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Abstract. Gestational diabetes mellitus (GDM) is a growing 
health concern, and it increases the risk of adverse pregnancy 
outcomes with substantial long‑term adverse health impacts 
on mothers and their offspring. Several studies have revealed 
specific associations between genetic variants and the risk of 
GDM. Single nucleotide polymorphisms (SNPs) are the major 
type of genetic variation in humans. Let‑7 microRNA targets 
are enriched for genes containing SNPs associated with glucose 
metabolism, including Lin28. In the present study, the effect 
of T/C variants of rs3811463 (a SNP located near to the let‑7 
binding site in Lin28) on GDM risk was investigated. A GDM 
rat model was successfully constructed using a high fat diet 
and streptozotocin injection, and the primary skeletal muscle 
cells were isolated. The cell transfection results demonstrated 
that rs3811463‑T/C significantly affected the glucose uptake 
and insulin sensitivity. Reverse transcription‑quantitative 
polymerase chain reaction analysis indicated that the C allele 
at rs3811463 regulated the expression of glucose metabo-
lism‑associated genes insulin‑like growth factor two binding 
protein 2 and glucokinase. Western blot analysis data revealed 
that replacement of the T allele by the C allele at rs3811463 
modulated the protein level of Sirtuin 1. Taken together, it was 
concluded that the let‑7/Lin28 axis regulated glucose uptake 
and insulin sensitivity by modulating the expression of glucose 
metabolism‑associated proteins. These findings provide novel 

evidence on the association between genetic variations of 
rs3811463 and GDM susceptibility.

Introduction

Gestational diabetes mellitus (GDM) is a common complica-
tion of pregnancy associated with an increased incidence of 
pregnancy complications, adverse pregnancy outcomes, and 
maternal and fetal risks of chronic health conditions later 
in life  (1). The occurrence of GDM is a multi‑factor and 
multi‑stage process, which is directed by the environmental, 
dietary or genetic factors. However, the specific mechanism 
has not been fully elucidated. Well‑documented risk factors 
for GDM include pre‑pregnancy overweight and obesity (2). 
But some reports also showed that only a few people suffered 
from GDM under the context of the same diet, suggesting that 
different individuals displayed different susceptibility to food 
habits (3). Several studies referred to the close association 
between genetic variants and the risk of GDM (4).

Single nucleotide polymorphisms (SNPs) are the major 
type of genetic variation in human beings. Many studies 
reported that allelic variations of SNPs can influence the 
expression or function of their hosting genes. Increasing 
evidence revealed that microRNA (miRNA)‑related SNPs 
significantly altered the biogenesis and/or function of the 
corresponding miRNA (5). miRNA is a small non‑coding 
single‑stranded RNA consisting of 18‑24 nucleotides, 
widespread throughout of human genome  (6). They typi-
cally regulate genes by binding to the 3' UTR of the target 
mRNA, which destabilizes the mRNA and prevents transla-
tion (7). miRNAs are emerging as agents of metabolic and 
malignant regulation in development and disease. Lethal‑7 
(let‑7) miRNA has gained notoriety owing to its regulation 
of stem cell differentiation and essential role in normal 
development  (8). Let‑7 miRNA cooperates with multiple 
transcription factors and directly regulates the targeted 
gene expression. A RNA binding protein and stem cell 
marker Lin28 is a main regulator of let‑7, and is initially 
found in C. elegans to regulate the fate of cell both in early 
development and terminal differentiation  (9). There is a 
double‑negative feedback loop between Lin28 and let‑7: let‑7 
can repress the post‑transcriptional translation of Lin28 (8), 
while Lin28 blocks the maturation of let‑7 miRNA (10).
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Meta‑analysis of published data confirmed that let‑7 targets 
are enriched for gene containing SNPs associated with type 
2 diabetes mellitus (T2DM) and control of fasting glucose in 
humans (11). A SNP located near the let‑7 binding site in Lin28, 
the T/C variants of rs3811463 could lead to differential regula-
tion of Lin28 by let‑7 (12). The rs3811463 polymorphism in the 
let‑7/Lin28 pathway significantly increased the risk of T2DM (13). 
Insulin resistance is the major determinant of T2DM and 
GDM (14). So there might be some relationship between genetic 
polymorphisms in the let/Lin28 pathway and the risk of GDM.

