MOLECULAR MEDICINE REPORTS 15: 2143-2153, 2017

Serum microRNA profiling and bioinformatics analysis of
patients with type 2 diabetes mellitus in a Chinese population
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Abstract. Type 2 diabetes mellitus (T2DM) is character-
ized by islet B-cell dysfunction and insulin resistance, which
leads to an inability to maintain blood glucose homeostasis.
Circulating microRNAs (miRNAs) have been suggested as
novel biomarkers for T2DM prediction or disease progression.
However, miRNAs and their roles in the pathogenesis of T2DM
remain to be fully elucidated. In the present study, the serum
miRNA expression profiles of T2DM patients in Chinese
cohorts were examined. Total RNA was extracted from serum
samples of 10 patients with T2DM and five healthy controls,
and these was used in reverse-transcription-quantitative poly-
merase chain reaction analysis with the Exiqon PCR system
of 384 serum/plasma miRNAs. A total of seven miRNAs
were differentially expressed between the two groups (fold
change >3 or <0.33; P<0.05). The serum expression levels
of miR-455-5p, miR-454-3p, miR-144-3p and miR-96-5p
were higher in patients with T2DM, compared with those of
healthy subjects, however, the levels of miR-409-3p, miR-665
and miR-766-3p were lower. Hierarchical cluster analysis
indicated that it was possible to separate patients with T2DM
and control individuals into their own similar categories by
these differential miRNAs. Target prediction showed that 97
T2DM candidate genes were potentially modulated by these
seven miRNAs. Kyoto Encyclopedia of Genes and Genomes
pathway analysis revealed that 24 pathways were enriched for
these genes, and the majority of these pathways were enriched
for the targets of induced and repressed miRNAs, among
which insulin, adipocytokine and T2DM pathways, and several
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cancer-associated pathways have been previously associated
with T2DM. In conclusion, the present study demonstrated
that serum miRNAs may be novel biomarkers for T2DM and
provided novel insights into the pathogenesis of T2DM.

Introduction

Type 2 diabetes mellitus (T2DM), characterized by hyper-
glycemia, is one of the most prevalent metabolic disorders.
The International Diabetes Federation estimates that
>400,000,000 diabetic patients are expected by 2030, with
over 50% of these being from Asia (1). Long-term hypergly-
cemia may lead to macrovascular diseases, including coronary
artery disease, peripheral arterial disease and stroke, and
microvascular complications, including diabetic nephropathy,
neuropathy and retinopathy (2).

The pathogenesis of T2DM arises from the interplay of
genetic, environmental and/or lifestyle factors, which lead
to a decline in insulin sensitivity in the liver, adipose tissues
and skeletal muscles, followed by chronic pancreatic f-cell
dysfunction. Insulin resistance then increases insulin secretion
(hyperinsulinemia) to maintain euglycemia. Subsequently, the
progressive deterioration in insulin sensitivity and a reduc-
tion in pancreatic insulin secretion generate a state of relative
insulin deficiency, resulting in chronic hyperglycemia and the
onset of T2DM (3).

MicroRNAs (miRNAs) are endogenously expressed,
evolutionarily conserved, small single-stranded, non-coding
RNA molecules of 21-23 nucleotides, which function as
regulators of gene expression by partially base-pairing to the
3" untranslated regions of their target mRNAs and destabi-
lizing or inhibiting their translation (4). The latest estimates
revealed that the human genome encodes >1,600 miRNA
precursors, which can generate >2,000 mature miRNAs
(www.mirbase.org), which control ~50% of all mammalian
protein-coding genes (5) and are involved in the biological
processes of cell development, differentiation, metabolism,
immunity, apoptosis and proliferation (4). The dysregulated
expression of miRNAs in various tissues has been associated
with a variety of diseases, including cancer (6,7), T2DM (8)
and its complications (9).
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Serum or plasma miRNAs derived from various
tissues/organs are released by several cellular release mecha-
nisms. For example, mature miRNAs can bind to RNA-binding
proteins or lipoproteins, or are loaded inside microvesicles or
exosomes when they are to be released (10,11). These circu-
lating miRNAs may then be delivered to recipient cells, where
they can regulate the translation of target genes, suggesting
that serum or plasma miRNAs can serve as extracellular
communicators (12). Furthermore, miRNAs levels in serum
are stable, reproducible and consistent among individuals of
the same ethnic background (10). The specific serum miRNA
expression profile constitutes the fingerprint of a physiological
or disease condition (10). Evidence from rat models shows
that miRNA expression profiles in different tissues (pancreas,
liver, adipose and skeletal muscle) share high similarity with
those in blood samples (8). Therefore, circulating miRNAs
are suggested as unique biomarkers, which are reflective and
predictive of metabolic health and disorder (8). Furthermore,
circulating miRNAs as novel biomarkers for DM and diabetic
complications have been assessed in different studies (11,13).
For example, Zampetaki ef al (14) revealed distinct profiles of
serum miRNAs between patients with T2DM when compared
with non-DM patients in a Bruneck cohort using miRNAs
microarray technology. Similar findings were reported in
Singapore by Karolina er al (15). Previous studies have also
shown that certain specific serum miRNAs arre differentially
expressed in patients with T2DM, compared with normal
individuals, in China using reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) analysis (16-19).
Furthermore, studies have shown that the majority of these
candidate miRNAs are involved in regulating insulin secre-
tion, insulin resistance, glucose homeostasis and/or lipid
metabolism implicated in pathology of T2DM (8,20-22).

