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Purpose: This study aimed to investigate how resveratrol (RSV) improves high-fat diet (HFD)-

induced hepatic insulin resistance in mice via microRNA (miRNA) mmu-miR-363-3p in vitro

and in vivo.

Materials and Methods: C57BL/6J mice were fed a HFD for 8 weeks to establish an insulin

resistance model. The model mice were treated or not with RSV for 6 weeks. Differential

miRNA expression in mouse liver tissues was analyzed by high-throughput sequencing.

Mouse HepG2 cells were treated with palmitic acid (PA) to establish a cell model of insulin

resistance. HepG2 cells were transfected with mmu-miR-363-3p inhibitor or mimic, and the

expression of PI3K-Akt signaling pathway-related proteins was analyzed.

Results: Based on the high-throughput sequencing analysis, mmu-miR-363-3p was identi-

fied as a major miRNA involved in the action of RSVon insulin resistance. Based on KEGG

pathway enrichment analysis, PI3K-Akt signaling was found to be significantly enriched

among differentially expressed miRNAs, and this pathway is closely related to insulin

resistance. RSV treatment reduced the expression of FOXO1 and G6PC, which are down-

stream of the PI3K-Akt pathway. In the cell model, mmu-miR-363-3p inhibitor significantly

suppressed p-Akt and p-PI3K levels, but enhanced those of FOXO1 and G6PC. In contrast,

mmu-miR-363-3p mimic significantly enhanced the p-Akt and p-PI3K levels, but suppressed

FOXO1 and G6PC expression, which was similar to the effect of RSV.

Conclusion: RSV improves insulin resistance by upregulating miRNA mmu-miR-363-3p

via the PI3K-Akt pathway.

Keywords: insulin resistance, resveratrol, microRNA, high-throughput sequencing, PI3K-Akt

pathway

Introduction
The incidence of type 2 diabetes has increased yearly since the last century. The

number of adults with type 2 diabetes is expected to rise globally to 590 million

by 2035.1 The most prominent feature of type 2 diabetes is insulin resistance, in

which the insulin signalling pathway in the liver, fat, skeletal muscle, and other

target organs is blocked. As a result, these organs become less sensitive to

insulin, and the body cannot effectively use glucose. The liver plays a central

role in glycolipid metabolism. Disorders of glucose metabolism can lead to

glycogen accumulation in the liver and induce microvascular disease. Lipid

metabolism disorders can lead to the formation of fatty liver and liver function

impairment.2
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Resveratrol is a polyphenolic compound with multiple

biological activities. Resveratrol has anti-tumour, anti-

oxidative stress, and anti-inflammatory effects, and protec-

tive effects on the nervous and cardiovascular systems. In

addition, resveratrol counteracts insulin resistance, regu-

lates blood sugar and lipids, and improves diabetes and

metabolic syndrome.3

MicroRNAs (miRNAs), which are short-chain (~22 nt)

non-coding RNAs, have recently been found to be associated

with diabetes and associated signalling pathways.4 The first

member of the miRNA family, lin-4,5 was discovered in

1993. There are more than 1400 known miRNAs, each of

which can affect the expression of various mRNAs. Each

mRNA also contains multiple miRNA-binding sites.

miRNAs inhibit translation or target the mRNA for degrada-

tion by base-pairing. They play important regulatory roles in

various biological processes, including metabolism, prolif-

eration, and differentiation. Therefore, miRNAs can serve as

potential targets for the diagnosis and treatment of complex

diseases such as diabetes.

MiRNAs and resveratrol reportedly improve hepatic

insulin resistance and participate in liver glycolipid meta-

bolism and insulin signalling transduction.6 However, the

role of miRNAs in resveratrol-mediated reduction of hepa-

tic insulin resistance has not been studied in detail. In this

study, we confirmed the insulin sensitivity-improving

effects of resveratrol in the liver and explored the possible

involvement of miRNAs in the mechanism of action of

resveratrol to provide new ideas for the prevention and

treatment of diabetes.