In our study, we constructed GDM rat model via high fat 
diet and STZ injection and then examined the body weight 
and blood glucose level. The primary skeletal muscle cells 
were successfully incubated and transfected with T/C variants 
of rs3811463 and then glucose uptake and insulin sensitivity 
were examined. Furthermore, the glucose metabolism‑related 
and insulin sensitivity‑related genes were detected after various 
recombined vectors transfection. Taken together, we found that 
C allele of rs3811463 mitigated the expression of let‑7, regulated 
the expression of glucose metabolism‑related and insulin sensi-
tivity‑related genes to participate in the development of GDM.

Materials and methods

Construction of GDM rats model. Total 40 adult SPF Wistar 
rats, weighing 190‑210  g, 7‑8  weeks old, were purchased 
from Shanghai Silaike Laboratory Animal Limited Liability 
Company (Shanghai, China). Rats were kept at standard labora-
tory conditions at 18‑25˚C with 12 h light: 12 h dark. Standard 
rodent feed and water were available ad libitum. All procedures 
were performed in accordance with the Guide for the Humane 
Use and Care of Laboratory. This study was approved by the 
Committees of The First Affiliated Hospital with Nanjing 
Medical University and Jiangsu Women and Children Health 
Hospital. After a week of adaptation, the female and male 
rats were mated at the ratio of 2:1. Next morning, the female 
vaginal suppository was checked and the pregnant rats were 
housed individually. The pregnant rats were fed with a high fat 
diet (HFD, 58% fat, 25% protein and 17% carbohydrate, as a 
percentage of total kcal) for an initial period of two weeks (15). 
Thereafter, rats received a 60 mg/kg intraperitoneal injection of 
streptozotocin (STZ) in freshly prepared sodium citrate buffer 
(0.1 mM, pH 4.5). The normal control (NC) group was adminis-
trated with the same amount of sodium citrate buffer. Rats with 
blood glucose levels after 72 h of STZ injection higher than 
16.67 mM were diagnosed as GDM for further experiments.

Isolation of primary cells. STZ‑induced diabetic female rats 
were anaesthetizes with injection of pentobarbital (60 mg/kg) 
into abdominal cavity. The musculi quadriceps femoris of hind 
legs were isolated and washed with sterile PBS buffer to remove 
the connective tissues. Then the isolated tissues were sheared 
and digested with collagenase IA (Sigma, USA) at 4˚C over-
night. After centrifugation, skeletal muscle cells were cultured 
with Dulbecco modified Eagle medium (DMEM, GIBCO, USA) 
supplemented with 10% fetal bovine serum (FBS, GIBCO, USA) 
and 1% myllicin in a humidified atmosphere of 5% CO2 at 37˚C.

Recombined vectors construction. Genomic DNA was 
extracted from the primary skeletal muscle cells using a 

DNA extraction Kit (Invitrogen, USA). An 885 bp fragment 
of the 3' UTR of rat Lin28 gene centering rs3811463 and 
the predicted complementary site of let‑7 were inserted into 
pEF6/V5‑His‑TOPO vector. A mutant plasmid with C allele 
at the site of rs3811463 was constructed using a site‑directed 
mutagenesis kit (Stratagene, La Jolla, CA, USA). All recom-
bined plasmids were verified by direct DNA sequencing. 
The wild type recombinant and mutated vectors were named 
pEF6/V5‑His‑TOPO: rs3811463T and pEF6/V5‑His‑TOPO: 
rs3811463C, respectively.

