798 ACTCTTTCAACTGG TCCGTTTTGGTCG 98 Faim2 CGTCCTATGCCGTGTT GGACAGCATCCCAGT 134
CAGAGGTC TTTTCC CTTTG GAGGTA
mmu_circRNA_32858  ACGAATCCTTCAAG ACCAGAGAAGTC 162 Slc8b1 CCTCAGGGACATCGCT  GGTGTCTCCGATATGG 195
AACACG AAACGAGAAA TTCTA AGTGG
mmu_circRNA_34309  GAGCAGATGACGG GCTCCCAAATGTC 89 Mrap GCCAACAAGCATTCCA  GGCACAGAGGGAGG 172
AGAAGGAGA CACTTCTTT TTGTCA TTGAAG
mmu_circRNA_41023 ~ CCTAAGTACCTGGA ATGACAAGTTGC 102 Serpina3k CAAGCCAACAACCCTG  ATGTCCATTTCCTTTG 160
ACAGCAAT TTGTAGGTGA AACA TGCCA
B-actin GTGGCCGAGGACT CCTGTAACAACG 73 Wfdc12 TTGGTCCTCATGACGC CACCTTACTCTGAGGG 273
TTGATTG CATCTCATATT TCCT ATCTGT
Cyp4al2a AGACATGGTTTCAGCA  TGTTCCGCACACGG 294
RNA . fil 11 th . hvbridi CCGA GAAA
r? expre5519n profres. All the microarray Ybr:ldlza- Fmo5 ACAGCCGAGACTATAAG  TTTAGTGATGGACCAC 241
tion and analysis were conducted by KangChen Biotech AACCC AGATACG
(Shanghai, China), and the original data were submitted Cyp2ji3 CCTTTCTGGGCAACTC  CTGGCCACTGGAGAA 245
to the GenBank databases (GSE233564). GTTC GATCAA
Jph3 GACCACGGAAGCGAT AAGGCAAACTGTGATT 136
Bioinformatic analyses GATGT GATACCC
GO and KEGG pathway analysis were performed using  Scgb2b21 ATCCAGGGCTGCTACA  AGGGACTGGATGGTGA 280
GAGA AAGAAC

standard enrichment calculation techniques. GO (http://
www.geneontology.org) enrichment analysis based on
biological process, cellular component and molecular
function was carried out to assess the functional roles
of DE mRNAs and DE circRNAs targeted genes. KEGG
(www.genome.jp/kegg) pathway enrichment analysis was
applied to reveal the signaling networks of DE mRNAs
and circRNAs associated with diabetic PG.

Quantitative real-time polymerase chain reaction

QRT-PCR was performed to verify the results of the
microarray analysis for 14 DE circRNAs, 20 DE mRNAs
and inflammatory cytokines including IL-1f3, IL-6,
IL-8, TNF-a, CCL2, CCL5, and CCL9. The total RNA
extracted from the PG samples of db/db and db/m groups
(n=4 for each group) was reverse-transcribed into cDNA

using PrimerScript™ RT Master Mix (RR047A, Takara)
according to the manufacturer’s protocols. QRT-PCR
Master Mix 2 X TB GreenPremix Ex Taq II (RR820A,
Takara) with cDNA (2 pl) and primers (1.6 ul, 10 nmol/L)
were mixed and processed in Applied Biosystems 7300
Fast Real Time PCR System (Thermo Fisher Scientific) at
95°Cx30s, 95 °C x5 s, followed by 60 °C x 34 s for 40
cycles. The relative expression of each gene normalized
to the internal reference gene [p-actin in tissue was calcu-
lated by 2724 method in a Sequence Detection Soft-
ware versionl.4 (Thermo Fisher Scientific). The primer
sequences of circRNAs, mRNAs, and inflammatory cyto-
kines were presented in Tables 2, 3 and 4. The primers for
DE circRNA and mRNA were purchased from KangChen
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Table 4 Primers for inflammatory cytokines and chemokines