Materials and Methods
Animal Model
Thirty-six male C57BL/6J mice (6 weeks old, 21.0–23.0 g;

Beijing Weitong Lihua Experimental Animal Center; license

number: SCXK (Beijing) 2016–0006) were housed at the

Hebei General Hospital animal laboratory (20–25°C,

40–60% relative humidity, 12-h light/dark cycle, free access

to food and water). After 1 week of adaptive feeding, they

were divided into two groups: a control group (CON, n = 12)

fed a general feed (D12450J: 20% protein, 70% carbohy-

drate, 10% fat, 3.85 kcal/g) and a high-fat diet group (HFD,

n = 24) fed an HFD (D12492: 20% protein, 20% carbohy-

drate, 60% fat, 5.24 kcal/g). The feeds were purchased from

Beijing Huafukang Biotechnology. After 8 weeks of feeding

and a 12-h fast, the mice were subjected to intraperitoneal

glucose tolerance testing, and the area under the curve was

determined to confirm insulin resistance establishment in the

HFD group. Then, the HFD group was divided into HFD and

HFD plus resveratrol (HFD+RSV) groups (n = 12 each).

Thirty milligrams of resveratrol powder (Sigma) was dis-

solved in 1 mL of dimethyl sulfoxide (DMSO, Sigma) and

diluted with a 0.9% sodium chloride solution. Resveratrol

(100 mg/kg) was intragastrically administered daily.7 The

CON and HFD groups were intragastrically administered

0.1% DMSO in 0.9% sodium chloride daily. After 6 weeks

of resveratrol or control treatment, the mice were fasted for

12 h overnight. Three mice randomly selected from each

group received 1.5 IU/40 g of insulin (Sigma) intraperitone-

ally for 20 min before anaesthesia. All mice were euthanized

by cervical dislocation and blood was collected by cardiac

puncture. The liver was quickly dissected, washed with sal-

ine, and a small piece (always from the same leaf) was fixed

with 4% paraformaldehyde. The remaining tissue was frozen

in liquid nitrogen and stored at –80°C. The experiment was

supervised and approved (No. 201920) by the Ethics

Committee of the People’s Hospital of Hebei Province and

complied with the International Regulations for the Use of

Laboratory Animals.

Western Blotting
Total protein was extracted from hepatocytes using RIPA

buffer. Protein concentrations were determined using a BCA

kit (Thermo Fisher Scientific). Proteinswere resolved by SDS-

PAGE and then transferred to a PVDF membrane, which was

blocked with 5% dry skim milk for 2 h. The membrane was

incubated at 4°C overnight with primary antibody diluted to

a suitable concentration in blocking solution. The membrane

was washed thrice with TBST (10 min each), incubated with

secondary antibody at room temperature for 50 min, and

washed thrice with TBST (10 min each). Bands were detected

using enhanced chemiluminescence reagent (Thermo Fisher

Scientific) and a gel imager. Grey values were quantified using

ImageJ. β-Actin was used for normalization. The following

antibodies were used: mouse anti-β-actin, (1:1000), rabbit
anti-protein kinase B (Akt; 1:2000), rabbit anti-p-Akt (Ser

473) (1:1000), rabbit anti-phosphatidylinositol 3-kinase

(PI3K; (1:2000), and rabbit anti-p-PI3K (Tyr 458) (1:1000),

all of which were purchased from Cell Signaling Technology;

rabbit anti-forkhead box transcription factor 1 (FOXO1;

(1:1000) and rabbit anti- glucose-6-phosphatase, catalytic sub-

unit (G6PC; 1:2000), which were purchased from Proteintech.

HRP-labelled goat anti-rabbit IgG antibody (1:8000) and goat

anti-mouse IgG antibody (1:3000) were purchased from

Signalway Antibody.
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Quantitative Reverse-Transcription

Polymerase Chain Reaction (RT-qPCR)
Total RNA was extracted with an RNAsimple Total RNA

Kit (TIANGEN) and was reverse-transcribed into cDNA

using HiScript II Q RT SuperMix for qPCR. qPCRs were

run using SYBR® Premix Ex TaqTM II (RR820A) under

the conditions of 95°C for 10 min, followed by 40 cycles

of 15 s at 95°C, 15 s at 95°C, and 15 s at 60°C. Melting

curves were generated (60–95°C). Target gene expression

levels were normalized to the level of β-actin mRNA

using the 2–ΔΔCT method.8 Primers used are listed in

Table 1.