Cell transfection. The third passage skeletal muscle cells 
were seeded into 6‑well plates at the concentration of 
1‑2x106 cell/well. When the density reached 80‑90%, cell 
transfection was performed according to the manufacturer's 
instructions. About 0.8 µg plasmid DNA or 2 µl Lipofectamine 
3000 was diluted with 50 µl Opti‑MEM FBS‑free DMEM, 
respectively. After 5 min at room temperature, the diluted DNA 
and Lipofectamine 3000 were mixed gently. About 20 min 
later at room temperature, about 100 µl of mixture was added 
into the cells and cultured at 37˚C incubators. After 6 h, the 
medium was replaced with fresh DMEM containing 10% FBS.

Glucose uptake and insulin sensitivity assay. Muscle cells 
were pretreated in low‑glucose DMEM for 12 h, and then 
transfected with pEF6/V5‑His‑TOPO, pEF6/V5‑His‑TOPO: 
rs3811463T or pEF6/V5‑His‑TOPO: rs3811463C, respec-
tively. After 48 h, the old medium was removed, and cells 
were incubated with 4 ml of HEPES‑buffer saline containing 
[3H]‑2‑deoxy‑D‑glucose (1.0 mCi/ml) for 30 min. After being 
washed with PBS, cells were trypsinized with 0.25% trypsin 
(Sigma, USA). The radioactivity was determined by scintilla-
tion counting. All experiments were assayed in at least three 
different independent repeat. For insulin sensitivity assay, 
cells were pretreated with 10 µg/ml of insulin for 4 h, and then 
glucose uptake was detected according to the above protocol.

Quantitative reverse transcription‑PCR (qRT‑PCR). Total 
RNA was extracted from muscle cells with Trizol reagent 
(Sigma, USA) in accordance with the manufacturer's instruc-
tions. The concentration and quality was measured by 
Nanodrop 2000 (Thermo Fisher Scientific, Wilmington, DE, 
USA). About 1 µg of total RNA was reverse transcribed with 
SuperScript® III First Strand kit (Invitrogen, USA) according 
to the manufacturer's protocol. QRT‑PCR was performed 
using TaqManGene Expression MasterMix (Thermo, USA). 
The parameters for qRT‑PCR assay were as follows: 95˚C for 
10 min, 40 cycles of 95˚C for 15 sec, 60˚C for 1 min. QRT‑PCR 
was performed in triplicate with Applied Biosystems 7500 
PCR System (Applied Biosystems, USA) according to the 
standard protocol. The mRNA levels of IRS1, IGF2BP2 and 
GCK genes were normalized to the level of GAPDH using the 
method of 2‑ΔΔCT and were represented as fold induction. The 
primer sequences for qRT‑PCR are listed in Table I.

Western blot analysis. After various treatments, muscle cells 
were harvested and lysed with RIPA buffer (Sigma, USA). 
The concentration of protein was detected with bicincho-
ninic acid kit (Pierce, Rockford, IL). Proteins (40 µg/lane) 
were subjected into 12% SDS‑polyacrylamide gel and then 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  14:  5157-5162,  2017 5159

transferred onto a polyvinylidene fluoride (PVDF) membrane 
(Millipore, Bedford, MA, USA). Subsequently, the membrane 
was blocked with 2% non‑fat milk in TBS containing 0.05% 
Tween‑20 (TBST) for 1 h at room temperature and incubated 
overnight at 4˚C with the primary antibodies against Sirtuin  
1 (SIRT1, Abcam, USA). After being washed with TBST for 
five times, the membranes were probed with horseradish perox-
idase‑conjugated secondary antibodies (1:10,000 dilution, 
zhongshan, Beijing, China). The membranes were developed 
with the enhanced chemiluminescence kit (Amersham). 
Relative band intensity of SIRT1 was detected with Quantity 
One v4.62 (Bio‑Rad, USA) and normalized to GAPDH.

Statistical analysis. Statistical analysis in the present study was 
performed with Graphpad prism 6.0 (GraphPad Software, La 
Jolla, CA, USA). All data from the experiments are presented 
as the mean ± standard deviation. We used one‑way analysis 
of variance (ANOVA) to determine significance between two 
groups via SPSS software (version 16.0, SPSS Inc, Chicago, 
Illinois). The letters in the Figures indicate the significant 
difference (P<0.05) in various treatments by one‑way ANOVA.

