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Background: Much attention has been paid to the regulatory role of microRNA 
(miRNA) in insulin resistance. Nevertheless, how miR-140-5p regulates insulin resistance 
remains unclear. In this research, we aim to investigate the roles of miR-140-5p in insulin 
resistance.
Methods: qRT-PCR is used to analyze the expression level of miR-140-5p in insulin- 
resistant HepG2 cells. Glucose consumption and glucose uptake are detected to study the 
effect of miR-140-5p knockdown in insulin-resistant HepG2 cells and miR-140-5p over
expression in HepG2 cells. Bioinformatic analysis, luciferase reporter assay and confir
matory experiments are applied to identify the target gene bound with miR-140-5p and 
study the effect of miR-140-5p on the downstream substrates of target genes. Rescue 
experiments have verified the roles of miR-140-5p and target gene in glucose 
metabolism.
Results: The expression level of miR-140-5p was upregulated in insulin-resistant HepG2 
cells and was significantly correlated with cellular glucose metabolism. Functionally, miR- 
140-5p overexpression induced impairment of glucose consumption and glucose uptake. 
Besides, bioinformatics analysis indicated that glycogen synthetase (GYS1) and protein 
phosphatase 1 catalytic subunit gamma (PPP1CC) were the target genes of miR-140-5p. 
Western blotting and qRT-PCR results revealed a negative correlation between GYS1, 
PPP1CC and miR-140-5p. The glycogen detection results showed that miR140-5p inhibited 
the production of the downstream substrates of the target gene. Rescue experiments showed 
that inhibition of GYS1 or PPP1CC partially enhanced the insulin-resistant effects of miR- 
140-5p knockdown in insulin-resistant HepG2 cells.
Conclusion: miR-140-5p overexpression augments the development of insulin resistance 
and miR-140-5p may be served as a therapeutic target of metabolic diseases.
Keywords: miR-140-5p, insulin resistance, glycogen synthetase, protein phosphatase 1 
catalytic subunit gamma

Introduction
Diabetes mellitus (DM) is a disease caused by the absolute or relative deficiency of 
insulin, resulting in the disorder of glucose, fat and protein metabolism. It is mainly 
divided into insulin-dependent diabetes mellitus (T1DM) and non-insulin- 
dependent diabetes mellitus (T2DM), of which T2DM accounts for more than 
90%.1 Recent studies have found that insulin resistance is the leading cause of 
T2DM; and improving insulin sensitivity and insulin resistance are the critical 
measures to treat and prevent T2DM and delay the development of diabetes.2 
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Thus, the potential mechanisms of insulin resistance in 
T2DM were urgently needed to be revealed for finding 
novel diagnostic markers and therapeutic targets.

MicroRNAs (miRs/miRNAs) are a kind of highly con
served, endogenous single-stranded non-coding small 
RNAs, with a wide range of biological functions, which 
can regulate downstream target genes at the post- 
transcriptional level.3 With the application of bioinformatics 
methods and high-throughput sequencing technologies, the 
regulatory role of miRNA in insulin resistance has attracted 
more and more attention.4,5 miRNAs, as regulators of glu
cose dynamic balance, regulate the production and secretion 
of insulin, the development of islets and the differentiation 
of islets cells, which participate in the occurrence of insulin 
resistance.6,7 Several miRNAs are related to insulin resis
tance and regulation of diabetes through impaired glucose 
metabolism, such as the Let-7 family, miR-126, miR-143a, 
which are directly or indirectly involved in the occurrence 
of insulin resistance and metabolic syndrome.6,8,9 However, 
only a few specific functional roles and potential mechan
isms of miRNAs were found in insulin resistance.

