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Abstract. Resveratrol (RSV) is a natural ingredient used in the 
treatment of diabetes mellitus. However, the antidiabetic mech‑
anism of RSV is not clear. In the present study the antidiabetic 
mechanism of RSV was investigated using mice with high‑fat 
diet (HFD)‑induced insulin resistance (IR). C57BL/6J mice 
were divided into the following three groups: Control (CON), 
HFD, and HFD + RSV (RSV, 100 mg/kg body weight/day). 
Mice were administered RSV for 6 weeks; then biochemical 
and histological parameters, as well as gene and protein 
expression were detected. Compared with the CON group, the 
circulating levels of blood glucose, insulin, triglycerides, total 
cholesterol and high‑density lipoprotein cholesterol, and area 
under the glucose curve were increased (P<0.05), the quantita‑
tive insulin sensitivity check index was decreased (P<0.05), 
and lipid accumulation in skeletal muscle was increased in the 
HFD group. RSV treatment was able to reverse this process 
and promote the IRS‑1/PI3K/AKT/GLUT4 signaling pathway. 
Moreover, DNA damage‑inducible transcript 4 (DDIT4) 
expression was upregulated, while the expression levels of 
mammalian target of rapamycin (mTOR) and p70 ribosomal 
protein S6 kinase were downregulated in the HFD + RSV 
group compared with the HFD group (P<0.05). Cell experi‑
ments inhibiting DDIT4 or activating mTOR also confirmed 

the role of these pathways. In summary, RSV ameliorated 
IR and glucose as well as lipid metabolism, and promoted 
the IRS‑1/PI3K/AKT/GLUT4 signaling pathway through the 
DDIT4/mTOR signaling pathway in mice with HFD‑induced 
IR.

Introduction

In recent years, the use of Traditional Chinese medicine to 
improve metabolic diseases has gradually become a research 
focus. Among numerous natural hypoglycemic active ingredi‑
ents, investigators have paid increasing attention to resveratrol 
(RSV), which is a polyphenolic plant antitoxin belonging to 
the stilbene family, widely found in grapes and other plants, 
and has hypoglycemic activity (1). The mechanism of RSV 
in reducing insulin resistance (IR) involves the regulation 
of multiple signal transduction pathways, such as silent 
mating type information regulation 2 homolog‑1/peroxisome 
proliferator‑activated receptor γ coactivator‑1α, inhibitor of κB 
kinase/nuclear factor κВ inhibitor/nuclear factor κВ, adenosine 
phosphate kinase (AMPK) and phosphatidylinositol 3‑kinase 
(PI3K)/protein kinase B (AKT)/endothelial nitric oxide 
synthase pathways (2). The in‑depth study of these signaling 
pathways has clarified some molecular mechanisms of the 
effects of RSV (2). In insulin target tissues, skeletal muscle 
accounts for 70‑80% of the total glucose intake stimulated 
by insulin, thus playing a crucial role in regulating systemic 
glucose homeostasis (3).

The mammalian target of rapamycin (mTOR) is a 
serine/threonine protein kinase with highly conserved 
structure and function belonging to the PI3K family. 
mTOR‑mediated signaling pathways play crucial roles in 
metabolism, immunity, growth, development, aging as well 
as other physiological processes (4). Research has shown that 
mTOR signaling is also involved in the occurrence and devel‑
opment of numerous metabolic diseases, such as diabetes, 
hyperlipidemia and osteoporosis (4). A previous study found 
that mTOR functions as a nutrient receptor, and that the mTOR 
signal was activated in various tissues of a high‑fat diet (HFD) 
or obese rodents (5), and was closely related to the occurrence 
and development of IR (6,7). Skeletal muscle anabolism is 
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driven by numerous stimuli such as growth factors, nutrients 
(including amino acids and glucose), and mechanical stress. 
These stimuli are integrated by the mechanistic target of 
mTOR signal transduction cascade (8).

The DNA‑damage‑inducible transcript factor 4 (DDIT4) 
plays a role in insulin signal transduction, DNA damage 
repair, nutritional deprivation, oxidative metabolism, endo‑
plasmic reticulum stress and the hypoxia response  (9‑14). 
Some studies have found that DDIT4 is involved in nutritional 
metabolism, and is crucial to insulin‑mediated activation of 
AKT and mTOR (15‑17). However, at present, there are few 
reports regarding the actions of DDIT4 involving the mTOR 
pathway during IR. Notably, changes in DDIT4 mRNA and 
protein have been observed in skeletal muscle under various 
physiological conditions (such as nutrient consumption and 
resistance exercise) and pathological conditions (including 
sepsis, alcoholism, diabetes and obesity) suggesting a role for 
DDIT4 in regulating mTOR‑dependent skeletal muscle protein 
metabolism (18).

In the present study, RSV was administered to C57BL/6J 
mice with IR induced by an HFD to observe the effect of RSV 
on insulin and mTOR signaling pathways as well as DDIT4, 
and to explore the mechanism of the RSV‑mediated reduction 
of IR, to further understand the specific functions of RSV in 
glucose and lipid metabolism.