High-Throughput Sequencing
Total RNA was extracted from four liver samples of each

of the CON, HFD, and the +RSV groups using an RNeasy

Mini kit (Qiagen). The TruSeqTM RNA Library Prep Kit

(Illumina) was used for library construction. Ribosomal

RNA was removed using the Ribo-Zero rRNA Removal

Kit (Epicentre). mRNA was fragmented with divalent

cations. First-strand cDNA was generated using reverse

transcriptase and random primers, second-strand cDNA

using RNase H DNA polymerase I. A single “A” base

was added at the end of the cDNAs and linker sequences

were ligated. Purified products were PCR-amplified to

generate the final cDNA library. Insert sizes were verified

using a Qubit® 2.0 (Life Technologies) and molar concen-

trations were calculated. Clusters were generated using

cBot, diluted to 10 pM, and sequenced on an Illumina

NovaSeq 6000. Library construction and sequencing

were performed at Shanghai Sinomics.

miRNA Expression Analysis
Clean reads were mapped to miRBase and NCBI piRNA,

Rfam, and RepBase to determine differential expression.

miRNA expression levels were calculated using counts-per-

million normalization. Differential expression was determined

using DESeq software and was defined as P ≤ 0.05 and log2

(foldchange) ≥ 1.9

Establishment of an in-vitro Cell Model of

Insulin Resistance
HepG2 human hepatoma cells were purchased from the

National Infrastructure of Cell Line Resource of China and

stored at the Clinical Research Center of Hebei General

Hospital. The cells were cultured in MEM (Hyclone) contain-

ing 10% foetal bovine serum (Hyclone), 1% non-essential

amino acids (Gibco) and 1% streptomycin (Hyclone) in the

presence of 5% CO2 at 37°C. When the cells reached approxi-

mately 80% confluence, they were treated with serum-free

medium (CON group) or serum-free medium containing

0.25 mmol/L palmitic acid (PA) to establish insulin resistance

(PA group). At 0, 12, and 24 h, the glucose concentration in the

medium was measured using a glucose oxidase assay kit

(Applygen) to evaluate model establishment.

Cytotoxicity Assessment of Resveratrol
Resveratrol (Sigma-Aldrich) was dissolved in dimethyl

sulfoxide (Sigma-Aldrich) at 50 mmol/L. HepG2 cells

were cultured in a 96-well plate to 80% confluence. Cells

with or without palmitic acid were treated with 0, 12.5, 25,

50, or 100 μM resveratrol. Cell viability was determined

using a Cell Counting Kit-8 (Dojindo).

Table 1 Primers Used for RT-qPCR

Target Forward Primer (5′-3′) Reverse Primer (5′-3′)

Actin CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

mmu-miR-363-3p TACAGATG AATTGCACGGTATCCA

mmu-miR-136-5p CCATCATC ACTCCATTTGTTTTGA

mmu-miR-337-3p AAAGGCAT TCAGCTCCTATATGAT

mmu-miR-149-5p GGGAGTGA TGTGGCTCCGTGTCTTC

mmu-miR-205-5p CAGACTCC TCCTTCATTCCACCGG

mmu-miR-295-3p AGACTCAA AAAGTGCTACTACTTTT

PI3K ACTTTGTGACCTTCGGCTT TCCTGTACTTCTGGATCTTTAA

Akt AAGGAGGTCATCGTCGCCAA ACAGCCCGAAGTCCGTTATC

FOXO1 AAGGCCATCGAGAGCTCAGC GATTTTCCGCTCTTGCCTCC

G6PC TTGCATTCCTGTATGGTAGTGG TAGGCTGAGGAGGAGAAAACTG
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mmu-miR-363-3p Knockdown and

PI3K-Akt Overexpression Construct

Preparation and Transfection
HepG2 cells were transfected at approximately 60%

confluence. A 20-μM RNA oligo stock solution was

prepared in siRNA-mate transfection reagent

(GenePharma) and DEPC water. Five microliters of

RNA oligo stock solution and 10 μL of siRNA-Mate

transfection reagent was mixed with 200 μL of OPTI-

MEM (Thermo Fisher Scientific). Two-hundred micro-

liters of the transfection complex was added to 1.8 mL

of medium; the final concentration of miRNA mimic

and inhibitor was 50 nM and 100 nM, respectively.