Therefore, differentially expressed miRNAs in the blood
may be suitable biomarkers for predicting T2DM or associated
complications. However, miRNAs and their role in the etiology
and pathogenesis of T2DM remain to be fully elucidated.
Furthermore, inconsistent results have been obtained from
different studies of T2DM-associated miRNAs, which may be
due to ethnic variance of samples, different inclusion/exclusion
criteria or different methods of miRNA analysis. A previous
investigation revealed an ethnicity-specific miRNA profile of
T2DM (23). Although RT-qPCR analysis is generally used
to identify T2DM-associated miRNAs, certain studies have
used high-throughput and microarray profiling, particulary
those investigating Chinese cohorts. Increased knowledge
of the circulating miRNA profiles of Chinese patients with
T2DM can further contribute to current understanding of the
development of T2DM with regards to different ethnic origins.
Therefore, in the present study, an miRNA RT-qPCR array,
combining the advantages of microarray and qPCR tech-
nology, was used to investigate differences in serum miRNA
expression profiles between patients with T2DM and healthy
subjects in Chinese cohorts. A total of seven potential miRNA
biomarkers were identified in the patients with T2DM from
the Chinese population. These miRNAs potentially regulated
97 T2DM candidate genes, which were enriched in several
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways, including insulin, adipocytokine and T2DM pathways,
elucidating the pathogenesis of T2DM.
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Materials and methods

Ethics statement. The present study was approved by the Ethics
Committee of The First Affiliated Hospital of Guangzhou
University of Chinese Medicine (Guangzhou, China). All
participants provided signed written informed consent prior
to experiments.

Participants. A total of 10 patients with T2DM, comprising
six women and four men aged 48-66 years old (58.2+7.7 years),
were recruited from the First Affiliated Hospital of Guangzhou
University of Chinese Medicine between October 2013 to
December 2013. All patients were diagnosed by the criteria
of the American Diabetes Association (24). Patients were
excluded if they presented with severe diabetic complications,
including stroke and/or other diseases in addition to T2DM,
including infectious or inflammatory diseases, psychiatric
conditions, serious somatic diseases or dyslipidemia. In addi-
tion, five healthy subjects, comprising three women and two
mean aged 51-61 years old (56.4+3.7 years), were recruited
as a control group through local advertisement. The healthy
subjects were free of any endocrine diseases, including T2DM,
and met the exclusion criteria for diabetes, which was then
confirmed by Professor Ming Hong (The First Affiliated
Hospital of Guangdong Pharmaceutical University) based on
medical examination. These individuals were also excluded if
they were overweight/obese, presented with a family history of
diabetes or were on long-term medication.

Serum sample collection. Each participant, following a period
of fasting between 7:00 a.m. and 9:00 a.m., had whole venous
blood (>3 ml) collected in a vacuum tube sans anti-coagulants.
The samples were stored in a 4°C refrigerator for 1 h to
allow complete blood coagulation. Subsequently, the yellow
supernatant (serum) was centrifuged at 6,640 x g for 10 min
at 4°C to remove residual cellular components. Every 250 pul of
serum was then packed in a frozen storage tube of RNase-free
medium (Corning Incorporated, Corning, NY, USA) and stored
at -80°C prior to use. The whole procedure was completed
within 2 h following blood sampling.