Materials and methods

Animal experiments. A total of 33 healthy 6‑week‑old male 
C57BL/6J mice weighing ~22 g were purchased from the 
Hebei Invivo Biotechnology Co., Ltd. (license no. SCXK 
2023‑002) and raised in the barrier system of the animal room 
at the Clinical Research Center of Hebei General Hospital 
(Shijiazhuang, China). The humidity was controlled at 40‑60% 
with a room temperature at 20‑25˚C with a standard 12‑h 
light‑dark cycle. A week after adaptive feeding, mice were 
randomly divided into the following two groups: Control 
group (CON, n=11) and HFD group (n=22). The CON group 
was given an ordinary diet (D12450J: 70% carbohydrate, 20% 
protein, 10% fat, 3.85 kcal/g), and the HFD group was given 
an HFD (D12492J: 20% carbohydrate, 20% protein, 60% 
fat, 5.24 kcal/g) (19). All feeds were purchased from Beijing 
Huafukang Biotechnology Co., Ltd. After 8 weeks of an HFD, 
mice were fasted overnight (12 h) and then underwent an 
intraperitoneal glucose tolerance test (IPGTT) (19). The tail 
tip blood glucose was measured at point 0 using Roche rapid 
glucose meter test strips, followed by intraperitoneal injection 
of 50% glucose injection at 2 g/kg (20‑22). Then, the tail tip 
blood glucose values were measured at 15, 30, 60 and 120 min 
using Roche rapid glucose meter test strips after glucose treat‑
ment. The amount of blood used for measuring blood glucose 
with a blood glucose meter was approximately 20 µl per mouse 
at each time point (20‑22). The area under the glucose curve 
(AUC) was calculated  (23); IPGTT‑AUC=0.125 x BG0 + 
0.25 x BG15 + 0.375 x BG30 + 0.75 x BG60 + 0.5 x BG120 
(BGx=blood glucose values at different time points)  (23). 
Eleven mice were randomly selected from the HFD group 
to form the high‑fat feeding with RSV intervention group 
(HFD + RSV group), and were administered 100 mg/kg body 
weight RSV by gavage for 6 weeks (24), while other mice in 

the HFD group and the CON group were admnistered 0.9% 
sodium chloride solution containing 0.1% DMSO by gavage.

After 6 weeks of treatment, IPGTT was performed again 
to detect the blood glucose value of each mouse at each time 
point, and then the calculated AUC was used to evaluate the 
degree of IR. All three groups of mice were intraperitoneally 
injected with 1.5 units of insulin (Merck KGaA)/40 g body 
weight, and then anesthetized by intraperitoneal injection of 
2% pentobarbital sodium at a dose of 40 mg/kg. After 20 min, 
blood samples collected by cardiac puncture were centrifuged 
at 1,500 x g for 10 min at 4˚C. The serum was collected and 
stored at ‑80˚C for the subsequent determination of serological 
indicators. Cervical dislocation caused rapid unconsciousness 
and death with minimal distress to the mice, and was a humane 
way to euthanize the mice. Then, skeletal muscle samples 
were quickly removed and stored in liquid nitrogen for subse‑
quent research. The present study was approved (approval 
no. 2023‑LW‑055) by the Ethics Committee of Hebei General 
Hospital (Shijiazhuang, China).

Serological indicators. Detection kits for total cholesterol 
(TC; cat. no. A111‑1‑1), triglyceride (TG; cat. no. A110‑1‑1), 
low‑density lipoprotein‑cholesterol (LDL‑C; cat. no. A113‑1‑1) 
and high‑density lipoprotein‑cholesterol (HDL‑C; cat. 
no.  A112‑1‑1) were acquired from the Nanjing Jiancheng 
Bioengineering Institute in accordance with the manufacturer's 
instructions. Insulin concentrations were obtained using an 
ELISA kit from ALPCO (cat. no. 80‑INSMSU‑E01) in accor‑
dance with the manufacturer's instructions. The Qualitative 
Insulin Sensitivity Check Index (QUICKI) was determined 
according to the equation: QUICKI=1/[log(I0) + log(G0)] (25), 
with I0=fasting insulin and G0=fasting glucose.

Histological assessment of skeletal muscle tissue. The skeletal 
muscle tissues of mice were fixed in 4% paraformaldehyde at 
4˚C for 6 h. Then, the samples were dehydrated using a conven‑
tional alcohol gradient, clarified using xylene, embedded in 
paraffin and cut into 5‑µm slices. The sections were then stained 
with an H&E Stain Kit (cat. no. G1005; Wuhan Servicebio 
Technology Co., Ltd.) using hematoxylin and eosin solutions 
for 5 min staining each at room temperature. A Modified Oil 
Red O Stain Kit (cat. no. G1261; Beijing Solarbio Science & 
Technology Co. Ltd.) was used to detect lipid droplets in skel‑
etal muscle sections, which were stained with Modified Oil 
Red O Stain Solution (included in the aforementioned kit) for 
10 min at 25˚C, and then stained with Mayer's Hematoxylin 
Solution (included in the aforementioned kit) for 1 min at 
25˚C. The staining of sections was completed according to the 
manufacturer's protocol, and stained sections were examined 
under a light microscope (magnification, x400).

C2C12 cell culture. The C2C12 mouse myoblast cell line 
(cat. no. CL‑0044; Procell Life Science & Technology Co., 
Ltd.) was cultured in culture medium (cat. no.  CM‑0044 
Procell Life Science & Technology Co., Ltd.) until the cells 
reached 70‑80% confluence. The differentiation medium (cat. 
no. PM150210A; Procell Life Science & Technology Co., Ltd.) 
and 2% horse serum (cat. no. 164215; Procell Life Science & 
Technology Co., Ltd.) were used to induce differentiation of 
C2C12 cells. Mycoplasma contamination was not detected in 
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the cells. Differentiated C2C12 cells were then incubated with 
0.5 mM palmitic acid (PA; cat. no. 800508; Merck KGaA) 
for 24 h, designated the PA group. RSV (cat. no. R817263‑5g; 
Shanghai Macklin Biochemical Technology Co. Ltd.) was 
added to the medium at concentrations of 30 µM at room 
temperature to form the PA + RSV group. Some of the PA + 
RSV group cells were again divided into two groups: The PA + 
RSV + MHY1485 group C2C12 cells were treated with 10 µM 
MHY1485 (cat. no. HY‑B0795; MedChemExpress) to activate 
mTOR, and the PA + RSV + DDIT4‑siRNA group C2C12 
cells were transfected with a small interfering (si)RNA against 
DDIT4 (DDIT4‑siRNA; Shanghai Genechem Co. Ltd.), all 
incubated at 37˚C for 24 h. The cells were collected for western 
blotting and cellular TG content determination.

