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ABSTRACT
Objectives: Hyperglycemia that develops during pregnancy is a diagnostic criterion of gestational diabetes mellitus (GDM).
Current studies have shown that the expression of miRNA-181d is significantly enhanced in the glomeruli of type 2 diabetic.
However, the relationship between miR-181d and GDM has never been reported before.
Material and methods: The serum samples were collected from patients with GDM and subjected to qRT-PCR to verify
the potential altered the miR-181d expression. In an in vitro GDM model, the miR-181d expression was induced by high
glucose treatment, a miR-181d inhibitor was transfected into INS-1 cells to reduce miR-181d expression. Then, the level
of insulin mRNA, cell viability, and content of total insulin were analyzed through ELISA, CCK-8 assay, and qRT-PCR assay.
The relative apoptosis rates were detected by Annexin-V/PI assays. Finally, the shIRS2 transfection was performed to test
whether in pancreatic β cells, IRS2 had similar insulin-enhancing functions as the miR-181d inhibitor.
Results: MiR-181d expression level was positively correlated with fasting blood glucose levels and the inhibition of miR-181d
reduced insulin resistance, enhanced cells viability and suppressed high-glucose-induced apoptosis. In addition, the suppression of miR-181d improved the functions of INS-1 cells by targeting IRS2.
Conclusions: In summary, this study indicated that miR-181d modulated the process of insulin signaling and cell viability and
apoptosis in pancreatic β cells by targeting IRS-2, suggesting that miR-181d inhibition is a potential target for GDM therapy.
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INTRODUCTION
Diabetes is linked to an abnormal metabolic condition
that is characterized by insufficient blood glucose control
or peripheral tissue resistance to insulin action [1, 2]. Hyperglycemia that develops during pregnancy is one of the
symptoms of gestational diabetes mellitus (GDM) [3, 4].
GDM, often beginning about 20–24 weeks of pregnancy, is
defined as the glucose intolerance with onset or first recognition during pregnancy and whether the condition persists
after pregnancy. GDM is currently the most general medical
complication of pregnancy and affects approximately 3–8%
of pregnancies [5, 6]. GDM drastically increases the various
risks of a number of adverse events, such as respiratory
distress syndrome, macrosomia, hyperbilirubinemia, hypoglycemia, metabolic syndrome, and type 2 diabetes, for
fetuses and pregnant women [7–9]. However, the detailed

molecular mechanism underlying the occurrence of GDM
remains mostly unknown. The pathophysiology of GDM is
related to defects in β-cell function [10, 11] and reductions
in peripheral insulin sensitivity [12, 13]. Therefore, finding
the specific downstream factors of β cells may help develop
new therapeutic targets for GDM. MiRNAs are a class of small
noncoding RNAs that regulate gene expression by repressing translation, degrading target mRNAs, and regulating
the cell cycle and immune system homeostasis [14, 15].
MiRNAs have been illustrated to be related with multiple
sides of pancreatic development, glucose-stimulated insulin
expression, and β-cell function or differentiation [16, 17].
Recently, several studies have shown that circulating
miRNAs in plasma or serum are putative early biomarkers of
diabetes [18] and differentially expressed in GDM [19, 20].
The role of miRNAs in diabetes has been related with several
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pathogenic characteristic, such as miR-410 and miR-200a
stimulated the glucose level to regulate the insulin expression [21]. The overexpression of miR-30d and miR-29 also
associated with insulin gene expression and insulin resistance [22]. Moreover, the expression of miRNA-181d is significantly enhanced in the glomeruli of type 2 diabetic mice
and can reduce cellular triglycerides and cholesterol esters
by inhibiting isocitrate dehydrogenase [23–25]. However,
the relationship between miR-181d and GDM has never
been reported before.

Objectives
We hypothesized that miR-181d can serve as a candidate
biomarker for predicting GDM in early pregnancy. We concentrate on the expression level of miR-181d in GDM and
consider its role in the functions of pancreatic β cells. Then,
we searched the signaling molecules and pathways that are
regulated by miR-181d and identified the molecules that are
the targets of miR-181d in regulating GDM.