RNA isolation. Total RNA, including miRNA, was isolated
from serum using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) according to the manu-
facturer's protocol. The concentration and purity of the RNA
samples were determined using a NanoDrop ND-1000 spec-
trophotometer (Thermo Fisher Scientific, Inc.). RNA integrity
was evaluated by denaturing agarose gel electrophoresis. RNA
samples with a met 260/280 value >1.7 and an RNA concentra-
tion (20 ul) >60 pg/ul were used for the miRNA RT-qPCR
array.

miRNA RT-qPCR array. For each sample, ~20-25 ng of total
RNA containing miRNA was reverse transcribed into cDNA
using the MicroRNA Reverse Transcription kit and the RT
Primer Pools (Exiqon A/S, Vedbaek, Denmark) according to
the manufacturer's protocol. The resulting cDNA served as a
template for miRNA qPCR analysis in an ABI PRISM7900
system (Applied Biosystems; Thermo Fisher Scientific, Inc.)
with the miRCURY LNA™ Universal RT microRNA PCR
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system, Ready-to-use Serum/Plasma Focus Human Panel I
(Exiqon A/S; cat. no. 203886), which detected 372 human
mature miRNAs in the serum samples from the 10 T2DM
patients and five healthy subjects. Specifically, the resulting
cDNA template was diluted 110 times in nuclease free water.
The 10 p reaction volume contained 5 ul SYBR®-Green master
mix, 1 ul PCR primer mix (Exiqon A/S) and 4 ul diluted cDNA
template. The amplification profile was denatured at 95°C for
10 min, followed by 38 cycles of 95°C for 10 sec and 60°C for
60 sec. Melting curve analyses were performed at the end of
the PCR cycles. All procedures were performed according to
the manufacturer's protocol.

Determination of differentially expressed miRNAs and
cluster analysis. The raw quantification cycle (Cq) values were
obtained with the software supplied with the real-time qPCR
instrument. The data was further analyzed with GenEx qPCR
(Exiqon A/S) and SPSS 18.0 (SPSS, Inc., Chicago, IL, USA)
analysis software. Briefly, the threshold value was set in the
exponential amplification phase of the PCR. The Cq values
were determined by the numbers of PCR cycles and threshold
values. Undetectable data were assigned a default Cq value
of 38. The Cq values were normalized by the delta Cq method
with the housekeeping gene, SNORD38B, which had a stable
Cq value in the serum of two groups. Differences in the delta
Cq value between control and T2DM subjects were compared
using Student's t-test (two-tailed). The relative expression
levels (fold-change) of miRNAs between the two groups,
were calculated using 2-(ACq of disease group-ACq of control group) (25)
The miRNAs which matched P<0.05 and fold change >3.0
or <0.33 were defined as differentially expressed miRNAs.
Data are presented asrthe mean + standard deviation.
Cluster analysis for differentially expressed miRNAs was
performed using Multiple Experiment Viewer 4.9 software
(TM4; http://www.jcvi.org/cms/research/software/) (26).
The median center method was used to adjust genes/rows.
Hierarchical clustering based on Pearson's correlation
distance metric with average linkage was used to construct
gene and sample trees.

miRNA target prediction and T2DM candidate gene search.
To evaluate the functions of the differentially expressed
miRNAs, miRNA target prediction was performed using the
miRSystem database (version 20150312; http:/mirsystem.
cgm.ntu.edu.tw/) (27), which integrates the seven target gene
prediction algorithms, Diana-microT (version 4.0), miRanda
(August 2010 release), miRBridge (April 2010 release), PicTar
(March 2007 release), PITA (August 2008 release), RNA22
(version 2.0) and Targetscan (version 6.0), and two experimen-
tally validated databases, TarBase (version 7.0) and miRecords
(November 2010 release). In the present study, only validated
genes or miRNA-target interactions identified by at least three
prediction programs were considered for further analysis.
Target prediction was performed separately for upregulated
and downregulated miRNAs.

To investigate the interactive association between target
genes regulated by differentially expressed miRNAs and
candidate genes for T2DM, the VENNY 1.0 tool (http://bioin-
fogp.cnb.csic.es/tools/venny_old/index.html) (28) was used
to compare the lists of predicted targets of those miRNAs
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with a list of 563 candidate genes for T2DM using Venn
diagrams. The list of 563 candidate genes was obtained
from T2DM in T-the Text-mined Hypertension, Obesity and
Diabetes candidate gene database (last updated on January
2th, 2014; http://bws.iis.sinica.edu.tw/THOD/) (29). This
database provides lists of candidate genes for hypertension,
obesity and diabetes, and is regularly updated by text-mining
technologies, including a gene/disease identification system
and a disease-gene relation extraction system, which is used
to affirm the association of genes with the three diseases
by domain experts. Furthermore, this database provides
textual evidence of previous literature, disease-centric
protein-protein interaction network, and integrated gene and
single-nucleotide polymorphism information.