Gene Gene Forward primer (5’-3’) Reverse primer Size
ID (5°-3") (bp)
IL-13 16,176 GAAATGCCACCTTTTGA TGGATGCTCTCATC 116
CAGTG AGGACAG
IL-6 16,193 CTGCAAGAGACTTCCA  AGTGGTATAGACA 131
TCCAG GGTCTGTTGG
IL-8 20,309 CTAGGCATCTTCGTCC CAGAAGCTTCATT 282
GTCC GCCGGTG
TNF-a 21,926 CCCGAGTGACAAGCC GATGGCAGAGAGG 268
TGTAG AGGTTGAC
CCL2 20,296 TAAAAACCTGGATCGGA GCATTAGCTTCAGA 120
ACCAAA TTTACGGGT
CCL3 20,302 TCCCAGCCAGGTGTCA  GGCATTCAGTTCC 105
TTTTC AGGTCAGT
CCLS 20,304 ATATGGCTCGGACACC  TTCGAGTGACAAA 128
ACTC CACGACTG
ccLo 20,308 CAGGCCGGGCATCAT AGGTCCGTGGTTG 116
CTTTA TGAGTTT
CXCL10 15,945 CCAAGTGCTGCCGTCA  GGCTCGCAGGGAT 157
TTTTC GATTTCAA
B-actin 11,461 GTACCACCATGTACCC AACGCAGCTCAGT 247
AGGC AACAGTCC

Biotech (Shanghai, China). The primers of inflammatory
cytokines were designed through using Primer-Blast in
NCBI database, and the NCBI accession IDs for these
inflammatory cytokines used as an input were addition-
ally listed in Table 4.

Coding and non-coding co-expression network analysis
CNC analysis is based on the normalized signal inten-
sity of the individual genes to identify any interactions
between mRNAs and circRNAs. A hybrid hierarchical
clustering algorithm was applied to evaluate the relation-
ship between different genes and to calculate the cor-
relation coefficient of each pair of genes. Then, a CNC
network between the seven distinct circRNAs and related
DE mRNAs was constructed. The circRNA-mRNA pairs
with Pearson’s correlation coefficient>0.95 were identi-
fied and chosen to construct a network using Cytoscape
software (version 2.8.3; Cytoscape Consortium). To com-
pletely understand the CNC network, GO and KEGG
analysis were performed for targeted mRNAs.

CircRNA-miRNA-mRNA regulatory network analysis

CircRNAs are known to adversely regulate miRNA
expression and substantially contribute to the ceRNA
network. Firstly, the circRNA-miRNA interaction was
predicted using Arraystar’s home-made miRNA target
prediction software based on TargetScan and miRanda.
Then, miRanda and TargetScan databases were used
to identify miRNA-mRNA pairs. Only mRNAs DE
expressed in this study and targeted by miRNA were
considered to be candidate targets. Finally, The cir-
cRNA-miRNA and miRNA-mRNA pairs with Pearson’s
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correlation coefficient>0.95 were chosen to construct
circRNA-miRNA-mRNA networks by employing Cyto-
scape software (version 2.8.3; Cytoscape Consortium).
For the complete understanding of ceRNA effects, GO
and KEGG analysis were performed for targeted mRNAs.

Statistical analysis

Quantile normalization of raw data and subsequent data
processing were performed with the GeneSpring GX
v12.1 software package. Statistical significance of differ-
ence was estimated by an unpaired students’ ¢-test. Cir-
cRNAs or mRNAs with fold changes>2 and P<0.05 were
considered to exhibit statistically significant. Quantita-
tive data were presented as meantstandard error of the
mean (SEM). Pearson’s correlation analysis was used to
detect any relationship between circRNAs and mRNAs.
Statistical analysis was performed with GraphPad Prism
5.0 (GraphPad Software).

Abbreviations

CeRNA Competing endogenous RNA

CircRNAs  Circular RNAs

CNC Coding and non-coding co-expression

DE Differently expressed

DM Diabetes mellitus

GO Gene ontology

H&E Hematoxylin and eosin

IL Interleukin

KEGG Kyoto encyclopedia of genes and genomes
miRNA MicroRNA

mRNAs Messenger RNA

NF Nuclear factor

PG Parotid gland

PPAR Peroxisome proliferator-activated receptor
pSS Primary Sjogren’s syndrome

gRT-PCR Quantitative real-time polymerase chain reaction
TNF-a Tumor necrosis-a factor

TRP Transient receptor potential

T2DM Type 2 diabetes mellitus

SEM Standard error of the mean

SMG Submandibular gland
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