miR-140-5p has been reported to be up-regulated in the 
plasma of obese or diabetic patients. It is restored after 
treatment with metformin or bariatric surgery, suggesting 
a strong correlation between the circulating concentration 
of miR-140-5p and insulin sensitivity.10,11 Besides, miR- 
140-5p overexpression is positively correlated with body 
mass index (BMI), waist to hip ratio (WHtR), diabetic 
control, profile parameters and is not associated with age 
of the studied subjects.12 However, whether miR-140-5p is 
associated with insulin resistance in diabetes has not been 
reported yet. Multiple studies have shown that miR-140-5p 
is identified as a tumor suppressor, including breast 
cancer,13 bladder cancer,14 non-small cell lung cancer,15 

renal cell carcinoma.16 At present, it is generally believed 
that metabolic diseases and malignant tumors share 
a common biological mechanism, and tumor cells have 
enhanced the dependence on glycolytic pathway produc
tivity, namely Warburg effect.17,18 Similarly, many gen
ome-wide studies have confirmed that the genes associated 
with the development of type 2 diabetes are also 
oncogenes.19,20 Although miR-140-5p was closely asso
ciated with tumors, it remained unclear whether miR- 
140-5p played an important role in insulin resistance and 
the development and progression of T2DM.

The aim of this study was to investigate the roles and 
the related mechanism of miR-140-5p in insulin resistance. 
Therefore, the expression of miR-140-5p in insulin 

resistance model cells was first detected, and thereafter, 
the effect of miR-140-5p on glucose consumption and 
glucose uptake was determined. In addition, the down
stream targets of miR-140-5p were explored and were 
demonstrated the effect on glucose metabolism in insulin 
resistance model cells.

Materials and Methods
Cell Line and Culture Conditions
HepG2 cell line were purchased from Chinese Academy of 
Science, Shanghai Institute of Biochemistry and Cell 
Biology (Shanghai, China). HepG2 cells were cultured 
with Dulbecco’s Modified Eagle Medium (DMEM, 
Invitrogen, USA) supplemented with 10% fetal bovine 
serum (FBS, Thermo Fisher, USA) and 100 U/mL peni
cillin and 100 mg/mL streptomycin (Gibco, USA), at 
37 °C, under 5% CO2.

Insulin Resistance Model Establishment
A high insulin-induced insulin-resistant HepG2 cells model 
was established according the related references.21–23 

HepG2 cells were cultured in DMEM containing 10% 
FBS, 100 U/mL penicillin and 100 mg/mL streptomycin 
in 5% CO2 in a humidified atmosphere. After the cells 
achieved about 80% confluence, the medium was changed 
and high concentration of insulin (30 μM) was supplemen
ted to induce insulin-resistant model.24,25

Quantitative Real-Time Polymerase Chain 
Reaction (qRT-PCR)
TRIZOL reagent (Thermo Fisher, USA) was used to extract 
total RNA from HepG2 cells and cDNA was reverse- 
transcribed by Revert Aid First Strand cDNA Synthesis kit 
(Thermo Fisher Scientific, USA). RT-qPCR was conducted 
by SYBR-Green PCR Master Mix kit (Takara, Tokyo, Japan) 
and 7900 HT Fast system (Applied Biosystems, California, 
USA) with the following protocol: 94°C, 5 min; 40 cycles of 
amplification (94°C, 30 sec and 62°C, 40 sec); and then 72° 
C, 10 min. U6 and GAPDH were served as the internal 
control for miR-140-5p, GYS1 and PPP1CC. U6 upstream 
primer: 5ʹ-CTCGCTTCGGCAGCACA-3ʹ, downstream pri
mer:5ʹ - AACGCTTCACGAATTTGCGT-3ʹ. miR-140-5p 
upstream primer: 5ʹ-CAGTGGTTTTACCCTATGGTAG-3ʹ, 
downstream primer: 5ʹ -ACCATAGGGTAAAACCACT 
GTT-3ʹ. GYS1 upstream primer: 5ʹ-CAGACAGTGGTT 
GCCTTCTTC-3ʹ, downstream primer: 5ʹ -TTCCTCCCGA 
ACTTTTCCTT-3ʹ. PPP1CC upstream primer: 5ʹ-CTCA 
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ACATCGACAGCATTATCCA-3ʹ, downstream primer: 5ʹ - 
CACGAGACTTTAAGCACAGTCC-3ʹ. GAPDH upstream 
primer: 5ʹ-AAGGTGAAGGTCGGAGTCAA-3ʹ, down
stream primer: 5ʹ -AATGAAGGGGTCATTGATGG-3ʹ. 
2−ΔΔCT method was employed to analyze the relative fold 
changes of candidate genes.26,27

