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Resveratrol improves palmitic acid-induced insulin resistance via
the DDIT4/mTOR pathway in C2C12 cells
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Abstract. The present study aimed to establish a model of
palmitic acid (PA)-induced insulin resistance (IR) in C2C12
cells and to determine the mechanism underlying how
resveratrol (RSV) improves IR. C2C12 cells were divided
into the control (CON), PA, PA + RSV, PA + RSV + DNA
damage-inducible transcript 4 (DDIT4)-small interfering
(si)RNA and PA + RSV + MHY 1485 (mTOR agonist) groups.
Glucose contents in culture medium and triglyceride contents
in cells were determined. Oil red O staining was performed
to observe the pathological changes in the cells. Reverse
transcription-quantitative PCR and western blotting were
conducted to evaluate the mRNA and protein expression
levels, respectively, of DDIT4, mTOR, p70 ribosomal protein
S6 kinase (p70S6K), insulin receptor substrate (IRS)-1, PI3K,
AKT and glucose transporter 4 (GLUT4). Compared with in
the CON group, glucose uptake was decreased, cellular lipid
deposition was increased, phosphorylated (p)-IRS-1, p-mTOR
and p-p70S6K protein expression levels were increased, and
p-PI3K, p-AKT, GLUT4 and DDIT4 protein expression levels
were decreased in the PA group. By contrast, compared with
in the PA group, culture medium glucose content and cellular
lipid deposition were decreased, p-PI3K, p-AKT, GLUT4
and DDIT4 protein expression levels were increased, p-IRS-1
protein expression levels were decreased, and mTOR and
p70S6K mRNA and protein expression levels were decreased
in the PA + RSV group. Compared with in the PA + RSV
group, DDIT4 protein and mRNA expression levels were
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reduced in the PA + RSV + DDIT4-siRNA group, but showed
no change in the PA + RSV + MHY 1485 group. Following
transfection with DDIT4-siRNA or treatment with MHY 1485,
the effects of RSV on improving IR and lipid metabolism were
weakened, mTOR and p70S6K protein expression levels were
upregulated, p-PI3K, p-AKT and GLUT4 protein expression
levels were down-regulated, p-IRS-1 protein expression levels
were upregulated, and culture medium glucose content and
cellular lipid deposition were increased. In conclusion, RSV
may improve PA-induced IR in C2C12 cells through the
DDIT4/mTOR/IRS-1/PI3K/AKT/GLUT4 signaling pathway,
as well as via improvements in glucose and lipid metabolism.

Introduction

Insulin resistance (IR) is one of the main features of type 2
diabetes mellitus and is closely related to lipid metabolism
disorders (1-3). Skeletal muscle accounts for 75-80% of
systemic glucose uptake in the body and has an important role
inIR 4.5).

Resveratrol (RSV) is a polyphenolic phytoalexin mainly
derived from peanuts, grapes, knotweed, mulberries and
other plants (6). It has beneficial effects on metabolism, and
can improve IR and other metabolic abnormalities, including
dyslipidemia, hyperglycemia and hyperinsulinemia (7).
Among these properties, the anti-IR effect of RSV has been
confirmed in a number of studies (8,9). A previous in vitro
study has demonstrated that RSV can stimulate glucose uptake
in skeletal muscle cells (10), and an in vivo study has shown
that RSV significantly improves insulin sensitivity in mice fed
a high-fat diet (11). Although several studies have investigated
the antidiabetic effects of RSV (12,13), the underlying mecha-
nism for its effects against IR has not been fully elucidated.

mTOR has been implicated in various human diseases
and pathological states, including diabetes, obesity, cancer
and neurodegenerative diseases (14-17). The main down-
stream target of mTOR is p70 ribosomal protein S6 kinase
(p70S6K) (18). Notably, it has been reported that the mTOR
signaling pathway can be activated by energy overload, leading
to the occurrence of IR (19).

DNA damage-inducible transcript 4 (DDIT4; also known
as Redd1, RTP801 and Dig2) functions in DNA damage repair,
insulin signaling, oxidative metabolism, nutrient deprivation,
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hypoxia and endoplasmic reticulum stress, which can nega-
tively regulate mTOR activity (20-23). DDIT4 and mTOR are
also involved in regulation of the adipocyte insulin signaling
pathway (24). However, the mechanisms underlying the effects
of DDIT4 and mTOR on skeletal muscle IR remain to be fully
elucidated. The possibility that RSV may regulate skeletal
muscle IR via the DDIT4/mTOR pathway warrants further
research to identify new targets for RSV in the improvement
of IR.

To investigate the underlying mechanism for how RSV
improves IR, the present study established a palmitic acid
(PA)-induced IR model in C2C12 cells, verified the effects
of RSV on PA-induced IR, and glucose and lipid metabolism
in the model, and explored whether the effects of RSV were
related to the DDIT4/mTOR signaling pathway.