MATERIAL AND METHODS
Patients and blood samples
The study was approved by the Ethics Committee of the
Taikang Xianlin Drum Tower Hospital. The blood samples
were obtained from normal pregnant women (n = 30) and
pregnant women with (n = 25) GDM that were matched
for age and body mass index (BMI) and requested to fasting blood glucose concentration measurements. All blood
samples were stored at –80°C until required.

Cell culture
Rat insulinoma (INS-1) cells were obtained from the
cell bank of American type culture collection (ATCC) and
cultured in RPMI 1640 medium (Gibco) with L-glutamine
supplemented with 10 mm HEPES, 1 mm sodium pyruvate, 100 units/mL penicillin, 100 µg/mL streptomycin and
10% fetal bovine serum in a humidified atmosphere of
5% CO2 and 37°C. INS-1 cells were subcultured when they
achieved 90% confluence. Prior to experimental use, cells
were precultured in serum free medium with different glucose condition (5.5, 11 or 22 mm) overnight.

Total RNA extracted from the cells and blood sample
using TRIzol reagent (Thermo Fisher Scientific, USA) according to the reference instructions and reverse transcription of miRNA-181d to cDNA by PrimeScript RT reagent Kit
(Takara, Japan). The specific primers for miRNA-181d were
purchased from Applied Biosystems (TaqMan MicroRNA
Assay, miRNA-181d, ID 001099). The gene expression level
was quantitative by TaqMan MicroRNA assay kit on real-time
PCR system (Applied Biosystems) were used according to
the manufacturer’s protocols. The mouse U6 was used as
an internal control for normalized the miRNA-181d expression and comparisons calculated as the inverse log of ΔΔCT
to give the relative fold change for all miRNA levels.

Western Blot Analysis
After different dose of glucose treatment and miR-181d
inhibitor transfection, INS-1 cell were plural, were lysed
with RIPA lysis buffer (Thermo Fisher Scientific, USA) and
collected the total protein. The BCA kit was used to measure the protein concentration. 30 μg proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide (SDS)
gel and transferred to Nitrocellulose (NC) membranes. After blocked in 5% skim milk for two hours at normal atmospheric temperature, the membranes were then incubated with 1:2000 dilutions of the primary antibodies
(IRS2 and β-actin, both antibodies purchase from Abcam,
ab203051 and ab8227) at 4°C overnight. The membrane
was washed and incubated with 1:5000 dilutions of the
secondary antibodies for one hour at room temperature.
Protein expression was determined by using enhanced
chemiluminescence (ECL) detection System. Signal intensities were developed using Image Lab Software (version
3.0).

Cell Apoptosis Assays
The cells were harvested after treatment with different conditions and estimated the apoptosis cells by
staining with annexin V/propidium iodide (PI) kit (Thermo
Fisher Scientific, USA) according to the manufacturer’s
instructions. Finally, the fluorescence of cells was detected and analyzed by flow cytometry (Thermo Fisher
Scientific, USA).

Cell transfection
INS-1 cells were detached and plated at 2 × 105 cells per
well into six well plates before transfection. When cell confluence reached 60–70%, miR-181d inhibitor, NC inhibitor and
short-hairpin IRS2 RNA (IRS2 shRNA) were transfected into
cells using Lipofectamine 2000 and lentiviral packaging mix
according to the reference instructions. After 48 hours, cells
were collected for further experiments.
Quantitative real-time polymerase chain reaction
(q-PCR).
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CCK-8 assay
The INS-1 cells viability were plural, were measured by Cell
Counting Kit-8 (PA137267, Pierce) according to the manufacturer’s instructions. The INS-1 cells were seeded at a density of
1 × 105 cells/well in a 96-well plate and treated with different
concentration of glucose (5.5 mm to 22 mm). After growth for
different conditions, the cells were incubated by CCK-8 reagent
for 20 min. The absorbance value was assessed at 450 nm in
a microplate reader.
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Enzyme-linked immunosorbent assay (ELISA)
The INS-1 cells were seeded and incubated for 24 h. After
treated with different concentration of glucose (5.5 mm to
22 mm) to stimulate release of insulin, the cells were lysed in
lysis buffer, and then centrifuged for collected the supernatant. The supernatant was frozen at −20°C until assayed. The
secretion level of insulin from INS-1 cells were plural, were
measured by insulin ELISA kit (EZHI-14K, Sigma-Aldrich)
according to the manufacturer’s instructions.