HepG2 cells were transfected with the transfection com-

plexes in 6-well plates at 37°C for 24 h. Then, PA and/

or RSV were added to the corresponding groups. After

24 h, part of the cells were stimulated with insulin for

40 min. Proteins were extracted for Western blotting.

Statistical Analysis
All data are expressed as the mean ± standard deviation

(SD) and were processed using SPSS 22.0. Normally

distributed data were analysed using Student’s t-test for

two groups and one-way ANOVA followed by LSD or

Tamhane’s tests for multiple groups. Otherwise, the non-

parametric test was used. P < 0.05 was considered

significant.

Results
Resveratrol Treatment Affects Liver

mRNA Expression in HFD Mice
High-throughput sequencing was used to compare

miRNA expression in the liver in model mice treated

with resveratrol and control model mice. We detected

1089 miRNAs in total, 32 of which were differentially

expressed (12 up- and 20 down-regulated) (Table 2).

Differential miRNA expression is visualized in the

heat map and signal density distribution in the box

plot shown in (Figure 1A and B), respectively. Scatter

plots and volcano plots can reveal the distribution and

approximate number of miRNAs that differ more than

twice as much (Figure 1C and D).

GO and KEGG Pathway Analyses
In order to clarify the biological functions and involved

signaling pathways of genes in vivo or in cells, we can

make annotations based on Gene Ontology and KEGG

databases for each gene. GO analysis revealed that

differentially expressed miRNAs were mainly enriched

in the biological processes small GTPase-mediated sig-

nal transduction, Ras protein signal transduction, and

positive regulation of neuron differentiation, the cellu-

lar components cell leading edge, cell-cell junction,

and synaptic membrane, and the molecular functions

core promoter proximal region sequence-specific DNA

binding, transcription factor activity, and RNA poly-

merase II core promoter proximal region sequence-

specific binding (Figure 2A). Pathway analysis

revealed that the differential miRNAs were mainly

involved in the MAPK, ErbB, Ras, Hippo, Wnt, and

PI3K-Akt signalling pathways (Figure 2B). PI3K-Akt

is a key pathway in insulin signalling and is associated

with insulin resistance animal model studied here.

Table 2 miRNA Expression Patterns in HFD and HFD+RSV Mice

miRNA Log2(Fold-

Change)

P Regulation (HFD

+RSV vs HFD)