Functional annotation analysis of the predicted targets. The
intersected gene list between predicted targets (upregulated
and downregulated miRNAs) and candidate genes for T2DM
were separately submitted to the Database for Annotation,
Visualization, and Integrated Discovery (version 6.7) (30,31),
and the putative targets were annotated using KEGG pathway
analysis (http://david.abce.nciferf.gov/). The count threshold
was set as two genes per annotation term. The threshold of
EASE score, expressed as P-value in the present study and is
a modified Fisher Exact P-value for gene-enrichment analysis,
was set as 0.05. P<0.05 was considered to indicate increased
enrichment in the annotation categories (https://david.ncifcrf.
gov/helps/functional_annotation.html, #summary).

Results

Differential miRNA expression in serum between patients
with T2DM and healthy subjects. An miRNA qPCR array
containing 372 human serum mature miRNAs was used
to compare the serum miRNA expression profiles between
10 patients with T2DM and five healthy subjects. A total
of 24 miRNAs showed significant differences (P<0.05) in
expression levels between the two groups. Of these, seven
miRNAs matched the fold change >3.0 or <0.33 (shown as red
and green in Fig. 1). The fold changes of the seven miRNAs
are presented in Fig. 2. The present study found that four
miRNAs (hsa-miR-455-5p, hsa-miR-454-3p, hsa-miR-144-3p
and hsa-miR-96-5p) and three miRNAs (hsa-miR-409-3p,
hsa-miR-665 and hsa-miR-766-3p) were upregulated and
downregulated, respectively. Furthermore, hierarchical cluster
analysis showed that it was possible to separate patients with
T2DM and control subjects into similar categories via the
seven miRNAs, as all patients were clustered together and
separated from the control subjects (Fig. 3).

T2DM candidate genes potentially regulated by the differ-
entially expressed miRNAs. The predicted target genes of the
seven differentially expressed miRNAs were identified using
the miRSystem database. The results indicated 2,005 (list 3)
and 565 (list 1) putative target genes for the upregulated and
downregulated miRNAs, respectively (Fig. 4). The VENNY
tool (29) was then used to analyze the overlaps among the
predicted target genes (list 1 and list 3), and T2DM candidate
genes (list 2). The Venn diagrams showed that, of the 563
T2DM candidate genes, a total of 97 T2DM candidate genes
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were regulated by the differentially expressed miRNAs identi-
fied in the present study, with 29 and 82 genes being predicted
by the downregulated and upregulated miRNAs, respectively,
and 14 by predicted by both (Fig. 4).

Potential functions of the differentially expressed miRNAs.
KEGG pathway analysis was introduced to annotate the T2DM
candidate genes predicted by the differentially expressed
miRNAs. The results showed that the T2DM candidate genes
predicted by upregulated and downregulated miRNAs were
enriched in 19 and 13 KEGG pathways, respectively (Fig. 5).
Furthermore, eight KEGG pathways were shared by both,
which comprised insulin, adipocytokine, mammalian target
of rapamycin (mTOR), long-term depression, hypertrophic
cardiomyopathy (HCM), cancer (melanoma and glioma) and
focal adhesion signaling pathways. Of the 24 enriched path-
ways, three KEGG pathways were directly associated with the
pathomechanism of T2DM. These were T2DM, insulin and
adipocytokine signaling pathways, which included 19 T2DM
candidate genes, which were regulated by the differentially
expressed miRNAs. The interactions between these T2DM
targets and the seven differentially expressed miRNAs are
shown in Fig. 6. Of the 19 targets, seven targets were regu-
lated by downregulated miRNAs, 12 targets were regulated by
upregulated miRNAs, and three targets were regulated by both,
which were RPS6KB1, SHC1 and peroxisome proliferator-acti-
vated receptor v, coactivator la. (PPARGC1A). Considering the
fold-changes of the miRNAs for these three targets, RPS6KBI1
and PPARGCI1A were potentially repressed and SHC1 was
overexpressed by corresponding miRNAs (Figs. 2 and 7).