Transfection with siRNAs. Shanghai Genechem Co., Ltd. 
provided three DDIT4‑siRNAs (DDIT4‑siRNA‑1: Sense 
strand, 5'‑GGG​AAG​GAA​GUG​UUC​UCC​AGG​AAG​U‑3' and 
antisense strand, 5'‑ACU​UCC​UGG​AGA​ACA​CUU​CCU​UCC​
C‑3'; DDIT4‑siRNA‑2: Sense strand, 5'‑GCA​GCU​GCU​CAU​
UGA​AGA​GUG​UUG​A‑3' and antisense strand, 5'‑UCA​ACA​
CUC​UUC​AAU​GAG​CAG​CUG​C‑3'; DDIT4‑siRNA‑3: Sense 
strand, 5'‑GGU​GCC​CAU​GUA​CUG​GAG​GAU​UCA​A‑3' and 
antisense strand, 5'‑UUG​AAU​CCU​CCA​GUA​CAU​GGG​CAC​
C‑3'), along with a negative control siRNA (sense strand, 
5'‑GGU​CUU​ACG​UCA​GUC​ACA​AUA​UCU​G‑3' and antisense 
strand, 5'‑CAG​AUA​UUG​UGA​CUG​ACG​UAA​GAC​C‑3'). To 
prepare the RNA oligonucleotide stock solution, 20 pmol of 
siRNA was mixed with 50 µl of Opti‑MEM I reduced serum 
medium (cat. no. 31985‑062; Thermo Fisher Scientific, Inc.) 
and stored at ‑20˚C. Additionally, 1 µl of Lipofectamine® 2000 
(cat. no. 11668019; Invitrogen; Thermo Fisher Scientific, Inc.) 
was diluted in 50 µl of Opti‑MEM I medium. For experi‑
ments, the RNA oligonucleotide stock solution and the diluted 
Lipofectamine 2000 solution were mixed to prepare transfec‑
tion complexes at room temperature. Cells were seeded into 
24‑well plates once they reached ~40% confluence at 37˚C. 
Transfection was performed when the cells reached ~60% 
confluence, with 100 µl siRNA transfection complexes at 
a concentration of 50 nM added to each well and incubated 
at 37˚C for 24 h. Western blotting was performed 24 h after 
transfection to assess the efficiency of the different siRNAs 
and determine the most effective one for future experiments. 
The optimal siRNA was determined to be DDIT4‑siRNA‑1.

TG assay. Cellular TG content was measured using a TG 
detection kit (cat. no. ab65336; Abcam Plc) according to the 
manufacturer's instructions.

Glucose content in culture medium. The glucose oxidase assay 
kit (cat. no. E1010‑500; Beijing Applygen Gene Technology 
Co., Ltd.) was used to measure the remaining glucose content 
in culture medium as per the manufacturer's instructions.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA from mouse skeletal muscle tissues was 
extracted using Trizol reagent [ref. no. DP424; Tiangen Biotech 
(Beijing) Co. Ltd.] and was reverse‑transcribed into cDNA using 
a Fastking RT Kit [ref. no. KR116; Tiangen Biotech (Beijing) Co. 
Ltd.] for qPCR. RNA was tested for purity and concentration 

using NanoDrop® 2000 (Thermo Fisher Scientific, Inc.). 
Amplification was performed using the SuperReal PreMix Plus 
(SYBR Green) [ref. no. GFP205; Tiangen Biotech (Beijing) Co. 
Ltd.] in an Applied Biosystems 7500 Real‑Time PCR System 
(Thermo Fisher Scientific, Inc.). The cycling conditions were 
as follows: 3 min of pre‑denaturation at 95˚C, then 5 sec at 
95˚C, and 32 sec at 60˚C, with 41 cycles in total. The melting 
point curve was established at 60‑95˚C. The expression levels 
of PI3K, insulin receptor substrate (IRS)‑1, AKT, glucose 
transporter type 4 (GLUT4), mTOR, p70 ribosomal protein S6 
kinase (p70S6K/S6K1) and DDIT4 mRNA in skeletal muscle 
tissue were evaluated. β‑actin was used as the internal reference 
control for genes. Relative gene expression levels were quanti‑
fied by the 2‑ΔΔCq method (26). The specific primers involved in 
the study are listed in Table I.