mmu-miR-466k 2 0.00156 up

mmu-miR-3084-5p 2 0.03711 up

mmu-miR-337-3p 1.58496 0.01842 up

mmu-miR-292a-5p 1.58496 0.02898 up

mmu-miR-363-3p 1.22239 0.03764 up

mmu-miR-136-3p 1.078 0.00433 up

mmu-miR-136-5p 1.02857 0.00013 up

mmu-miR-881-3p 1 0.04399 up

mmu-miR-540-5p 1 0.0176 up

mmu-miR-376a-3p 1 0.03379 up

mmu-miR-1247-5p 1 0.01757 up

mmu-let-7f-2-3p 1 0.00283 up

mmu-miR-582-5p –2.32193 0.00318 down

mmu-miR-582-3p –2.08746 0.00013 down

mmu-miR-205-5p –2.03242 7.45E-12 down

mmu-miR-1b-5p –2.00000 0.02082 down

mmu-miR-5106 –1.80735 0.01053 down

mmu-miR-129-2-3p –1.58496 0.02116 down

mmu-miR-135a-5p –1.58496 0.00568 down

mmu-miR-6900-3p –1.58496 0.02617 down

mmu-miR-6972-3p –1.58496 0.01792 down

mmu-miR-6978-3p –1.58496 0.0006 down

mmu-miR-149-5p –1.46184 3.46E-24 down

mmu-miR-383-5p –1.26303 0.02774 down

mmu-miR-5119 –1.26303 0.0142 down

mmu-miR-200b-5p –1.20163 0.00578 down

mmu-miR-672-5p –1.11548 0.04137 down

mmu-miR-6240 –1.08746 0.02052 down

mmu-miR-212-3p –1.07039 0.0143 down

mmu-miR-295-3p –1.04439 0.00973 down

mmu-miR-485-3p –1.00000 0.02006 down

mmu-miR-690 v1.00000 0.00553 down
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Figure 1 Differential miRNA expression between HFD+RSV and HFD mice. (A) Clustering heat map of differentially expressed miRNAs. (B) Box plot of signal intensity

distribution of miRNAs in all samples. (C) Scatter plot of miRNA variation. (D) Volcano plot of miRNA variation.
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Figure 2 GO and KEGG pathway analysis of differentially expressed mRNAs. (A) The top 10 GO terms in biological process, cellular component, and molecular function

are shown, ranked by enrichment score. (B) Top 20 pathways enriched among differentially regulated mRNAs.
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RT-qPCR-Based Verification of mRNA

Expression
Three resveratrol-up-regulated miRNAs (mmu-miR

-363-3p, mmu-miR-136-5p, and mmu-miR-337-3p)

(Figure 3A–C) and three resveratrol-downregulated

miRNAs (mmu-miR-149-5p, mmu-miR-205-5p, and

mmu-miR-295-3p) (Figure 3D–F) were randomly

selected from the 32 differentially expressed miRNAs

for confirmation of the sequencing results by RT-qPCR.

Except for mmu-miR-295-3p, the expression levels of

all miRNAs were consistent with those in the sequen-

cing analysis. mmu-miR-295-3p was downregulated, in

line with the sequencing results, but not significantly.

Among the six miRNAs differentially expressed in

the HFD+RSV and HFD groups and confirmed by

RT-qPCR, only mmu-miR-363-3p differed in expres-

sion between the HFD group and the CON group.

mmu-miR-363-3p showed relatively high expression

upon resveratrol treatment. mmu-miR-363-3p expres-

sion was significantly down-regulated in the HFD

group compared to the CON group and significantly

up-regulated in the HFD+RSV group compared with

the HFD group. This is consistent with the fact that

our study of RSV can improve HFD-induced insulin

resistance.

RT-qPCR-Based Verification of PI3K-Akt

Signalling Pathway-Related Genes
To verify whether the PI3K-Akt signaling pathway is related

to the animal model we studied. We compared the mRNA

Figure 3 Relative mRNA expression of PI3K-Akt signaling pathway genes in resveratrol-treated insulin resistance model mice. Three up- (A–C) and three downregulated

(D–F) miRNAs, four PI3K-Akt signaling pathway genes (G–J) in the livers of CON, HFD, and HFD+RSV mice. Data are the mean ± SD (n = 3). *P < 0.05 vs CON, #P < 0.05

vs HFD (one-way ANOVA with LSD or Tamhane’s test).
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expression of several key genes in the PI3K-Akt signalling

pathway (PI3K, Akt, FOXO1, and G6PC) in the livers of

CON, HFD, and HFD+RSV mice. PI3K and Akt mRNA

levels did not differ between the three groups (Figure 3G

and H). The FOXO1 and G6PC mRNA levels were signifi-

cantly increased in the HFD group compared with the CON

group, and significantly suppressed in the HFD+RSV group

compared with the HFD group (Figure 3I and J).

Western Blot Verification of PI3K-Akt

Signalling Pathway-Related Genes
Several key molecules in the PI3K-Akt signaling pathway

were selected for Western blot verification in three groups of

mouse liver tissues to compare protein levels (Figure 4A).