Results

GDM rat model was successfully constructed by high fat 
diet and STZ injection. In the experiment, we selected 13 of 
pregnant female rats for model construction. To verify the 
effect of high fat diet and STZ injection, we examined the 
body weight and blood glucose of tail vein at the 3rd, 6th, 9th 
and 12th d after STZ injection shown in Table II. There was 
no significant difference on the body weight at the 3rd and 
6th d between NC and GDM groups (P>0.05). However, at 
the 9th and 12th d, the body weight of GDM was obviously 
lower than that in NC group (P<0.05). Meanwhile, the blood 
glucose in GDM group was significantly higher than that in 
NC group at the 3rd, 6th, 9th and 12th d (P<0.05). Thus we 
concluded that GDM rat model was successfully constructed 
for follow‑up experiments.

The effect of replacement of the T allele by the C allele at 
rs3811463 on glucose uptak. To investigate the effect of 
replacement of the T allele by the C allele at rs3811463 on 
glucose uptake, we transfected muscle cells with the wild and 
mutated vectors and performed 3H glucose uptake experiments 
in Fig.  1A. In pEF6/V5‑His‑TOPO‑transfected cells (Ctrl 
group), the radioactivity of lipid extraction (132±14 CPM/flask) 
was lower than that in rs3811463‑T (152±31 CPM/flask) and 
rs3811463‑C (188±20 CPM/flask) groups (P<0.05). And the 
radioactivity of lipid extraction after rs3811463‑C transfec-
tion was higher than that in rs3811463‑T‑transfected group 
(P<0.05). These data showed that the overexpression of Lin28 
enhanced the activity of glucose uptake, and the replacement of 
the T allele by the C at rs3811463 promoted the glucose uptake.

To test the insulin sensitivity, cells were pretreated with 
insulin for 4 h, and then transfected with various vectors for 
glucose uptake detection. In Fig. 1B, the radioactivity of lipid 
extraction in pEF6/V5‑His‑TOPO‑transfected cells (Ctrl group) 
was 147±5 CPM/flask, which was significantly lower than that 
in rs3811463‑T (167±22 CPM/flask) and rs3811463‑C (215±17 
CPM/flask) groups (P<0.05). What's more, rs3811463‑C 

transfection increased the radioactivity than rs3811463‑T.  
These results showed that the overexpression of Lin28 
enhanced the activity of glucose uptake after insulin stimula-
tion, and the replacement of the T allele by the C at rs3811463 
promoted the glucose uptake after insulin stimulation.

C allele at rs3811463 affected the expression of IGF2BP2 
and GCK. To examine the mechanism by which C allele at 
rs3811463 modulated the glucose uptake, we analyzed the 
expression of glucose metabolism‑related gene by qRT‑PCR in 
Fig. 2. The transfection of rs3811463‑T obviously upregulated 
the expression of let‑7, but had no effect on the mRNA levels of 
in glucokinase (GCK), insulin‑like growth factor two binding 
protein 2 (IGF2BP2) and insulin receptor substrate 1 (IRS1) 
genes. The rs3811463‑C transfection had no effect on the levels 
of let‑7 and IRS1, but significantly improved the expression of 
IG2BP2 and GCK. These data showed that the transfection of 
rs3811463 modulated the ability of glucose uptake by affecting 
the expression of glucose metabolism‑related genes.

C allele at rs3811463 modulated the expression of SIRT1. To 
explore the reason of rs3811463‑T/C transfection affecting the 
glucose uptake after insulin stimulation, we examined the 
expression of insulin sensitivity‑related gene, SIRT1. SIRT1 is 
a conserved protein NAD+‑dependent deacylases and thus the 
function is intrinsically linked to cellular metabolism (16). In 
Fig. 3, compared with pEF6/V5‑His‑TOPO‑transfected cells 
(Ctrl group), the transfection of rs3811463‑T and rs3811463‑C 
significantly enhanced the protein level of SIRT1. But the 
rs3811463‑C transfection resulted into the higher expression 
of SIRT1 than rs3811463‑T. These data showed that C allele at 
rs3811463 modulated the insulin sensitivity by regulating the 
expression of SIRT1.