Western blotting. Skeletal muscle samples were added to 
0.5 ml of pre‑cooled lysate at 4˚C, and then homogenized and 
stored at 4˚C overnight. Subsequently, the tissue homogenate 
was centrifuged at 16,200 x g at 4˚C for 15 min and the super‑
natants were collected. C2C12 cells were lysed in RIPA lysis 
buffer (cat. no. C1053‑100; Applygen Technologies, Inc.) to 
extract total cellular proteins. The same amounts of protein 
(~50 µg/lane) for different group samples were separated by 
sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
(5% resolving gel, 10% stacking gel), and then transferred to 
polyvinylidene fluoride membranes, which were blocked in 5% 
skimmed milk at room temperature for 2 h. The membranes 
were then incubated with the primary antibodies at 4˚C 
overnight at the following concentrations: Phosphorylated 
(p)‑IRS‑1 (rabbit antibody; 1:1,000; cat. no. ab5599; Abcam 
Ltd.), total (t)‑IRS‑1 (rabbit antibody; 1:1,000; cat. no. ab52167; 
Abcam Ltd.), p‑AKT (rabbit antibody; 1:1,000; cat. no. AA329; 
Beyotime Institute of Biotechnology), t‑AKT (rabbit antibody; 
1:1,000; cat. no. AA326; Beyotime Institute of Biotechnology), 
p‑PI3K (rabbit antibody; 1:1,000; cat. no. AF5905; Beyotime 
Institute of Biotechnology), t‑PI3K (rabbit antibody; 1:1,000; 
cat. no. 20583‑1‑AP; Proteintech Group, Inc.), GLUT4 (rabbit 
antibody; 1:3,000; cat. no.  ab65267; Abcam Ltd.), DDIT4 
(rabbit antibody; 1:2,000; cat. no. AF5147; Beyotime Institute 
of Biotechnology), p‑mTOR (rabbit antibody; 1:4,000; 
cat. no. ab109268; Abcam Ltd.), t‑mTOR (rabbit antibody; 
1:4,000; cat. no.  ab32028; Abcam Ltd.), p‑p70S6K (rabbit 
antibody; 1:1,000; cat. no. ab59208; Abcam Ltd.), t‑p70S6K 
(rabbit antibody; 1:2,000; cat. no.  ab32529; Abcam Ltd.), 
and β‑actin (rabbit antibody; 1:5,000; cat. no. 20536‑1‑AP; 
Proteintech Group Inc.). After three washes with Tris‑buffered 
saline, the membranes were incubated with horseradish 
peroxidase‑conjugated secondary antibodies (anti‑rabbit; 
1:5,000; cat. no. S0001; Affinity Biosciences) for 2 h at room 
temperature. Finally, the washed membranes were immersed 
in chemiluminescence solution (cat. no. 34580; Thermo Fisher 
Scientific, Inc.) for 2 min, and images were acquired using a 
Gel Imager System (GDS8000; UVP, Inc.). The Alpha soft‑
ware processing system (AlphaEaseFC 4.0; ProteinSimple) 
was used to measure the optical densities of the target bands.

Statistical analyses. The SPSS v22.0 (IBM, Inc.) was used for 
data analysis. The results are presented as the mean ± stan‑
dard deviation (SD). Independent sample t‑test was used 

https://www.spandidos-publications.com/10.3892/br.2025.1977


PAN et al:  RESVERATROL AMELIORATES IR VIA THE DDIT4/mTOR PATHWAY4

to analyze two normally distributed sample comparisons. 
One‑way ANOVA was used for statistical analysis followed 
by the Bonferroni's multiple comparison test or Tamhane's 
multiple comparison test. P<0.05 was considered to indicate 
a statistically significant difference. Each experiment was 
performed in triplicate to ensure reliability and reproducibility 
of the results.

Results

Establishment of the C57BL/6J mouse model with 
HFD‑induced IR. There were no differences in initial body 
weights between the CON and HFD groups. From the 
second week of high‑fat feeding, the body weights of mice 
in the HFD group were significantly higher than in the CON 

group (Fig. 1A). The IPGTT was performed after 8 weeks of 
diet consumption. After fasting for 12 h, there was no differ‑
ence in weight loss between the two groups (Table II). Blood 
glucose levels in the HFD group were significantly higher at 
0, 30, 60 and 120 min than corresponding levels in the CON 
group (Fig. 1B). Compared with the CON group, the AUC was 
significantly increased in the HFD group (Fig. 1C), indicating 
that the IR model was successfully established.

Effects of RSV administration on body weight and blood 
glucose, insulin, as well as lipid levels in mice with IR. 
Following high‑fat feeding, the body weight of the HFD group 
was significantly higher than that in the CON group. After 
RSV administration for 4 weeks, the body weight of the HFD + 
RSV group was lower than that in the HFD group (Fig. 2A).

Figure 1. Body weight and intraperitoneal glucose tolerance testing data after diet consumption for 8 weeks. (A) Body weight of the CON and HFD groups. 
(B) Blood glucose concentrations at different time points of the intraperitoneal glucose tolerance test. (C) AUC for glucose. Data are presented as the mean ± SD 
(n=11, CON group; n=22, HFD group). Student's t‑test was used for statistical analysis. *P<0.05 vs. the CON group. CON, control; HFD, high‑fat diet; AUC, 
area under the curve.

Table I. Primers used for real‑time quantitative polymerase chain reaction.

Gene	 Primer	 Sequence (5'‑3')

PI3K	 Forward	 5'‑CCCATGGGACAACATTCCAA‑3'
	 Reverse	 5'‑CATGGCGACAAGCTCGGTA‑3'
AKT	 Forward	 5'‑TCAGGATGTGGATCAGCGAGA‑3'
	 Reverse	 5'‑CTGCAGGCAGCGGATGATAA‑3'
IRS‑1	 Forward	 5'‑GCACCTGGTGGCTCTCTACAC‑3'
	 Reverse	 5'‑TCGCTATCCGCGGCAAT‑3'
GLUT4	 Forward	 5'‑GTGACTGGAACACTGGTCCTA‑3'
	 Reverse	 5'‑CCAGCCACGTTGCATTGTAG‑3'
DDIT4	 Forward	 5'‑TACTGCCCACCTTTCAGTTG‑3'
	 Reverse	 5'‑GTCAGGGACTGGCTGTAACC‑3'
mTOR	 Forward	 5'‑GCGGCCTGGAAATGCGGAAGTGG‑3'
	 Reverse	 5'‑AAAGCCCCAAGGAGCCCCAACA‑3'
p70S6K	 Forward	 5'‑CACTCAGGCCCCCCTACACT‑3'
	 Reverse	 5'‑GCCGTCACTGAAAACCAAGTTC‑3'
β‑actin	 Forward	 5'‑GGTGGGAATGGGTCAGAAGG‑3'
	 Reverse	 5'‑AGGTCTCAAACATGATCTGGGT‑3'

PI3K, phosphatidylinositol 3‑kinase; AKT, protein kinase B; IRS‑1, insulin receptor substrate‑1; GLUT4, glucose transporter 4; DDIT4, DNA 
damage‑inducible transcript 4; mTOR, mammalian target of rapamycin; p70S6K, p70 ribosomal protein S6 kinase.
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The IPGTT test was performed on three groups of mice 
after 6 weeks of treatment with RSV. After fasting for 12 h, 
there was no difference in weight loss among the three groups 

(Table  II). The experiment determined that the maximum 
percentage of body weight loss that was observed in the study 
was 10.6% after fasting for 12 h. Compared with the CON 

Table II. Weight loss in mice after 12 h of fasting.