Compared with the CON group, the levels of p-PI3K and

p-Akt in the HFD group decreased significantly (Figure 4C

and F), and the expression levels of FOXO1 and G6PC

increased significantly (Figure 4D and G). Compared with

HFD group, the levels of p-PI3K and p-Akt in HFD + RSV

group were significantly increased (Figure 4C and F), and the

expression levels of FOXO1 and G6PC were significantly

decreased (Figure 4D and G). There was no difference in

total PI3K and Akt expression levels among the three groups

(Figure 4B and E).

Establishment of an Insulin Resistance

Cell Model
HepG2 cells were treated with palmitic acid to induce

insulin resistance, and glucose concentrations in the med-

ium were measured at 0, 12, and 24 h. There were no

significant differences in the glucose concentration between

the CON and PA groups at 0 and 12 h. At 24 h, the glucose

concentration in the PA group was significantly higher than

that in the CON group, indicating successful model

establishment10 (Figure 5A).

Effects of Resveratrol on Cell Viability
HepG2 cells were treated with resveratrol at 0, 12.5, 25, 50, or

100 μM for 24 h, and cell viability was evaluated by CCK-8

assay. Resveratrol at 50 μM and 100 μM significantly reduced

Figure 4 Relative protein expression of PI3K-Akt signal pathway proteins in the liver in resveratrol-treated insulin resistance model mice. (A) Western blot of PI3K-Akt

signal pathway molecules. Quantitative data for PI3K (B), p-PI3K/PI3k (C), FOXO1 (D), Akt (E), p-Akt/Akt (F), G6PC (G). Data are the mean ± SD (n = 3). *P < 0.05 vs

CON, #P < 0.05 vs HFD (one-way ANOVA with LSD or Tamhane’s test).
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cell viability compared with the control treatment, whereas it

had no significant effect at 12.5 μM and 25 μM, although the

suppressive effect at 12.5 μM was slightly less than that at

25 μM. The cell survival rate in PA-treated HepG2 cells

(86.5%) was slightly, but not significantly lower than that in

control cells (90.3%). Cell viability was significantly lower in

cells treated with PA + 100, 50, or 12.5 μMRSV than in cells

treated with PA alone. However, there were no significant

differences between the PA + 25 μM RSV group and the PA

and CON groups (Figure 5B and C).

Resveratrol Reduces the Glucose

Concentration in HepG2 Cells
Glucose concentrations in the medium at 0, 12, and 24 h after

RSVand PA treatment of HepG2 cells were measured. There

were no significant differences in glucose concentration

between these groups at 0 and 12 h. At 24 h, the glucose

concentration in the PA group was significantly increased

compared that in the CON group, and 25 μM resveratrol

suppressed this increase (Figure 5D).

Effect of Resveratrol on the PI3K-Akt

Signalling Pathway After Knockdown or

Overexpression of mmu-miR-363-3p
To investigate the involvement of mmu-miR-363-3p in the

effect of resveratrol on the regulation of PI3K-Akt signal-

ling in the cell model of insulin resistance, we knocked

down or overexpressed the miRNA using inhibitor or

mimic, respectively (Figure 6A and H). The mmu-miR

-363-3p level was significantly decreased in knockdown

compared to control cells (Figure 5E). PA-stimulated mmu-

miR-363-3p-knockdown HepG2 cells were treated with

25 μM RSV. Compared with the CON group, FOXO1 and

G6PC protein levels were significantly increased in the PA

group (Figure 6D and G), whereas p-Akt and p-PI3K levels

were significantly decreased (Figure 6C and F). Compared

Figure 5 Establishment of an insulin resistance model in HepG2 cells, and mmu-miR-363-3p knockdown and overexpression efficiency. (A) Glucose concentrations in the

culture medium of HepG2 cells after 0.25 mM PA treatment for 0, 12, and 24 h. (B) Cell survival rates after 24 h of treatment with the indicated concentrations of

resveratrol as determined by CCK-8 assay. (C) Cell survival rates after PA and resveratrol treatments as determined by CCK-8 assay. (D) Glucose concentrations in the

culture medium of HepG2 cells after 0.25 mM PA and 25 μM RSV treatments. (E) Relative mmu-miR-363-3p level after treatment with a mimic. F. Relative mmu-miR-363-3p

level after treatment with an inhibitor. Data are the mean ± SD (n = 6). *P < 0.05 vs CON, #P < 0.05 vs PA (one-way ANOVA with LSD or Tamhane’s test).
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Figure 6 Effect of resveratrol on the PI3K-Akt signalling pathway after knockdown or overexpression of mmu-miR-363-3p. Knockdown of mmu-miR-363-3p Western blot