Luciferase activity assay
To investigate targets with significant change, the fragments of IRS2-3’-UTR with wide-type (IRS2 wt) and mutant
(IRS2-mut) binding sites for miR-181d were inserted downstream of luciferase gene into pmirGLO luciferase Vectors
(Promega, Madison, WI, USA). After the IRS2 wt and IRS2-mut,
the cells were co-transfected with miR-181d inhibitor by
Lipofectamine 2000. HEK293 cells were transfected with
miR-181d inhibitor, along with mutant IRS2 reporter vector,
the negative control (NC inhibitor) as needed within the
experimental setup. After incubation, the luciferase reporter
assay was used to applicated the cells, according to the
manufacturer’s instructions (Promega, Madison, WI, USA).

Statistics
All data were reported as mean ± SD. Analysis among
multiple groups were carried out by ANOVA using the
GraphPad Prism software 5.0. The connections between
miR-181d with IRS2 and miR-181d with blood glucose were
measured by Pearson correlation analysis. P value < 0.05 was
considered statistically significant.

RESULTS
miR-181d is overexpress in gestational diabetes
mellitus
Serum samples were collected from patients with
GDM and nondiabetic pregnant women and subjected

A

B

to qRT-PCR to verify the potential altered the miR-181d
expression in the serum of patients with GDM. In the present study, the miR-181d level was markedly increased in
patients with GDM compared with that in normal patients
(Fig. 1A). The correlation between miR-181d and fasting
blood glucose level was demonstrated via Pearson analysis. MiR-181d expression level was positively correlated
with fasting blood glucose levels (r = 0.7182, p < 0.001)
(Fig. 1B). This result suggested that the overexpression of
miR-181d might be a potential new diagnostic approach
for GDM treatment. The INS-1 cell line presents many
important characteristics, including high insulin content
and response to glucose stimulation, of pancreatic β cells.
The INS-1 cells were treated with different concentrations
of glucose ranging from 5.5 mm to 22 mm for 4 days to
elucidate the GDM-associated expression of miR-181d.
As shown in Figure 1C, miR-181d was dose-dependently
induced at glucose concentrations of 5.5 mm to 22 mm.
Taken together, these results indicated that miR-181d had
a critical regulatory effect on GDM.

Knockdown of miR-181d reduces insulin
resistance in pancreatic β cells
Given that miR-181d expression was induced by high
glucose treatment, a miR-181d inhibitor was transfected into
INS-1 cells to reduce miR-181d expression (Fig. 2A). Then,
level of insulin mRNA, cell viability, and insulin content were
analyzed through ELISA, CCK-8 assay, and qRT-PCR assay.
As depicted in Figure 2B, under high glucose stimulation
(22 mm), the viability of INS-1 cells in the miR-181d inhibition group significantly enhanced compared with that of
cells in the blank and inhibitor NC groups. Compared with
the blank and inhibitor NC groups, the insulin expression in
response to glucose stimulation was significantly increased
in the miR-181d inhibiting INS-1 cells. (Fig. 2C). However,
cell viability and insulin secretion did not significantly differ
among each group under low glucose conditions (5.5 mm).

C

Figure 1. Up-regulation of miR-181d in GDM and its expression is positively correlated with blood glucose concentration; A. The expression
levels of miR-181d were determined by qRT-PCR in blood samples from GDM pregnancies and healthy pregnancies. **p < 0.01 vs normal group;
B. Correlation between miR-181d level and blood glucose determined by Pearson correlation analysis (r = 0.7182, p < 0.0001); C. The expression
levels of miR-181d were analyzed by qRT-PCR in INS-1 cells after treatment with different concentration of glucose. The values are means ± SD.
** p < 0.01 vs 5.5 mm group
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Figure 2. Knockdown of miR-181d enhanced the functions of pancreatic β cell; A. The transfection efficiency of miR-181d inhibitor in INS-1 cells
after treatment with different concentration of glucose; B. Cell viability was determined by CCK-8 assay after transfection with miR-181d inhibitor
in INS-1 cells; C. Total insulin secretion was measured by ELISA assay in INS-1 cells. The values are means ± SD. **p < 0.01 vs 5.5 mm group or NC
inhibitor group

These results indicated that in INS-1 cells, the inhibition of
miR-181d reduced insulin resistance and enhanced viability.