Discussion

In this study, we investigated the association between T/C 
variants of rs3811463 in the let‑7/Lin28 pathway and the risk 
of GDM. We injected pregnant female rats fed on HFD with 
STZ to induce GDM, which is a classic method for GDM 
induction (17). STZ injection improved the body weight and 
blood glucose, suggesting that GDM model was successfully 
constructed for further investigation. The replacement of the 
T allele by C allele of rs3811463 affected glucose uptake, the 
expression of let‑7, glucose metabolism‑related and insulin 
sensitivity‑related genes for GDM. These findings revealed 
that genetic variations of rs3811463 may lead to altered 
status of the let‑7/Lin28 loop and are associated with GDM 
susceptibility.

Table I. Primers for qRT‑PCR.

Genes	 Forward primers (5'‑3')	 Reverse primers (5'‑3')

IRS1	 cgatggcttctcagacgtg	 cagcccgcttgttgatgttg
IGF2BP2	 gactaccccgaccagaactg	 gaggcgggatgttccgaatc
GCK	 accaagcggtatcagcatgtg	 tggacttctctgtgattggca
GAPDH	 tgtgggcatcaatggatttgg	 acaccatgtattccgggtcaat
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Previous studies showed that the highly conserved 
miRNA let‑7 represses the post‑transcriptional transla-
tion of Lin28, and Lin28 in turn blocks the maturation of 
let‑7, forming a double‑negative feedback loop  (18). The 
Lin28/let‑7 axis is highly conserved across the animal 
kingdom in organisms as evolutionarily distant as nema-
tode worms and humans  (19). Let‑7 family of miRNAs 
contributed to the control of glucose homeostasis and 
insulin sensitivity, and the knockdown of the let‑7 could be 
taken as a potential treatment for T2DM (20). Lin28A and 
Lin28b transgenic animals are more sensitive to insulin and 
have reduced peripheral glucose levels (19), which suggest 
that let‑7/Lin28 axis regulates glucose metabolism. In our 
study, we found that the overexpression of Lin28 improved 
the ability of glucose uptake and promoted the expression 
of let‑7. Our data provided new evidence that let‑7/Lin28 
pathway was involved in glucose metabolism, which also 
provided a new target for DM therapy.

Increasing evidence indicated the association between 
genetic variation and the risk of GDM (21). SNPs are the 
major type of human genomic variation. Among Han Chinese 

woman, three SNPs (rs4659441, rs3811463 and rs6697410) 
were detected in the 3'UTR of Lin28, and allelic variation of 
rs3811463 influenced let‑7‑related regulation of Lin28 expres-
sion (12). Previous studies showed that insulin resistance and 
defects in insulin secretion play key roles in the etiology of 
both GDM and T2DM. So we guess that there might be some 
link between rs3811463 and GDM susceptibility. In our study, 
we found that the replacement of T allele by C allele signifi-
cantly modulated the glucose uptake and insulin sensitivity 
in GDM model, which revealed that genetic variations of 
rs3811463 were associated with the risk of GDM by disturbing 
the double‑negative feedback loop. This might be the main 
reason for the association between gene polymorphism of 
let‑7/Lin28 and GDM susceptibility. What's more, owing to the 
disturbance of the double‑negative feedback loop, we found 
that C allele of rs3811463 improved the expression of Lin28 to 
suppress the level of let‑7.