Cell Transfection
NC inhibitor, miR-140-5p inhibitor, NC mimic, miR-140- 
5p mimic, negative control short hairpin RNA (sh-NC), 
GYS1 short hairpin RNAs (sh-GYS1), PPP1CC short hair
pin RNAs (sh-PPP1CC) were designed and obtained from 
Gene Pharma (Shanghai, China). Cells were seeded into 
a 6-well plate at a density of 1×104 cells/well and allowed 
to adhere for 12 h. HepG2 cells were transfection with 
50nM NC mimic, 50nM miR-140-5p mimic. Insulin- 
resistant HepG2 cells were transfected with NC inhibitor, 
miR-140-5p inhibitor, sh-NC, sh-GYS1, sh-PPP1CC, and 
the final concentration of miRNA inhibitor and shRNAs 
was 50 nM and 20 nM. Transfection of HepG2 cells was 
conducted using lipofectamine 2000 transfection reagent 
(Thermo Fisher Scientific, USA), and HepG2 cells were 
cultured in 6-well plates for 48 h and collected for sub
sequent analyses.28

Glucose Consumption, Glucose Uptake 
and Glycogen Content Analysis
After transfection for 48 h, Glucose oxidase method was 
used to detect glucose consumption, the glucose content in 
each well was determined by the glucose kit (GOD-POD 
method, Jiancheng Bioengineering Institute, Nanjing, 
China). The glucose consumption of the cells was calculated 
by subtracting the glucose content in each group from the 
mean of the glucose content in the culture medium without 
cells. Cellular glucose uptake was detected by 2-NBDG 
assay; after the transfection, 10 mM 2-(7-Nitrobenz-2-oxa- 
1,3-diazol-4-yl) amino-2-deoxy-D-glucose (2-NBDG, 
Invitrogen, USA) was added in glucose-free and serum- 
free DMEM medium for 30 min. The supernatant medium 
was collected and measured in automatic fluorescence 
microplate reader at an excitation wavelength of 488nm 
and emission wavelength of 520 nm. The cellular glucose 
uptake can be estimated via quantifying fluorescence. After 
transfection for 48 h, cells were washed twice with PBS 
(pH=7.4) and then were collected and homogenized in 30% 
KOH. The cell samples were boiled for 20 min and then 
added with 1.5 mL anhydrous ethanol. The samples were 

then centrifuged at 12,000 r/min (centrifugation radius 
6.2 cm) for 15 min. The precipitate was dissolved in 
0.5 mL distilled water, and 0.2% anthranone was added 
(diluted with 98% sulfuric acid) and boiled for 20 min. OD 
value was detected and recorded at 620 nm in automatic 
fluorescence microplate reader to estimate the intracellular 
glycogen content.29

Western Blot Analysis
HepG2 cells were seeded in 24-well plates and were 
transfected with NC mimics and miR-140-5p mimics for 
48 h. Cells were then cracked in RIPA lysis buffer plus 
PMSF in low temperature. BCA assay kit (Santa Cruz, 
California, USA) were used to detect total protein concen
tration. Prepared protein samples were separated in SDS- 
PAGE, transferred into 0.22 μm PVDF membranes and 
incubated with ready antibodies. The primary antibody 
was incubated overnight, and the secondary antibody for 
2 h. Finally, enhanced chemiluminescence (Thermo Fisher, 
MA, USA) visualized this membrane. The antibody β- 
actin was purchased from CST (1:1000 dilution, Beverly, 
Massachusetts, USA). Antibodies against the GSY1, 
PPP1CC were purchased from Abcam (1:1000 dilution, 
Shanghai, China).