(A) of the indicated PI3K-Akt signalling pathway molecules and quantitative data (B–G). Overexpression of mmu-miR-363-3p Western blot (H) of the indicated PI3K-Akt

signalling pathway molecules and quantitative data (I–N). Data are the mean ± SD (n = 3). *P < 0.05 vs CON, #P < 0.05 vs PA, &P < 0.05 vs PA +RSV (one-way ANOVA with

LSD or Tamhane’s test).
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with the PA+RSV group, p-Akt and p-PI3K levels were

significantly decreased in PA+RSV+knockdown group

(Figure 6C and F), whereas FOXO1 and G6PC expression

was significantly increased (Figure 6D and G). There was

no difference in total PI3K and Akt expression levels

among the five groups (Figure 6B and E).

The mmu-miR-363-3p level was significantly increased in

overexpression compared with control cells (Figure 5F).

Compared with the CON group, FOXO1 and G6PC levels

were increased in the PA group (Figure 6K and N), whereas

p-Akt and p-PI3K levels were decreased, and the differences

were significant (Figure 6J and M). After overexpression of

mmu-miR-363-3p, p-Akt and p-PI3K levels were significantly

increased compared with those in the PA group (Figure 6J and

M), whereas FOXO1 and G6PC expression was significantly

decreased (Figure 6K and N). Compared with the PA group,

FOXO1 and G6PC levels were significantly decreased after

RSV intervention (Figure 6K and N), whereas p-Akt and

p-PI3K were significantly increased (Figure 6J and M).

There was no difference in total PI3K and Akt expression

levels among the five groups (Figure 6I and L).

Discussion
The most prominent feature of type 2 diabetes is the inhibition

of insulin signaling, which leads to insulin resistance.11

Resveratrol is a polyphenolic compound found in a wide

variety of plants; it has been detected in more than 70

species.12,13 Numerous studies have shown that resveratrol

can improve insulin resistance.14 Resveratrol increases glu-

cose uptake in the absence of insulin via the PI3K/Akt signal-

ing pathway in an Akt phosphorylation-dependent manner.15

miRNAs are involved in the development and progression

of type 2 diabetes.16 miRNAs can affect numerous targets in

the liver insulin signaling pathway and can thus improve or

induce hepatic insulin resistance.17 For example, upregulation

of miR-29 expression in the liver reduces the blood glucose

level and improves insulin resistance in the liver by inhibiting

glucose-6-phosphatase.18 miR-143 upregulation in the livers

of HFD-fed model mice resulted in inhibition of PI3K expres-

sion and Akt activation, and induced insulin resistance.19

However, although resveratrol and miRNAs are important in

the treatment of type 2 diabetes, to our knowledge, it is

unknown whether resveratrol can improve liver insulin resis-

tance in HFD-fed mice by regulating miRNAs. In this study,

we investigated the regulation of miRNAs in the PI3K-Akt

signaling pathway in a HFD-induced insulin resistance mouse

model upon resveratrol intervention.

Using high-throughput sequencing, we identified 32 differ-

entially expressed miRNAs in the HFD+RSV group compared

with the HFD group. Of these, 6 miRNAs were selected for

verification of the sequencing results by RT-qPCR; except for

mmu-miR-295-3p, the RT-qPCR results were consistent with

the sequencing results, indicating that the sequencing data were

reliable. The sequencing results indicated that resveratrol can

reverse insulin-inducedhyperlipidaemiaby regulatingmiRNAs.

However, the roles of these miRNAs in increasing insulin

sensitivity are not known. We used GO and KEGG pathway

enrichment analyses to functionally assess the 32 differentially

expressed genes and found that the PI3K-Akt signalling path-

way was significantly enriched. We found that mmu-miR-363-

3p was up-regulated by resveratrol under HFD, indicating that

resveratrol reversed the adverse effects of HFD on this miRNA.