	 First fasting for 12 h	 Second fasting for 12 h
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 CON group	 HFD group	 CON group	 HFD group	 HFD + RSV
Groups	 (n=11)	 (n=22)	 (n=11)	  (n=11)	 group (n=11)

Weight loss (g)	 2.6±0.2	 2.7±0.2	 3.4±0.2	    3.7±0.3	 3.6±0.4
t/F	 1.353	 2.655
P‑value	 0.186	 0.087

CON, control; HFD, high‑fat diet.

Figure 2. Effects of RSV on body weight, and blood glucose, as well as insulin and lipid levels in mice with insulin resistance. (A) Body weight of mice with 
RSV treatment for 6 weeks. (B) The levels of blood glucose at 0, 15, 30, 60 and 120 min of the intraperitoneal glucose tolerance test after RSV administration 
for 6 weeks. (C) AUC of glucose. (D) Fasting blood glucose. (E) Fasting insulin. (F) QUICKI value. (G) TC level. (H) TG level. (I) HDL‑C level. (J) LDL‑C 
level. Data are presented as the mean ± SD (n=11). One‑way ANOVA, followed by Bonferroni's or Tamhane's multiple comparison post hoc tests, were used 
for statistical analysis. *P<0.05 vs. the CON group; #P<0.05 vs. the HFD group. RSV, resveratrol; AUC, area under the curve; QUICKI, Qualitative Insulin 
Sensitivity Check Index; TC, total cholesterol; TG, triglyceride; HDL‑C, high‑density lipoprotein‑cholesterol; LDL‑C, low‑density lipoprotein‑cholesterol; 
CON, control; HFD, high‑fat diet.
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group, blood glucose levels were higher at 0, 15, 30, 60 and 
120 min (Fig. 2B), and the AUC was increased in the HFD 
group (Fig. 2C). Compared with the HFD group, blood glucose 
levels were lower at 0, 30, 60 and 120 min, with no difference 
at 15 min (Fig. 2B), and the AUC was significantly decreased 
in the HFD + RSV group (Fig. 2C).

Compared with the CON group, the fasting blood glucose 
and insulin levels were significantly higher (Fig. 2D and E), 
and the QUICKI value was lower in the HFD group (Fig. 2F). 
Compared with the HFD group, fasting blood glucose and 
insulin levels were significantly lower (Fig. 2D and E), and the 
QUICKI value was higher in the HFD + RSV group (Fig. 2F). 
These data indicated that RSV may significantly ameliorate 
the IR of HFD‑fed mice.

In addition, serum concentrations of TG, TC and LDL‑C 
were significantly increased in the HFD group compared with the 
CON group (Fig. 2G, H and J). Compared with the HFD group, 
TG and LDL‑C were significantly decreased, and HDL‑C was 
significantly higher in the HFD + RSV group, with no statistical 
difference in TC levels between the two groups (Fig. 2G‑J).

Effects of RSV on histology and lipid accumulation in skeletal 
muscle of mice with IR. The H&E staining revealed normal 
histology of skeletal muscle cells in the CON group (Fig. 3A). 
However, in the HDF group, the cellular structure of skeletal 
muscle cells was fuzzy and disordered, with fat drop vacuoles 
of different sizes in the cytoplasm, constricting the nuclei, 
which were closer to the outer cell membrane (Fig. 3B). In the 
HFD + RSV group, the morphology of skeletal muscle cells 
resembled morphological features between those of the CON 
and HFD groups, with lipid droplet vacuoles significantly 
reduced compared with those in the HFD group (Fig. 3C). 
Oil Red O staining showed larger numbers of red fat droplets 
in skeletal muscle cells of the HFD group compared with the 
CON group (Fig. 3D and E). The number of red fat droplets in 

skeletal muscle cells of the HFD + RSV group was decreased 
compared with the HFD group, and was between the numbers 
found in the CON and HFD groups (Fig. 3D‑F).

Effects of RSV on mRNA and protein expression levels of 
insulin signaling pathway factors in skeletal muscle tissue of 
mice with IR. There were no differences in the mRNA expres‑
sion levels of IRS‑1, PI3K and AKT in skeletal muscle from 
the three groups of mice (Fig. 4A‑C). In the HFD group, the 
expression level of GLUT4 mRNA was significantly decreased 
compared with the CON group (Fig. 4D). Compared with 
the HFD group, the expression level of GLUT4 mRNA was 
upregulated in the HFD + RSV group (Fig. 4D).

Western blotting showed that there were no differences in 
the total protein expression levels of IRS‑1, PI3K and AKT 
in skeletal muscle from the three groups (Fig. 5A). Compared 
with the CON group, the expression levels of p‑PI3K, p‑AKT 
and GLUT4 were decreased, while the expression of p‑IRS‑1 
was increased in the HFD group (Fig. 5A and E). Moreover, 
the phosphorylated protein‑to‑total protein ratios for PI3K 
and AKT were downregulated, while that for IRS‑1 was 
upregulated, in the HFD vs. the CON groups (Fig. 5B‑D). 
Compared with the HFD group, the protein expression levels 
of p‑PI3K, p‑AKT and GLUT4 were increased, while the 
expression of p‑IRS‑1 was decreased in the HFD + RSV 
group (Fig.  5A  and  E). Furthermore, the phosphorylated 
protein‑to‑total protein ratios for PI3K and AKT were upregu‑
lated, while that for IRS‑1 was downregulated, in the HFD + 
RSV group relative to the HFD group (Fig. 5B‑D). These data 
suggested that administration of RSV in mice with IR could 
activate the IRS‑1/PI3K/AKT/GLUT4 signaling pathway.