Knockdown of miR-181d suppressed highglucose-induced apoptosis in pancreatic β cells
Previous studies have demonstrated that high glucose
concentration is toxic to cultured β cells. The relative apoptosis rates, detected by Annexin-V/PI assays in INS-1 cells,
were determined to validate whether miR-181d was indeed
involved in the possible molecular mechanisms underlying the high-glucose-induced apoptosis of pancreatic β
cells. The data demonstrated that the group incubated with
22 mm glucose showed fewer live cells than the group
treated with 5.5 mm glucose. Compared with that that of
the high-glucose group, the relative rate of apoptosis in
INS-1 cells was remarkably suppressed by the miR-181d
inhibitor (Fig. 3). These results indicated that miR-181d affected high-glucose-induced apoptosis in INS-1 cells.

MiR-181d functions as an IRS2 regulator
Given that miRNAs function by regulating the expression of their target genes, bioinformatics analysis was
performed to verify the potential targets of miR-181d.
In accordance with the results of these analyses, we focused
on the insulin receptor substrate IRS2, which plays a critical
role in maintaining the adequate growth and survival of
pancreatic β cells. The WT IRS2 3'-UTR including the predicted miR-181d binding sites or the MT IRS2 3'-UTR without
miR-181d binding sites were subcloned into a luciferase
reporter vector (Fig. 4A) then subjected to a luciferase reporter assay. As shown in Figure 4A, cotransfection with
the WT IRS2 3'-UTR vector and miR-181d inhibitor result in
a remarkable increase in luciferase activity; however, the
expression of luciferase in the 293T cells cotransfected with
the MT IRS2 3'-UTR vector and miR-181d inhibitor showed
no obvious change. Accordingly, IRS2 is a direct target gene
566

of miR-181d. The expression levels of IRS2 were analyzed via
Western blot analysis to identify whether miR-181d could
modulate the expression of IRS2 in INS-1 cells. As depicted
in Figure 4B, high glucose reduced IRS2 expression, whereas
miR-181d inhibition reversed this effect.

Suppression of miR-181d increaased the
functions of pancreatic β cells by targeting IRS2
Considering that the inhibition of miR-181d led to a significant increase in the expression of IRS2, shIRS2 transfection was performed to test whether in pancreatic β
cells, IRS2 had similar insulin-enhancing functions as the
miR-181d inhibitor. As illustrated in Figure 5A, miR-181d
inhibition led to a significant increase in high-glucose-induced insulin expression and secretion. However, this effect
was significantly reversed by shIRS2. CCK8 assay revealed
that under high glucose conditions, cell viability in the
shIRS2 treatment group reduced compared with that in
the miR-181d inhibitor group (Figure 5B). Flow cytometry
assay was conducted to further confirm whether shIRS2 expression could be negatively modulated by miR-181d under
the condition of high-glucose-induced apoptosis. The cell
apoptosis rate in the high-glucose treated group was promoted relative to that in the low-glucose group (5.5 mm) or
high glucose (22 mm) + miR-181d inhibitor group. By contrast, after INS-1 cells were cotransfected with the miR-181d
inhibitor and shIRS2, the reduction in cell apoptosis rate
was reversed by shIRS2 treatment but not by the miR-181d
inhibitor treatment. These results demonstrated that interference with IRS2 could change the regulatory effect of
the miR-181d inhibitor on the pancreatic β cells functions.

DISCUSSION
GDM results from a spectrum of physiological and
genetic abnormalities and has severe negative effects
on fetal and neonatal outcomes [26]. Pregnancy is gen-
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Figure 3. Knockdown of miR-181d suppresses cellular apoptosis of pancreatic β cell. Cell apoptosis was analyzed by flow cytometry in INS-1 cells
after transfection with the inhibitor and treatment with different concentration of glucose. The values are means ± SD. **p < 0.01 vs 5.5 mm group
or miR-181d inhibitor group