This further indicated that resveratrolmayplay an important role

in improving insulin resistance by regulating the effect of mmu-

miR-363-3p on the PI3K-Akt signalling pathway. PI3K-Akt is

one of the important signalling pathways involved in the regula-

tion of cell proliferation, differentiation, and apoptosis.20 It is

also involved in the onset and development of various diseases,

such as type 2 diabetes and metabolic and cardiovascular

diseases.21 PI3K/Akt pathway activation also plays an important

role in increasing insulin sensitivity and regulating glycolipid

metabolism.22 PI3K is a family of lipid kinases that catalyse the

phosphorylation of inositol and phosphatidylinositol, and have

serine/threonine (Ser/Thr) kinase aswell as phosphatidylinositol

kinase activities. Phosphatidylinositol 3,4,5-triphosphate,

a product of PI3K, binds to Akt and promotes membrane

recruitment of Akt.23 The main function of Akt in the liver is

to synthesize glycogen and transport glucose. Phosphorylated

Akt can inhibit the expression of FOXO1. FOXO1promotes the

expression of G6PC, which is the rate-limiting enzyme of the

gluconeogenesis pathway, thus promoting glucose production.

PI3K inhibits FOXO1 by activating Akt, which decreases the

expression of G6PC, thus lowering blood glucose and improv-

ing insulin resistance.24

We treated HepG2 cells with 0.25 mmol/L palmitic acid to

establish a hepatocyte insulin resistance model in vitro.25 This

is the most widely used in-vitro model of insulin resistance or

type 2 diabetes.26 Based on our findings in the animal model,

we selected mmu-miR-363-3p as a miRNA potentially asso-

ciated with the positive effect of resveratrol in improving

insulin resistance for further analysis. There were no reports

on its relationshipwith resveratrol. On the basis of cell viability

experiments, we found that 25 μM resveratrol had no signifi-

cant effect on PA-treated HepG2 cell viability, whereas resver-

atrol at 12.5, 50, and 100 μM reduced cell viability. This is in
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line with findings in our previous study.27 As there was no

significant difference in cell viability between non-treated

control cells and cells treated with 25 μM resveratrol, this

concentration was appropriate for cell treatments.

Numerous studies have shown that mmu-miR-363-3p

expression is closely related to cancer onset and development,

and that mmu-miR-363-3p functions as a tumour suppressor

in liver cancer, gastric cancer, and lung adenocarcinoma.28

However, its relationship with resveratrol in improving HFD-

induced insulin resistance has not been reported. Therefore,

we studied the effects of resveratrol on the expression of PI3K-

Akt signalling molecules upon mmu-miR-363-3p knockdown

or overexpression. We found that p-Akt and p-PI3K levels

were significantly increased after mmu-miR-363-3p knock-

down, whereas FOXO1 and G6PC expression was signifi-

cantly decreased, suggesting increased insulin resistance and

gluconeogenesis. After overexpression of mmu-miR-363-3p,

FOXO1 and G6PC expression was lower than that after

resveratrol treatment, but insulin resistance was improved.

These findings indicated that resveratrol improved insulin

resistance more strongly than did mmu-miR-363-3p overex-

pression. However, there were no significant differences in

p-Akt and p-PI3K levels upon mmu-miR-363-3p overexpres-

sion when compared to those under resveratrol treatment. This

indicated that the effects of resveratrol on these two indicators

were similar to those of mmu-miR-363-3p overexpression.

Together, these results indicate that resveratrol may play

a beneficial role in improving insulin resistance by up-

regulating mmu-miR-363-3p.

In conclusion, this study for the first time revealed that

resveratrol may improve hyperlipidaemia-induced hepatic

insulin resistance by up-regulating the miRNA mmu-miR

-363-3p. This study provided new insights into the mechanism

of resveratrol in the treatment of diabetes. mmu-miR-363-3p

may serve as a potential therapeutic target for insulin resis-

tance and type 2 diabetes mellitus.
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