It is indicated some significant associations of GDM with 
SNPs in GCK, IGF2BP2 and IRS1 genes (21), which are thought 
to modulate pancreatic islet β‑cell function (22). In our study, 
we found that T allele of rs3811463 had no significant effect 

Figure 1. The effect of genetic variations of rs3811463 on glucose uptake and insulin sensitivity. (A) glucose metabolism assay after cell transfection. Muscle 
cells were pretreated in low‑glucose DMEM for 12 h, and then transfected with pEF6/V5‑His‑TOPO, pEF6/V5‑His‑TOPO: rs3811463T or pEF6/V5‑His‑TOPO: 
rs3811463C, respectively. The radioactivity was determined by scintillation counting. (B) insulin sensitivity analysis after cell transfection. For insulin sensi-
tivity assay, cells were pretreated with 10 µg/ml of insulin for 4 h, and then glucose uptake was performed. All experiments were assayed in triplicate and 
performed at least four times. Ctrl group, pEF6/V5‑His‑TOPO‑transfected cells; rs3811463T, pEF6/V5‑His‑TOPO: rs3811463T‑transfected cells; rs3811463C, 
pEF6/V5‑His‑TOPO: rs3811463C‑transfected cells. The letters a and c showed the significant difference (P<0.05) compared with Ctrl group or rs3811463T 
group, respectively.

Table II. The examination of body weight and blood glucose level.

						                  Time (d)
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Group	 3rd	 6th	 9th	 12th

Body weight (g)
  NC	 171.12±2.6	 184.95±1.5	 203.08±5.1	 234.48±3.4
  GDM	 174.00±3.7	 185.74±0.8	 180.71±2.8a	 191.58±2.1a

Blood glucose (mM)
  NC	 17.69±0.9	 17.26±1.9	 17.55±3.3	 17.39±1.7
  GDM	 21.17±1.4a	 27.59±2.9a	 35.35±0.7a	 40.51±0.8a

aP<0.01, compared with NC. NC, negative control; GDM, gestational diabetes mellitus.
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on the levels of IRS1, IGF1BP2 and GCK, however, C allele 
of rs3811463 improved the expression of above three genes, 
suggesting that genetic variation of rs3811463 was involved 
in the regulation of glucose‑metabolism related genes. These 
results revealed the relationship between genetic variation of 
rs3811463 and glucose metabolism. SIRT1 is implicated in 
the regulation of mitochondrial function, energy metabolism, 
and insulin sensitivity (23). In our subject, we observed that  
T allele of rs3811463 enhanced the protein level of SIRT1 and 
the replacement of T allele by C allele obviously improved the 
level of SIRT1. These data showed that let‑7/Lin28 pathway 
regulated insulin sensitivity by modulating the expression 
of SIRT1. Taken together, let‑7/Lin28 axis is a key factor for 
glucose metabolism and insulin sensitivity by regulating 
glucose metabolism‑related and insulin sensitivity related 
genes. These findings revealed that gene polymorphism of 
let‑7/Lin28 might be a new target for GDM susceptibility study.
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Figure 2. The mRNA levels of let‑7 (A), IRS1 (B), IGF2BP2 (C) and GCK (D) after cell transfection determined by qRT‑PCR. Muscle cells were pretreated 
in low‑glucose DMEM for 12 h, and then transfected with pEF6/V5‑His‑TOPO (Ctrl group), pEF6/V5‑His‑TOPO: rs3811463T (rs3811463T group) or 
pEF6/V5‑His‑TOPO: rs3811463C (rs3811463C group), respectively. After 48 h, RNA was isolated for qRT‑PCR. GAPDH was used as the internal control. 
All experiments were performed in triplicate independent repeat analyzed with one‑way ANOVA. Compared with Ctrl group, ameans P<0.05, bmeans P>0.05. 
Compared with rs3811463T group, cP<0.05, dP>0.05.

Figure 3. The relationship between genetic variation of rs3811463 and 
SIRT1 protein level. Muscle cells were pretreated in low‑glucose DMEM 
for 12 h before 4 h of 10 µg/ml of insulin treatment, and then transfected 
with pEF6/V5‑His‑TOPO (Ctrl group), pEF6/V5‑His‑TOPO: rs3811463T 
(rs3811463T group) or pEF6/V5‑His‑TOPO: rs3811463C (rs3811463C group), 
respectively. Cells were collected and protein was extracted with RIPA buffer 
for western blot. All experiments were carried out in triplicate independent 
repeat. All data were analyzed by one‑way ANOVA. Compared with Ctrl 
group, aP<0.05; Compared with rs3811463T group, cP<0.05.
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