Effects of RSV on mRNA and protein expression levels of 
DDIT4, mTOR and p70S6K in skeletal tissue of mice with IR. 
Compared with CON mice, the mRNA and protein expression 

Figure 3. Effects of RSV on skeletal muscle histopathology of mice on an HFD. (A‑C) Hematoxylin and eosin staining and (D‑F) Oil red O staining. 
(A‑F) Magnification, x400; scale bar, 100 µm. HFD, high fat diet; CON, control; RSV, resveratrol.
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levels of DDIT4 in skeletal muscle were significantly decreased 
in the HFD mice (Fig. 6A‑C), indicating that the expression of 
DDIT4 was decreased under the IR conditions induced by the 
HFD. However, the mRNA and protein expression levels of 
DDIT4 in skeletal muscle were increased in the HFD + RSV 
group compared with the HFD group, indicating that RSV 
promotes the expression of DDIT4 in mice with IR.

Compared with the CON group, the mRNA expression 
levels of mTOR and p70S6K in skeletal muscle tissue were 
significantly increased in the HFD group. However, the 
mRNA expression levels of mTOR and p70S6K in skeletal 
muscle were significantly decreased in the HFD + RSV group 
compared with the HFD group (Fig. 7A and B).

Western blotting results showed that the expression levels 
of total and phosphorylated mTOR and p70S6K proteins in 
skeletal muscle tissue were increased in the HFD group 
compared with the CON group (Fig. 7C). The expression levels 
of total and phosphorylated mTOR and p70S6K proteins in 
skeletal muscle from the HFD + RSV group were significantly 
decreased compared with the HFD group (Fig. 7C and E). 

Furthermore, RSV reduced the increasing trend of the 
phosphorylated protein‑to‑total protein ratios for mTOR and 
p70S6K induced by the HFD (Fig. 7D and E). These findings 
indicated that RSV inhibited the expression levels of mTOR 
and p70S6K in mice with IR.

Expression of DDIT4, mTOR, PI3K, AKT, and GLUT4 in 
MHY1485‑treated C2C12 cells. Compared with those in the 
PA group, the protein expression levels of DDIT4, p‑PI3K/
t‑PI3K, p‑AKT/t‑AKT and GLUT4 were increased, whereas 
those of p‑mTOR/t‑mTOR were decreased in the PA + RSV 
group (Fig. 8A and B). There were no differences in the protein 
expression levels of DDIT4 between the PA + RSV group and 
PA + RSV + MHY1485 group (Fig. 8A and B). Compared 
with the PA + RSV group, the protein expression levels of 
p‑PI3K/t‑PI3K, p‑AKT/t‑AKT and GLUT4 were decreased, 
whereas those of p‑mTOR/t‑mTOR were increased in the PA + 
RSV + MHY1485 group (Fig. 8A and B). Compared with the PA 
group, the glucose concentration was significantly decreased 
in the culture medium from the PA + RSV group (Fig. 8C). 

Figure 4. Effect of RSV on the expression levels of IRS‑1, PI3K, AKT and GLUT4 mRNA in skeletal tissue. (A) IRS‑1, (B) PI3K, (C) AKT and (D) GLUT4 
mRNA levels. Data are presented as the mean ± SD (n=11). *P<0.05 vs. the CON group; #P<0.05 vs. the HFD group. RSV, resveratrol; IRS‑1, insulin receptor 
substrate‑1; PI3K, phosphatidylinositol 3‑kinase; AKT, protein kinase B; GLUT4, glucose transporter 4; CON, control; HFD, high‑fat diet.
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Compared with the PA + RSV group, the glucose concentra‑
tion was significantly increased in the culture medium from 
the PA + RSV + MHY1485 group (Fig. 8C). The TG content 
was decreased in the PA + RSV group cells compared with 
those in the PA group (Fig. 8D). The TG content was increased 
in the PA + RSV + MHY1485 group cells compared with those 
in the PA + RSV group (Fig. 8D).

Expression of DDIT4, mTOR, PI3K, AKT, and GLUT4 in 
C2C12 cells with silencing of DDIT4. Plasmid validation 
experiments revealed that DDIT4‑siRNA‑1 had the most 
significant silencing effect (Fig. 9A). The cells were then 
divided into four groups: CON, PA, PA + RSV, and PA + 
RSV + DDIT4 siRNA groups.

Compared with the PA + RSV group, the protein expres‑
sion levels of DDIT4, p‑PI3K/t‑PI3K, p‑AKT/t‑AKT and 
GLUT4 were decreased, whereas those of p‑mTOR/t‑mTOR 
were increased in the PA + RSV + DDIT4‑siRNA group 
(Fig. 9B and C). Compared with the PA + RSV group, the 
glucose concentration in the culture medium and TG content 

Figure 6. Effects of RSV on the mRNA and protein expression levels 
of DDIT4 in skeletal muscle. (A) Relative mRNA expression of DDIT4. 
(B) Protein bands of DDIT4. (C) DDIT4/β‑actin protein expression levels. 
Data are presented as the mean ± SD (n=11). *P<0.05 vs. the CON group; 
#P<0.05 vs. the HFD group. RSV, resveratrol; DDIT4, DNA‑damage‑inducible 
transcript 4; CON, control; HFD, high‑fat diet.