Materials and methods

C2C1I2 cell culture and treatments. The C2C12 mouse myoblast
cell line (cat. no. CL-0044) was obtained from Procell Life
Science & Technology Co., Ltd. C2C12 cells were maintained
in DMEM (cat. no. C11995500BT; Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% fetal bovine serum
(cat. no. FSP500; Shanghai ExCell Biology, Inc.) and 1% peni-
cillin/streptomycin (cat. no. P1400; Beijing Solarbio Science &
Technology Co., Ltd.) at 37°C under 5% CO,. After the cells
reached 70-80% confluence, cell differentiation was induced
by culture in DMEM supplemented with 2% horse serum (cat.
no. S9050; Beijing Solarbio Science & Technology Co., Ltd.)
and 1% penicillin/streptomycin. Mycoplasma contamination
was not detected in the cells. Differentiated C2C12 cells at a
density of 1x10* cells/cm? were then incubated with 0.1 mM
(PA1 group), 0.25 mM (PA2 group) or 0.5 mM (PA3 group)
PA (cat. no. P0500; Sigma-Aldrich; Merck KGaA) at room
temperature for 24 h. A total of 0, 12 and 24 h after the addi-
tion of PA (0.1, 0.25 or 0.5 mM), the glucose concentration in
the culture medium was measured using the Glucose Oxidase
Assay Kit (cat. no. E1011; Beijing Applygen Technologies,
Inc.) to determine whether IR was established in the cells. The
optimal concentration of PA was selected by measuring the
cellular triglyceride (TG) content, number of Oil red O-stained
droplets, and the protein and mRNA expression levels of
insulin pathway indicators in the PA1, PA2 and PA3 groups.

When the cells reached ~80% confluence, RSV (cat.
no. RS-BLLC; Hangzhou Great Forest Biomedical Ltd.) was
added to the medium at concentrations of 10, 20, 30, 50 and
100 M at room temperature. After 24 h, 10 1 Cell Counting
Kit-8 (cat. no. CK04; Dojindo Laboratories, Inc.) was added to
each well and incubated at 37°C for 20 min, before the absorbance
was measured at 450 nm. Cell survival rate was calculated as
follows: Cell survival rate (%)=[(As-Ab)/(Ac-Ab)] x100; where
As indicates the OD value of culture medium containing cells
treated with different concentrations of RSV; Ac indicates the
OD value of culture medium containing untreated cells; and Ab
indicates the OD value of culture medium containing no cells.
The cell survival rate was calculated to select the appropriate
RSV concentration for subsequent experiments.

In addition, C2C12 cells were treated with 10 uM
MHY 1485 (mTOR agonist) (cat. no. AO1B013361; Energy
Chemical Co., Ltd.) and transfected with a small interfering

(si)RNA against DDIT4 (DDIT4-siRNA) (Shanghai Genechem
Co. Ltd.) at 37°C for 24 h. The cells were divided into the
following groups: The control (CON) group; PA (0.5 mM)
group; PA (0.5 mM) + RSV (30 uM) group; PA (0.5 mM) +
RSV (30 uM) + DDIT4-siRNA group; and PA (0.5 mM) +
RSV (30 uM) + MHY 1485 (10 uM) group. All cells were
treated with 100 nM insulin (Sigma-Aldrich; Merck KGaA)
for 30 min at 37°C before western blotting and detection of
glucose contents in order to stimulate the phosphorylation
of indicators (IRS-1/PI3K/AKT) in the insulin signaling
pathway. The cells were collected for western blotting and
reverse transcription-quantitative PCR (RT-qPCR) analyses.

Detection of glucose contents in culture medium. After stimu-
lation with insulin for 30 min, the glucose oxidase-peroxidase
method was employed to measure the concentration of glucose
remaining in the culture medium at 0, 12 and 24 h using the
Glucose Oxidase Assay Kit. Briefly, 8 ml reagent R1 and 2 ml
reagent R2 in a 4:1 ratio were mixed to prepare 10 ml working
solution. Subsequently, 5 ul culture medium and 1 ml working
solution were mixed in test tubes, and blank and standard tubes
were also set up. The absorbance of each tube was measured at
450 nm and was used to calculate the residual glucose concen-
tration in the culture medium.

TG assay. The concentrations of TG in the cultured cells at
a density of 5x10° cells/cm? were measured using a commer-
cially available Triglyceride Assay Kit (cat. no. A110-1-1;
Nanjing Jiancheng Biological Engineering Research Institute)
in accordance with the manufacturer's instructions.

Oil red O staining to observe lipid droplets in the cytoplasm of
C2CI2 cells. An Oil Red O Stain Kit (cat. no. G1262; Beijing
Solarbio Science & Technology Co., Ltd.) was used to detect
lipid droplets in the cytoplasm of C2C12 cells. C2C12 cells
were cultured in 6-well plates and the medium was discarded.
The cells were then stained with filtered Oil red O solution
at room temperature for 15 min, rinsed with 37°C water for
20 sec, stained with counterstain solution for 3 min, rinsed
with 37°C water for 5 sec, and covered with curing agent.
The lipid droplets in the cell cytoplasm were observed under
a light microscope (TS100F; Nikon Corporation) at x400
magnification. In addition, the lipid deposition in cells was
semi-quantified using ImagelJ software (version 1.8.0; National
Institutes of Health) (25).