In the insulin signaling pathway (Fig. 7A), upregu-
lated miRNAs inhibited insulin receptor substrate (IRS)
1, further reduced antilipolysis via phosphodiesterase 3B,
(PDE3B; cGMP-inhibited) and protein synthesis via ribo-
somal protein S6 kinase, 70 kDa, polypeptide 1 (RPS6KBI),
increased lipogenesis via protein kinase, AMP-activated,
ol and 2 catalytic subunits (PRKAA1 and 2), and affected
glycolysis/gluconeogenesis via forkhead box O1 (FOXO1)
and PPARGCIA. The upregulated miRNAs decreased cell
proliferation, differentiation and protein synthesis via Src
homology 2 domain containing, transforming protein 1 (SHC1)
and mitogen-activated protein kinase kinase 1 (MAP2K1).
By contrast, the downregulated miRNAs predominantly
affected glycolysis/gluconeogenesis via IRS2, v-akt murine
thymoma viral oncogene homolog 1 (AKTI), PPARGCIA
and glucose-6-phosphatase, catalytic subunit (G6PC). The
downregulated miRNAs also increased protein synthesis via
SHC1 and RPS6KBI1. Combining these two aspects, patients
with T2DM exhibited insulin resistance, characteristic of a
metabolic disorder of glucose and lipid homeostasis.

In the adipocytokine and T2DM signaling pathways
(Fig. 7B), upregulated miRNAs affected the insulin signaling
pathway via IRS1, tumor necrosis factor o (TNFa), tumor
necrosis factor receptor superfamily, member 1B (TNFRSF1B)
and suppressor of cytokine signaling 3 (SOCS3), reduced
mitochondrion (-oxidation via PPARGCI1A and peroxisome
proliferator-activated receptor a (PPARA), and decreased
glucose uptake via PRKAA1/2 and solute carrier family 2,
member 1 (SLC2A1). In addition, upregulated miRNAs
inhibited insulin secretion via calcium voltage-gated channel
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Figure 1. Scatterplot of differentially expressed miRNAs in serum between
patients with type 2 diabetes mellitus and control subjects. Log, fold changes
and corresponding P-values of all miRNAs in the array were obtained to
construct the scatterplot. Negative values of Log, fold changes indicated
downregulated miRNAs and positive values indicated upregulated miRNAs.
Squares represent differentially expressed miRNAs with a fold change >3.0
or <0.33 and P<0.05; triangles represent indicate upregulated miRNAs;
diamonds represent all other miRNAS in the array. miRNA, microRNA.

subunit al E (CACNAIE), a voltage dependent R type calcium
channel. The downregulated miRNAs increased mitochon-
drion p-oxidation via PPARGCIA and leptin (LEP), and
increase gluconeogenesis via G6PC.

Discussion

In the present study, a qPCR array, which included 372 human
mature miRNAs, was used to examine differences in serum
miRNA expression profiles between patients with T2DM and
healthy subjects. A total of seven differentially expressed
miRNAs were identified, which improved stratification of the
two groups. Target gene prediction indicated that 97 T2DM
candidate genes were regulated by these miRNAs. KEGG
functional annotation showed that these T2DM candidate
genes were significantly enriched in the insulin, adipocyto-
kine and T2DM signaling pathways, as well as several other
pathways.

As the pathogenesis of T2DM remains to be fully
elucidated, biomarkers used for the early detection and iden-
tification of at risk individuals have the potential to improve
patient quality of life by providing improved management. The
levels of serum miRNAs derived from various tissues/organs
are stable, reproducible and consistent among individuals of
the same ethnic origin. Additionally, the expression profiles of
serum miRNAs better reflect underlying pathological/physi-
ologic processes (10,32) and have been used extensively in
various types of cancer (6,7) and metabolic syndromes (15),
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Figure 2. Differential expression of miRNAs in serum between patients with T2DM and control subjects. The expression levels of serum hsa-miR-455-5p,
hsa-miR-454-3p, hsa-miR-144-3p and hsa-miR-96-5p were upregulated in the patients with T2DM, compared with those in the control subjects, whereas
hsa-miR-409-3p, hsa-miR-665 and hsa-miR-766-3p were downregulated. ‘P<0.05 vs. control. miRNA, microRNA; T2DM, type 2 diabetes mellitus.
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Figure 3. Cluster dendrogram of the differential miRs in serum between patients with type 2 diabetes mellitus and control subjects. Each column represents
an individual sample and each row represents one miRNA. Black indicates lower expression and white indicates higher expression. miR, microRNA; dia,

diabetes; con, control.
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Figure 4. Venn diagrams between the arget genes of the seven differentially
expressed miRNAs and T2DM candidate genes. Lists 1 and 3 represent
targets of downregulated and upregulated miRNAs, respectively, and list
2 indicates T2DM candidate genes. miRNA, microRNA; T2DM, type 2
diabetes mellitus.