Luciferase Reporter Assay
HepG2 cells were seeded in 24-well plates until reaching 
60% confluence. The luciferase reporter was constructed by 
cloning 3ʹUTR region of the GSY1 WT, GYS1 Mut and 
PPP1CC WT, PPP1CC MUT (mutant of functional miR- 
140-5p binding domain). Sequences that could be binding 
to miR-140-5p were partly mutated and inserted into the 
reporters to identify the binding specificity. Each well was co- 
transfected with luciferase reporter plasmids (0.5 μg) and NC 
mimics and miR-140-5p mimics (100 nM) using 
Lipofectamine 2000 (Thermo Fisher Scientific, USA) accord
ing to the manufacturer’s protocol. The luciferase activity was 
measured after 48 h transfection by using the Dual-Luciferase 
Reporter Assay (Promega, Shanghai, China).30,31

Statistical Analysis
SPSS 18.0 software was used for statistical analysis. All 
experiments were repeated three times and the data were 
presented as the mean ± standard deviation (SD). An 
unpaired t-test was performed to compare the difference 
of the two groups. Besides, a one-way ANOVA followed 
by Bonferroni multiple comparison test was used to detect 
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the difference between the two or more groups. It was 
considered as statistically significant when P<0.05.

Results
miR-140-5p is Upregulated in 
Insulin-Resistant HepG2 Cells
To clarify the potential role of miR-140-5p, the insulin resis
tance model of HepG2 cells was induced by high concentra
tion insulin (30 μM) and qRT-PCR was performed to 
examine the expression of miR-140-5p in insulin-resistant 
HepG2 cells. As shown in Figure 1, the expression of miR- 
140-5p was significantly higher in insulin-resistant HepG2 
cells than that in HepG2 cells.

The Effects of miR-140-5p on Glucose 
Metabolism in Insulin-Resistant HepG2 
Cells
To investigate whether miR-140-5p affected the glucose 
metabolism, glucose consumption and glucose uptake 
were, respectively, detected after insulin-resistant HepG2 
cells were transfected with miR-140-5p inhibitor and 
HepG2 cells were transfected with miR-140-5p mimic. 
We found that when miR-140-5p was inhibited in insulin- 
resistant HepG2 cells, the glucose consumption and glucose 
uptake were significantly increased, whereas miR-140-5p 
overexpression significantly decreased the glucose con
sumption and glucose uptake in HepG2 cells (Figure 2A– 

D). These results suggested that the down-regulation of 
miR-140-5p in HepG2 cells might be related to insulin 
resistance.

GYS1 and PPP1CC Were Involved in 
miR-140-5p-Modulated Insulin Resistance
After the previous results confirmed the expression and 
function of miR-140-5p in insulin-resistant HepG2 cells, 
we identified the putative targets of miR-140-5p. 
Bioinformatics algorithms predicted that the 3ʹUTR of 
GYS1-Wt and PPP1CC-Wt contained elements comple
mentary to miR-140-5p, respectively (Figure 3A). Dual- 
luciferase reporter assay showed that compared with the 
NC mimic group, HepG2 cells co-transfected with GYS1- 
Wt/PPP1CC-Wt and miR-140-5p displayed reduced luci
ferase activity. However, little effect was observed in 
HepG2 cells co-transfected with GYS1-Mut/PPP1CC- 
Mut and miR-140-5p (Figure 3B). Compared with the 
respective NC mimic group, qRT-PCR and Western blot
ting analyses demonstrated that miR-140-5p inhibited the 
mRNA and protein expression levels of GYS1 and 
PPP1CC (Figure 3C and D). Besides, mRNA expression 
levels of GYS1 and PPP1CC were significantly decreased 
in insulin-resistant HepG2 cells than that in HepG2 cells 
(Figure 3E).