Figure 5. Effects of RSV on the protein expression levels of insulin signaling pathway factors in skeletal muscle. (A) Bands of various insulin signaling pathway 
proteins. (B) p‑IRS‑1/t‑IRS‑1, (C) p‑PI3K/t‑PI3K, (D) p‑AKT/t‑AKT and (E) GLUT4/β‑actin protein expression levels. Data are presented as the mean ± SD 
(n=11). *P<0.05 vs. the CON group; #P<0.05 vs. the HFD group. RSV, resveratrol; p‑, phosphorylated; t‑, total; IRS‑1, insulin receptor substrate‑1; PI3K, 
phosphatidylinositol 3‑kinase; AKT, protein kinase B; GLUT4, glucose transporter 4; CON, control; HFD, high‑fat diet.
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of the cells were increased in the PA + RSV + DDIT4‑siRNA 
group (Fig. 9D and E).

The results showed that RSV could activate DDIT4 expres‑
sion, thereby inhibiting the mTOR pathway and then reducing 
IR and lipid deposition in high‑fat induced C2C12 cells 
(Fig. 10).

Discussion

In the present study, a mouse model with IR was established 
by an HFD. This model closely simulated manifestations of 
IR, including weight gain, hyperglycemia, hyperlipidemia, 
impaired glucose tolerance and a low QUICKI index. In the 

Figure 7. Effects of RSV on the mRNA and protein expression levels of mTOR and p70S6K in skeletal muscle. (A) mRNA expression of mTOR. (B) mRNA 
expression of p70S6K. (C) Protein bands of mTOR and p70S6K. (D) p‑mTOR/t‑mTOR and (E) p‑p70S6K/t‑p70S6K protein expression levels. Data are 
presented as the mean ± SD (n=11). *P<0.05 vs. the CON group; #P<0.05 vs. the HFD group. RSV, resveratrol; mTOR, mammalian target of rapamycin; 
p70S6K, p70 ribosomal protein S6 kinase; p‑, phosphorylated; t‑, total; CON, control; HFD, high‑fat diet.
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present study, treatment with RSV markedly reduced the 
concentration of blood lipid and glucose, and decreased the 
AUC of IPGTT and body weight of mice with HFD‑induced 
IR. RSV also increased the QUICKI index, improved the 
morphology and structure of skeletal muscle tissue, and 
significantly reduced lipid droplet vacuoles in skeletal muscle 
cells. It was determined that there was no difference in weight 
loss among the groups after fasting for 12 h with a maximum 
weight loss of 10.6%, which was similar to the results found 
in another study (27). These results showed that RSV reduced 
IR and lipid deposition in the skeletal muscle of mice fed 
an HFD. Cell experiments also confirmed that PA interven‑
tion could reduce glucose uptake and increase lipid levels 
in C2C12 cells. RSV could reverse this condition, while the 
mTOR agonist MHY1485 or siRNA against DDIT4 interven‑
tion further confirmed that RSV inhibited mTOR by activating 
DDIT4, thereby affecting the activation of the insulin pathway. 
Previous research also revealed that RSV plays a beneficial 
role in glucose and lipid metabolism in animal models and 

individuals with obesity and type 2 diabetes mellitus (28‑30), 
and reduced IR in various models (30,32).

To determine the molecular mechanism of the effects of 
RSV, the present study examined gene and protein expression 
levels of PI3K, AKT and GLUT4 in murine skeletal muscle 
and C2C12 cells. Biologically, insulin can combine with the 
insulin receptor of peripheral target organs, such as skeletal 
muscle, and then interact with IRS to activate the PI3K/AKT 
signaling pathway, resulting in the downstream translocation 
of GLUT4 to the cell membrane, thereby increasing glucose 
uptake and metabolism in peripheral target organs (33). RSV 
can increase the expression of GLUT4 in peripheral tissues 
by activating the PI3K/AKT signaling pathway, thereby 
increasing tissue uptake of glucose and lowering blood 
glucose levels  (34,35). Similarly, the present study found 
that an HFD inhibited the IRS‑1/PI3K/AKT/GLUT4 insulin 
signaling pathway. However, RSV partially corrected the 
aberrant protein levels of PI3K, AKT and GLUT4 in mice 
with IR, suggesting that RSV exerts a regulatory effect by 

Figure 8. Expression of DDIT4, mTOR, GLUT4, PI3K, and AKT in MHY1485‑treated IR C2C12 cells. (A) Protein expression levels of DDIT4, mTOR, GLUT4, 
PI3K, AKT after the activation of mTOR. (B) Semi‑quantification of p‑protein/t‑protein ratios for mTOR, PI3K, AKT and protein expression levels of DDIT4, 
GLUT4 after MHY1485 treatment. (C) Glucose levels in culture medium after MHY1485 treatment. (D) Cell TG levels after MHY1485 treatment. Data are 
presented as the mean ± SD (n=3). *P<0.05 vs. the CON group; #P<0.05 vs. the PA group; &P<0.05 vs. the PA + RSV group. DDIT4, DNA‑damage‑inducible 
transcript 4; mTOR, mammalian target of rapamycin; GLUT4, glucose transporter 4; PI3K, phosphatidylinositol 3‑kinase; AKT, protein kinase B; IR, insulin 
resistance; p‑, phosphorylated; t‑, total; TG, triglyceride; CON, control; PA, palmitic acid; RSV, resveratrol.



BIOMEDICAL REPORTS  22:  99,  2025 11

alleviating IR in skeletal muscle through modulation of the 
PI3K/AKT/GLUT4 signaling pathway.