including T2DM (8,11). Furthermore, accumulating evidence
has identified several serum miRNAs, which regulate insulin
signaling, glucose and lipid metabolism, as implicated in
T2DM pathology (8,20-22). Thus, serum miRNAs may serve
as novel biomarkers for T2DM and also assist in explaining its
pathogenesis.

Several studies have assessed the differences in serum
or plasma miRNA expression between patients with T2DM
and healthy non-diabetic subjects. Using miRNA microarray
profiling confirmed by qPCR, Zampetaki et al (14) first
identified low plasma levels of miR-15a, miR-29b, miR-126
and miR-223, and high levels of miR-28-3p in patients with
T2DM, compared with non-diabetic individuals in Bruneck,
Italy. Karolina et al (15) found upregulation in the levels of
miR-27a, miR-150, miR-192, miR-320a and miR-375 in the
blood and exosomes of patients with T2DM, compared with
healthy controls in Singapore. Using qPCR analysis of specific
miRNAs, Kong et al (18) also found that seven candidate
miRNAs (miR-9, miR-29a, miR-30d, miR-34a, miR-124a,
miR-146a and miR-375) were significantly upregulated in
serum from patients newly diagnosed with T2DM, compared
with T2DM-susceptible individuals and normal glucose
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Figure 5. KEGG pathway functional annotations of type 2 diabetes mellitus candidate genes regulated by the differentially expressed miRNAs. (A) KEGG
pathway of upregulated miRNAs; (B) KEGG pathway of downregulated miRNAs. Enrichment scores (P-values) of each pathway provided by the Database
for Annotation, Visualization, and Integrated Discovery annotation tool are showed as -logl0 (P-values). miR, microRNA; KEGG, Kyoto Encyclopedia of

Genes and Genomes.

tolerance in a Chinese cohort. These pioneering studies
demonstrated the potential of miRNAs as biomarkers for
T2DM, although with mixed results. In the present study,
seven differently expressed miRNAs were identified. The
upregulation of miR-144-3p has been supported in several
other reports. Wang et al (23) found that a higher expression
of miR-144 in plasma was significantly associated with T2DM
in Sweden. Similar results were reported by Yang et al (33),
and Zhu and Leung (34) showed that the upregulation of circu-
lating miR-144 may be a potential biomarker for T2DM in a
meta-analysis of controlled profiling studies. Karolina et al (8)
found that miR-144 was significantly increased in blood
samples from a T2DM rat model. In addition, the upregulation
of miR-144 was shared among patients with T1IDM, T2DM and
gestational diabetes mellitus in peripheral blood mononuclear
cells, and expression was higher in muscles of patients with
T2DM, compared with healthy individuals (35). Compared
with the findings of the present study, low expression levels of
miR-96 were reported by Yang ez al (19) in the serum of patients
with T2DM, compared with normal glucose tolerance controls.
To the best of our knowledge, none of the other differentially
expressed miRNAs identified in the present study have been
reported in previous studies associated with T2DM. Thus, the
present study may have identified novel dysregulated miRNAs

in patients with T2DM, compared with control individuals, at
least in the Chinese population examined.

The present study also predicted the T2DM candidate
genes, which were potentially regulated by the seven differ-
ential miRNAs. Of the 563 T2DM candidate genes, 97 genes
were identified (Fig. 4), which may be important in explaining
the role of these miRNAs in the pathogenesis of T2DM.
KEGG functional annotation of these targets showed that
several pathways were potentially modulated by these upregu-
lated and/or downregulated miRNAs (Fig. 5). The majority of
these pathways have been previously associated with T2DM,
including insulin and adipocytokine signaling pathways,
T2DM, pathways in cancer, focal adhesion, and hypertrophic
cardiomyopathy (as described below). These findings may
provide novel insights into the complex molecular mechanisms
involved in T2DM.