miR-140-5p Reduced Glycogen Content 
in HepG2 Cells
Higher miR-140-5p expression and lower GYS1 and 
PPP1CC levels were observed in insulin-resistant HepG2 
cells. Since glycogen was downstream substrates of target 
gene GYS1 and PPP1CC, we detected the glycogen con
tent in HepG2 cells transfected with miR-140-5p inhibitor 
and miR-140-5p mimic. We found that compared with NC 
inhibitor group, the content of glycogen was increased 
significantly in miR-140-5p inhibitor group, while glyco
gen content in miR-140-5p mimic group was lower than 
NC mimic group (Figure 4A and B).

miR-140-5p Rescues GYS1-Induced and 
PPP1CC-Induced Insulin Resistance
To determine whether miR-140-5p regulates insulin resis
tance via targeting GYS1 and PPP1CC, glucose consump
tion and glucose uptake were detected in insulin-resistant 
HepG2 cells. Results indicated that miR-140-5p inhibitor 
suppressed miR-140-5p expression and promoted the 
expression level of GYS1 and PPP1CC (Figure 5A). 

Figure 1 Relative expression of miR-140-5p in insulin-resistant HepG2 cells. The 
relative expression level of miR-14-5p in HepG2 cells and insulin-resistant HepG2 
cells was detected by qRT-qPCR (n=8). Data were the presented as the mean ± 
standard deviation; ** P<0.01, compared with the normal group. 
Abbreviations: miR, microRNA; qRT-qPCR, quantitative real-time polymerase- 
chain reaction.
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Moreover, GYS1 knockdown did not affect the expression 
of miR-140-5p in insulin-resistant HepG2 cells transfected 
with miR-140-5p inhibitor, and PPP1CC knockdown also 
showed the same results (Figure 5A). Compared with the 
NC inhibitor + sh-NC group, miR-140-5p knockdown 
promoted glucose consumption and glucose uptake. 
Glucose consumption and glucose uptake were rescued 
by sh-GYS1 and sh-PPP1CC (Figure 5B and C).

Discussion
Insulin resistance refers to decreased insulin sensitivity 
and reactivity, which usually refers to the decrease of 
insulin-mediated glucose utilization, and the insulin level 
cannot maintain the body’s glucose homeostasis.32 

Multiple studies have shown that miRNAs regulate essen
tial processes of insulin resistance, such as regulating the 
expression of insulin receptor,33 insulin receptor 
substrates34–36and glucose transporter 4 (GLUT4).37 

Therefore, many miRNAs have been associated with insu
lin resistance and it is urgent to study the effect of 
miRNAs on insulin resistance in diabetic patients and its 
underlying mechanisms. In this study, we found that there 
was a significant increase of miR-140-5p in insulin resis
tance model cells and clarify the functional role of miR- 
140-5p in insulin resistance model cells.

First, we established insulin resistance model cells by 
high concentration of insulin induction. Interestingly, insu
lin of high concentration had a significant effect on the up- 
regulation of miR-140-5p (Figure 1), consistent with the 
previous study.38,39 Insulin resistance in HepG2 cells is 
mainly caused by impaired insulin signaling pathway and 
reduced glucose uptake, so we examined glucose con
sumption and the protein levels of insulin signaling path
way. As shown in Supplementary Figure S1 (A, B), 
glucose consumption and phosphorylation of IRS1, Akt 
and ERK were significantly decreased in insulin-resistant 