The present study found that the mTOR pathway was 
activated in mice with HFD‑induced IR and in C2C12 
cells with PA‑induced IR, and that the expression levels of 
mTOR were increased in skeletal muscle and in C2C12 cells. 
The continuous activation of the mTOR pathway has been 
revealed to induce lipid deposition, leading to tissue and cell 
IR (36,37). The activation of mTOR can trigger a negative 

feedback pathway involving the downstream signal p70S6K, 
which when activated leads to the phosphorylation of IRS‑1 
and promotion of the degradation of IRS‑1, thus blocking the 
PI3K/AKT signal transduction pathway, leading to IR (7). 

The inhibition of mTOR and p70S6K can inhibit serine 
phosphorylation of IRS‑1 (38), restore the insulin‑mediated 
glucose transport of GLUT4 (39), and improve insulin sensi‑
tivity and reduce obesity in mice  (40). The present study 
found that RSV inhibited activation of mTOR, then promoted 

Figure 9. Expression levels of DDIT4, mTOR, GLUT4, PI3K, and AKT in DDIT4‑siRNA‑treated IR C2C12 cells. (A) DDIT4‑siRNA‑1 had the most signifi‑
cant silencing effect. (B) Protein expression levels of DDIT4, mTOR, GLUT4, PI3K, and AKT after DDIT4‑siRNA treatment. (C) Semi‑quantification of 
p‑protein/t‑protein ratios for mTOR, PI3K, and AKT and protein expression levels of DDIT4 and GLUT4 after DDIT4‑siRNA treatment. (D) Glucose levels 
in culture medium after DDIT4‑siRNA treatment. (E) TG levels of C2C12 cells after DDIT4‑siRNA treatment. Data are presented as the mean ± SD (n=3). 
*P<0.05 vs. the CON group; #P<0.05 vs. the PA group; &P<0.05 vs. the PA + RSV group. DDIT4, DNA‑damage‑inducible transcript 4; mTOR, mammalian 
target of rapamycin; GLUT4, glucose transporter 4; PI3K, phosphatidylinositol 3‑kinase; AKT, protein kinase B; siRNA, small interfering RNA; IR, insulin 
resistance; p‑, phosphorylated; t‑, total; TG, triglyceride; CON, control; PA, palmitic acid; RSV, resveratrol.
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the PI3K/AKT/GLUT4 insulin signaling pathway, increased 
insulin sensitivity and reduced the abnormal glucose and 
lipid metabolism in PA‑treated C2C12 cells and mice fed an 
HFD.

The present study determined the expression levels of 
DDIT4, which is a negative regulator of the mTOR signaling 
pathway (41‑43). High expression levels of DDIT4 in rat gastroc‑
nemius muscle cells were demosntrated to inhibit the activity 
of the mTOR signaling pathway (44). Regazzetti et al  (45) 
showed that silencing DDIT4 in 3T3‑L1 adipocytes induced 
an increase in mTOR activity, and inhibited the insulin 
signaling pathway and adipogenesis in adipocytes. Consistent 
with the aforementioned studies, the current results indicated 
that the expression of DDIT4 was inhibited, the expres‑
sion levels of mTOR and p70S6K were increased, and the 
PI3K/AKT/GLUT4 insulin pathway was inhibited in mice or 
C2C12 cells with IR. Wang et al (46) found that the expression 
of DDIT4 was reduced in a rat model of diabetic nephropathy, 
and the administration of 1,25‑dihydroxyvitamin D3 increased 
DDIT4 expression and caused a significant decrease in the 
phosphorylation levels of mTOR and p70S6K, resulting in the 
inhibition of mesangial cell proliferation, hypertrophy, and 
disordered blood glucose and lipid metabolism (46). Notably, 
the present study showed that administration of RSV to mice 
or cells with IR increased the expression of DDIT4, inhibited 
the mTOR pathway, activated the PI3K/AKT/GLUT4 pathway 
and reduced the HFD‑induced IR, and glucose and lipid 

metabolism disorders in skeletal muscle and cells. Therefore, 
RSV may reduce IR by regulating the DDIT4/mTOR signaling 
pathway.

Limited data from a human‑based study revealed that 
RSV improved insulin sensitivity and fasting glucose levels 
in patients with type 2 diabetes mellitus and may improve 
inflammatory status in human obesity (28). A meta‑analysis 
revealed that RSV significantly improved glucose control 
and insulin sensitivity in individuals with diabetes, but did 
not affect glycemic levels in nondiabetic individuals  (47). 
A randomized controlled study revealed that RSV treat‑
ment improved inflammation, renal function, blood glucose 
parameters, inflammation, IR, and nutrient sensing systems in 
elderly patients with type 2 diabetes mellitus, indicating that 
RSV may be a potential therapeutic drug for the treatment of 
elderly patients with type 2 diabetes mellitus (48). Another 
randomized controlled study showed that natural polyphenol, 
RSV, represents a potential new treatment for management of 
nonalcoholic fatty liver disease due to its anti‑inflammatory 
and antioxidant properties (49). There is limited research on 
the mechanism of RSV on IR, as well as glucose and lipid 
metabolism disorders in human studies. Therefore, in the 
present study, the mechanism of RSV in improving IR, as 
well as glucose and lipid metabolism through animal and 
cell experiments was explored, which generated data for drug 
preclinical research and laid a foundation for future clinical 
studies.

Treatment with RSV decreased body weight, blood glucose 
and lipid levels, and reduced IR in mice. It is proposed that 
RSV activated the PI3K/AKT/GLUT4 signaling pathway by 
regulating the DDIT4/mTOR pathway, resulting in significant 
anti‑hyperglycemic and anti‑hyperlipidemic activities in 
skeletal muscle and C2C12 cells. Therefore, RSV can poten‑
tially be used as an effective drug for the treatment of type 2 
diabetes, as well as a nutritional supplement for the prevention 
of type 2 diabetes and cardiovascular diseases.
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