A

B

Figure 4. IRS2 was a direct target of miR-181d; A. IRS2 3’-UTR contains binding sites of miR-181d. (Up) Luciferase activity assay in HEK293T cells
co-transfected with miR-181d inhibitor and luciferase reporters containing wild type or mutant type IRS2 (Down). ** p < 0.01 vs NC inhibitor group;
B. IRS2 expression level in INS-1 cells was detected by western blot after transfection. The values are means ± SD. ** p < 0.01 vs 5.5 mm group or
miR-181d inhibitor group

erally associated with progressive insulin resistance that
appears to result from the insulin-desensitizing effects of
the hormonal products of the placenta [27, 28]. Numerous
studies have demonstrated that pancreatic β cells increase
their insulin secretion to compensate for insulin resistance
during pregnancy, and the plasticity of β cell function is
a sign of normal glucose regulation during pregnancy [29,
30]. The serum miRNA signature that identifies GDM regulates the performance of the diversity of genes that are
involved in the regulation of cell viability or apoptosis and
glucose-stimulated insulin secretion and thus, may par-

ticipate in diabetes [19, 31]. Recently, miR-181d has been
found to regulate the expression of Bcl-2 family members
and mitogen-activated protein kinase and is significantly
up-regulated in the glomeruli of type 2 diabetic mice [32].
However, the accurate role of miR-181d in the rule of pancreatic β-cell proliferation, apoptosis, and insulin secretion
remains unclear.
In the present study, we aimed to reveal essential roles
of miR-181d in GDM. After comparing miR-181d expression in the blood samples of patients with diabetes that
in the blood samples of normal subjects, we found that
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Figure 5. Knockdown of IRS2 reverses the regulatory effects of miR-181d inhibitor on the functions of pancreatic β cells; A. Total insulin secretion
was measured by ELISA assay in INS-1 cells; B. Cell viability was determined by CCK-8 assay after transfection in INS-1 cells; C. Cell apoptosis was
analyzed by flow cytometry in INS-1 cells after transfection and treatment with different concentration of glucose. The values are means ± SD.
*, ** represent 5.5 mm or 22 mm + miR-181d inhibitor vs 22 mm or 22 mm + miR-181d inhibitor + shIRS2, p < 0.05, p < 0.01

the expression of miR-181d was significantly increased in
patients with diabetes. In patients with diabetes, plasma
miR-181d expression level and blood glucose concentration
have a significant positive correlation, indicating that the
dysregulation of miR-181d is related to the progression of
GDM. We transfected INS-1 cells with a miR-181d inhibitor to
further investigate the mechanisms of miR-181d underlying
the function of pancreatic β cells in GDM. This study found
that the suppression of miR-181d promoted cell viability and
insulin expression while suppressing the cellular apoptosis
of INS-1. These results were consistent with clinical data and
further supported the concept that miR-181d plays a critical
role in GDM.
At the post-transcriptional level, miRNAs regulate the
expression of downstream target genes by binding to reverse
complementary sequences. Our bioinformatics analysis results showed that IRS2 maintained the adequate growth and
survival of pancreatic β cells. IRS, a major cytoplasmic substrate in insulin signaling, modulates basic cellular functions
and gene expression [33, 34]. IRS-2 is one of key members
of the insulin receptor substrate family, which integrates
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the effects of insulin with those of IGF-1 to maintain insulin
sensitivity and glucose homeostasis in β cells [35]. The relative hyperinsulinemia could be compensated the peripheral
insulin resistance caused by IRS2 disruption [36]. In Irs2 –/–,
diabetes is promoted as β-cell mass decreases and insulin
secretion fails [37]. In this study, when the miR-181d inhibitor was cotransfected with shIRS-2, luciferase activity
was enhanced by the miR-181d inhibitor, suggesting that
IRS-2 might be the target gene of miR-181d. In addition,
the results of this research showed that the attenuation of
IRS-2 with shRNA reversed the protective effects of miR-181d
inhibition on insulin secretion and cell viability and the inhibitory effect on the apoptosis of INS-1 cells under high-glucose
conditions. These results suggested that miR-181d inhibition
exerted a functional role in GDM by targeting IRS-2.

CONCLUSIONS
In summary, this study indicated that miR-181d involved
inthe insulin signaling and cell viability and apoptosis in pancreatic β cells by targeting IRS-2, suggesting that miR-181d
inhibition is a potential target for GDM therapy.
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