Figure 2 Effect of miR-140-5p on glucose metabolism in insulin-resistant HepG2 cells. (A and B) Glucose consumption and glucose uptake in insulin-resistant HepG2 cells 
transfected with miR-140-5p inhibitor (n=8). (C and D) Glucose consumption and glucose uptake in HepG2 cells transfected with miR-140-5p mimic (n=8). Data were 
expressed as the mean ± standard deviation; ** P<0.01 compared with the NC inhibitor/mimic group.
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HepG2 cells. IRS1, the insulin receptor substrates (IRSs) 
family protein, links insulin receptor activation with acti
vation of the essential downstream insulin signaling 

protein kinase B (Akt) and extracellular signal-regulated 
kinase (ERK) pathways.40,41 Therefore, these results 
proved that an in vitro insulin resistant model of HepG2 

Figure 3 miR-140-5p negatively regulated GYS1 and PPP1CC expression. (A) Bioinformatics analysis of predicted interaction of miR-140-5p with its binding sites in the GYS1 
and PPP1CC gene. (B) Relative luciferase activity in HepG2 cells co-transfected with either NC mimic or miR-140-5p mimic and GYS1-Wt/PPP1C-Wt or GYS1-Mut/PPP1C- 
Mut (n=8). (C) qRT-PCR showing relative expression of GYS1 and PPP1CC in HepG2 cells transfected with NC mimic, miR-140-5p mimic (n=8). (D) Western blotting 
showing relative protein expression of GYS1 and PPP1CC in HepG2 cells transfected with NC mimic, miR-140-5p mimic. β-actin was detected as a loading control (n=8). (E) 
qRT-PCR showing relative expression of GYS1 and PPP1CC in insulin-resistant HepG2 cells (n=8). Data were expressed as the mean ± standard deviation; ** P<0.01, 
***P<0.001, compared with the normal group. 
Abbreviations: miR, microRNA; qRT-qPCR, quantitative real-time polymerase-chain reaction; GYS1, glycogen synthase 1; PPP1CC, protein phosphatase 1 catalytic subunit 
gamma.

Figure 4 Effect of miR-140-5P on the downstream substrates of target genes. (A and B) Glycogen content in HepG2 cells transfected with NC inhibitor, miR-140-5p 
inhibitor, NC mimic, miR-140-5p mimic (n=8). Data were expressed as the mean ± standard deviation; ** P<0.01 compared with the NC inhibitor/mimic group. 
Abbreviation: miR, microRNA.
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cells were established after high-concentration insulin (30 
μM) stimulation. Functional assays showed that transfec
tion with miR-140-5p inhibitor into the insulin resistance 
HepG2 cells enhanced glucose metabolism, as manifested 
by increased glucose consumption and glucose uptake 
(Figure 2A and B). Meanwhile, transfection of HepG2 
cells with miR-140-5P mimic showed the opposite result, 
that is, it would attenuate glucose metabolism (Figure 2C 
and D). The above results suggested that miR-140-5p 
might be valuable as a diagnostic biomarker and 
a potential therapeutic target for insulin resistance in dia
betes mellitus.MiRNAs exert their biological function by 
regulating their target genes in T2DM.42 In order to 
explore the mechanism of miR-140-5p, bioinformatics 
tools were used to predict target genes of miR-140-5p, 
and the results revealed that the 3ʹ-untranslated region 
(3ʹUTR) of target gene including glycogen synthetase1 
(GYS1) and protein phosphatase 1, catalytic subunit 
gamma (PPP1CC) contained the conserved binding site 
of miR-140-5p (Figure 3A). A variety of bioinformatics 
tools were used to predict the target genes of miR-140-5p, 
and the results showed that PicTar, TargetScan and Diana 
databases all predicted the presence of binding sites of 
miR-140-5p in the 3 ‘untranslated region of GYS1 and 
PPP1CC. Several studies have found that the expression 
levels of various miRNAs are closely related to type 2 
diabetes, including miR-140-5p, miR-142-3p, miR-222, 