Relative insulin deficiency and insulin resistance are
important characteristics in the development of T2DM patho-
genesis. In the present study, three signaling pathways (insulin,
adipocytokine and T2DM) showed marked enrichment with
the 19 T2DM candidate genes modulated by the downregu-
lated and upregulated miRNAs (Figs. 6 and 7), which have
been implicated in insulin secretion and function in T2DM.
For insulin secretion, the upregulation of miR-96-5p represses
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Figure 6. Interaction networks of the differential miRNAs and their T2DM
target genes associated with type II diabetes mellitus, insulin and adipo-
cytokine signaling pathways. Triangles represent upregulated miRNAs;
diamonds represent downregulated miRNAs and ovals represent target
genes for T2DM. Italics (RPS6KB1, PPARGCIA and SHC1) indicate genes
targeted by downregulated and upregulated miRNAs. miR, microRNA;
T2DM, type 2 diabetes mellitus; CACNAIE, calcium voltage-gated channel
subunit al E; TNFRSF1B, tumor necrosis factor o receptor superfamily,
member 1B; IRS, insulin receptor substrate; SOCS3, suppressor of cytokine
signaling 3; PPARGCI1A, peroxisome proliferator-activated receptor vy, coact-
ivator lo; PPARA, peroxisome proliferator-activated receptor a; PRKAAIL,
protein kinase, AMP-activated, al; AKTI1, v-akt murine thymoma viral
oncogene homolog 1; SLC2AL, solute carrier family 2, member 1; G6PC,
glucose-6-phosphatase, catalytic subunit; LEP, leptin; SHC1, Src homology 2
domain containing, transforming protein 1; MAP2K1, mitogen-activated
protein kinase kinase 1; RPS6KBI, ribosomal protein S6 kinase, 70 kDa,
polypeptide 1; PDE3B. phosphodiesterase 3B; FOXOL1, forkhead box Ol.

CACNAIE and then results in impaired insulin secretion.
Similar reports have shown that miR-96 negatively regulates
insulin exocytosis by granuphilin/SLP4 (20). Dysregulated
insulin and adipocytokine signaling pathways can affect
glucose, lipid, and protein metabolism, which result in insulin
resistance. Specifically, these identified miRNAs may dysreg-
ulate the glycolysis/gluconeogenesis process via the targeting
of IRSI1, IRS2, FOXO1, PPARGCI1A, AKT! and G6PC, and
repress glucose uptake via PRKAA1/2 and SLC2A1. They
may also dysregulate the process of lipogenesis via the
targeting of IRS1, IRS2, PDE3B and PRKAA1/2, and inhibit
mitochondrial B-oxidation via PPARA and PPARGCIA. In
addition, these miRNAs may dysregulate protein synthesis
processes via the targeting of IRS1, IRS2, SHC1, MAP2K1
and RPS6KBI. In addition, TNFa, TNFRSFI1B and LEP indi-
rectly affect insulin signaling pathways and lipolysis processes.
Karolina et al (8) experimentally demonstrated that IRS1 is
the target of miR-144, and that increased circulating levels of
miR-144 are correlated with downregulation of its predicted
target, IRS1, at the mRNA and protein levels. Similar results
were reported by Yang et al (33). Furthermore, Jeong et al (36)
and Wang et al (37) revealed that IRS1 is also the target of
miR-96. FOXO1 was experimentally demonstrated in several
investigations (38,39) to serve as the target of miR-96. None
of the other interactions of the target-miRNAs identified in
the present study have been reported previously. Of note,
previous reports have shown that several miRNAs identified
in the present study were involved in carbohydrate and lipid
metabolism. Hu ef al (40) and Ramirez et al (41) revealed that
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miR-144 regulates cholesterol metabolism and plasma levels
of high-density lipoprotein, and promotes pro-inflammatory
cytokine production. Fu et al (42) found that miR-144 regulates
carbohydrate and lipid metabolism by inhibiting isocitrate
dehydrogenase 2, which acts as key enzyme of the tricarboxylic
acid cycle. Similar reports have also demonstrated functions
of miR-96, which controls selective high-density lipoprotein
cholesterol and cholesteryl ester uptake, and regulates endog-
enous lipid synthesis (22,43,44). In addition, Milagro et al (45)
found that the expression of miR-766 is correlated with weight
loss. Therefore, these miRNAs may be able to regulate lipid
metabolism through the insulin, adipocytokine and T2DM
pathways. Additionally, the dysregulation of carbohydrate and
lipid metabolism modulated by the identified miRNAs may be
an important pathogenic mechanism of T2DM.