miR-423-5p, miR-195, miR-126.38 As shown in Figure 
2S, the expression level of miR-140-5p was significantly 
increased in insulin-resistant HepG2 cells, which was con
sistent with the results of previous studies. Luciferase 
reporter plasmids containing predictive GYS1 and 
PPP1CC target gene sequences showed that GYS1 and 
PPP1CC were the direct targets of miR-140-5p (Figure 
3B). In addition, we found that miR-140-5p mimic 
decreased the expression of GYS1 and PPP1CC in 
HepG2 cells and reduced glycogen content in insulin 
resistance HepG2 cells (Figure 3C and D, Figure 4). In 
contrast to miR-140-5p expression in insulin resistance 
models, the mRNA expression level of GYS1 and 
PPP1CC in insulin resistance models were decreased 
(Figure 3E). Previous studies have proved that the muscle 
isoform of glycogen synthase, which is encoded by GYS1 
gene, has been associated with insulin resistance and 
T2DM.43 Glycogen synthase is a rate-limiting enzyme in 
liver and muscle glycogen synthesis, and is also the main 
target enzyme of insulin. By activating glycogen synthase 
phosphatase, insulin activates GYS, increases the ability of 
liver and muscle to synthesize glycogen, inhibits the pro
duction of endogenous glucose and stimulates the uptake 
of glucose in peripheral tissues.44–46 Protein phosphatase 1 
(PP1) is the main phosphatase in the insulin- activated 
glycogen synthase pathway, consisting of 37KDa catalytic 
subunit (PPlC) and 126KDa regulatory subunit (PPlG).47 

Figure 5 Knockdown of miR-140-5p improved cellular glucose metabolism via targeting GYS1 and PPP1CC gene. (A) qRT-PCR showing the relative expression level of miR- 
14-5p, GYS1 and PPP1CC in insulin-resistant HepG2 cells transfected with NC inhibitor + sh-NC, miR-140-5p inhibitor + sh-NC, miR-140-5p inhibitor + sh-GYS1/sh- 
PPP1CC (n=8). (B( and (C) Glucose consumption and glucose uptake in insulin-resistant HepG2 cells transfected with NC inhibitor + sh-NC, miR-140-5p inhibitor + sh- 
NC, miR-140-5p inhibitor + sh-GYS1/sh-PPP1CC (n=8). Data were expressed as the mean ± standard deviation; ** P<0.01 compared with the NC inhibitor + sh-NC group; 
##P<0.01 compared with the miR-140-5p inhibitor + sh-NC. 
Abbreviation: miR, microRNA.
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Protein phosphatase 1 regulates subunit positively regulate 
and catalyze subunit dephosphorylation, activate glycogen 
synthase through dephosphorylation, and promote glucose 
uptake and glycogen synthesis.48,49 During the transport of 
glucose into cells, glycogen synthesis, oxidative decom
position and other metabolic processes, protein phospha
tase 1 (PP1) pathway is the most important metabolic 
process for synthesizing glucose into glycogen, accounting 
for about 60 ~ 70%.50 In the state of insulin resistance, the 
activation effect of insulin on PPP1CC is weakened, thus 
reducing the activity of GYS1, resulting in decreased 
glycogen synthesis and increased blood glucose in T2D 
patients.51 Our investigation further corroborated that 
GYS1 and PPP1CC were target genes of miR-140-5p 
and had effects on the glycose consumption and glycose 
uptake, which provided a novel mechanism through which 
miR-140-5p could regulate the insulin resistance in dia
betes mellitus. We also found the downregulation of GYS1 
and PPP1CC partly rescued the miR-140-5p depletion 
mediated cell glycose consumption and glycose uptake 
(Figure 5A–C). Together, these results indicated that 
GYS1 and PPP1CC played a beneficial role in improving 
insulin resistance partly through regulating miR-140-5p in 
diabetes mellitus. In summary, the current results indicated 
that miR-140-5p was upregulated in insulin resistance 
model cells and promoted the insulin resistance via tar
geted inhibition of GYS1 and PPP1CC. Thus, miR-140-5p 
might serve as a potential therapeutic target for insulin 
resistance and T2DM.
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