Evidence of an association between DM and cancer has
been sugested, although without a definitive conclusion.
Previous reports have shown that DM and insulin resistance
are risk factors for gastric, hepatocellular and prostate
cancer (46). In addition, breast cancer, colon cancer (47),
melanoma (48), renal cell carcinoma (49) and pancreatic
cancer (50) have been implicated in the progression of T2DM.
In the present study, and in agreement with the previous
studies, several signaling pathways were found to be involved.
Previous studies have also shown that these miRNAs are
associated with increased risk of cancer. For example,
miR-144-3p exerts antitumor effects in glioblastoma (51), and
is a diagnostic marker for breast cancer (52), follicular thyroid
cancer (53), laryngeal carcinoma (54) and papillary thyroid
carcinoma (55). Similar results also revealed an association
between miRNA-96-5p and several types of cancer, including
breast cancer (56), colorectal carcinoma (57), epithelial
ovarian cancer (58), pancreatic carcinoma (59) and prostate
cancer (60). miR-454-3p can enhance cellular radiosensitivity
in renal carcinoma cells by inhibiting the expression of BTG
anti-proliferation factor 1 (61). miR-455-5p can promote
melanoma growth and metastasis through inhibition of the
tumor suppressor gene, cytoplasmic polyadenylation element
binding protein 1 (62). In additiob, miR-455-5p was identified
as a molecular signature associated with anaplastic large cell
lymphoma (63), basal cell carcinoma (64), endometrial serous
adenocarcinomas (65) and laryngeal cancer (66). miR-409-3p
suppresses the invasion and metastasis of colorectal (67) and
bladder cancer (68), but promotes the tumorigenesis of human
prostate cancer (69) and gastric cancer (70). Furthermore,
plasma miR-409-3p serves as a promising biomarker for
the early detection of breast cancer (71) and colorectal
cancer (72). The downregulation of miR-665 may be closely
associated with the invasive metastatic and chemoresistance
of gastric signet ring cell carcinoma (73). However, no report
has shown an association between miR-766-3p and cancer.
Taken together, the findings of the present study corroborated
with previous studies, which linked T2DM and cancer. It
is possible that a number of the patients with T2DM in the
present study were at risk of cancer.

In the present study, the predicted target genes were
also significantly enriched in the focal adhesion and
hypertrophic cardiomyopathy pathways. Wang et al (74)
found that the focal adhesion pathway is significantly
dysregulated in the progression of T2DM by assessing
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differentially expressed genes between human pancreatic =~ T2DM (75). In terms of HCM pathway, asymmetric left
islets with T2DM and normal islets. Similar results were  ventricular hypertrophy and impairment in diastolic func-
reported in female visceral and subcutaneous adipose, and  tion were important characteristics of HCM. Dinh et al (76)
in male visceral adipose and skeletal muscle of patients with ~ and Shigematsu et al (77) found that insulin resistance and
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glycemic abnormalities were associated with the deteriora-
tion of left ventricular diastolic function. Okayama et al (78)
also revealed that the presence of obstructive coronary
stenosis and the magnitude of left ventricular hypertrophy
were associated with the presence of diabetes, triglyceride
levels and estimated glomerular filtration rate. In addition,
the results of previous studies have shown that the mTOR
signaling pathway, also enriched in the present study, is
implicated in left ventricular remodeling, myocardial infarc-
tion and hypertrophic cardiomyopathy (79,80). Therefore,
the findings of the present study suggested that the abnormal
pathway of focal adhesion may be a pathological feature of
T2DM, and that aberrant expression of miRNAs may also
induce diabetic cardiomyopathy by targets implicated in the
HCM pathway.

In conclusion, the present study identified seven differ-
entially expressed miRNAs by using an miRNA qPCR
array. These miRNAs clearly discriminated patients with
T2DM from healthy subjects and offer potential as suitable
biomarkers for T2DM by assessing for abnormal expression.
In addition, target gene prediction revealed that a total of 97
T2DM candidate genes may be regulated by these differential
miRNAs. The results of the present study were concordant with
those of previous reports, to a certain extent, in that several
biological pathways previously implicated in T2DM were
potentially modulated by the seven miRNAs, including insulin
and adipocytokine signaling pathways, T2DM and several
cancer-associated pathways. Taken together, the results of the
present study may provide novel insight into the possibility
that circulating miRNAs can be used as potential biomarkers
for T2DM, which assists in improving current understanding
of the pathomechanism and biological pathways underlying
T2DM.
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