Transfection with siRNAs. Three DDIT4-siRNAs (5'-GGG
AAGGAAGUGUUCUCCAGGAAGU-3" 5-GCAGCTGCT
CATTGAAGAGTGTTGA-3";, 5-GGTGCCCATGTACTG
GAGGATTCAA-3") and a negative control siRNA (5'-CCU
CUUACCUCAGUUACAAUUUAUA-3") sequence were
purchased from Shanghai Genechem Co., Ltd. For preparation,
50 pl Opti-MEM I reduced serum medium (cat. no. 31985-062;
Thermo Fisher Scientific, Inc.) was added to 20 pmol siRNA to
obtain a RNA oligonucleotide stock solution, which was stored
at -20°C. Furthermore, 50 gl Opti-MEM I medium was used
to dilute 1 ul Lipofectamine® 2000 (cat. no. 11668; Invitrogen;
Thermo Fisher Scientific, Inc.). For experiments, the RNA
oligonucleotide stock solution and the diluted Lipofectamine
2000 solution were mixed to prepare transfection complexes
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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 pl siRNA transfection complexes at a concentration of
50 nM added to each well and incubated at 37°C for 24 h. The
transfection efficiency of the different siRNAs was examined
by western blotting 24 h post-transfection to select the optimal
siRNA for use in subsequent experiments. The optimal
sequence of the DDIT4-siRNA was: 5-GGGAAGGAAGUG
UUCUCCAGGAAGU-3.

RT-gPCR. Total RNA was extracted from cultured cells using
an RNAsimple Total RNA Kit (cat. no. DP419; Tiangen Biotech
Co., Ltd.), and its purity and concentration were determined
using a NanoDrop® 2000 (Thermo Fisher Scientific, Inc.).
Subsequently, RNA was reverse transcribed into cDNA using
a PrimeScript™ RT Reagent Kit (cat. no. RR047A; Takara
Biotechnology Co., Ltd.) according to the manufacturer's
protocol. Amplification was performed using a SYBR® Premix
Ex Tag™ II Kit (cat. no. RR820A; Takara Biotechnology Co.,
Ltd.) in an Applied Biosystems 7500 Real-Time PCR System
(Thermo Fisher Scientific, Inc.). The cycling conditions were
as follows: 3 min of predenaturation at 95°C, followed by
40 cycles at 95°C for 5 sec and 60°C for 32 sec, and the fluo-
rescence was detected at the end of each cycle. The mRNA
expression levels of insulin receptor substrate (IRS)-1, PI3K,
AKT, glucose transporter 4 (GLUT4), DDIT4, mTOR and
p70S6K were evaluated in the cultured cells. f-actin was
measured as an internal control. The relative mRNA expres-
sion levels were quantified using the 2224 method (26). The
sequences of the primers used in the present study are listed
in Table I.

Western blotting. C2C12 cells were collected after culture and
treatment, and lysed in RIPA lysis buffer (cat. no. R0010; Beijing
Solarbio Science & Technology Co.,Ltd.). The lysed cells were
scraped off using a cell scraper, solubilized in 3X SDS sample
buffer (cat. no. P1040; Beijing Solarbio Science & Technology
Co., Ltd.) and the protein concentration was determined using
a BCA kit (cat. no. 23225; Thermo Fisher Scientific, Inc.). Total
proteins (30 ug) were separated by SDS-PAGE on 10% gels
and were transferred to polyvinylidene fluoride membranes
(cat. no. ISEQO00010; MilliporeSigma.), which were blocked
with 5% skimmed milk at room temperature for 2 h. The
membranes were then incubated with the following primary
antibodies at 4°C overnight: Total (t)-IRS-1 (cat. no. ab52167;
Abcam), rabbit antibody, 1:1,000; phosphorylated (p)-IRS-1
(cat. no. ab5599; Abcam), rabbit antibody, 1:1,000; t-AKT
(cat. no. BS2987; Bioworld Technology, Inc.), rabbit antibody,
1:2,000; p-AKT (cat. no. BS4006; Bioworld Technology,
Inc.), rabbit antibody, 1:2,000; t-PI3K (cat. no. 20583-1-AP;
Proteintech Group, Inc.), rabbit antibody, 1:2,000; p-PI3K (cat.
no. 11508; SAB Biotherapeutics, Inc.), rabbit antibody, 1:2,000;
GLUT4 (cat. no. ab65267; Abcam), mouse antibody, 1:2,000;
DDIT4 (cat. no. abl06356; Abcam), rabbit antibody, 1:2,000;
t-mTOR (cat. no. ab32028; Abcam), rabbit antibody, 1:1,000;
p-mTOR (cat. no. ab109268; Abcam), rabbit antibody, 1:1,000;
t-p70S6K (cat. no. ab32529; Abcam), rabbit antibody, 1:1,000;
p-p70S6K (cat. no. ab59208; Abcam), rabbit antibody, 1:1,000;
[-actin (cat. no. 20536-1-AP; Proteintech Group, Inc.), mouse

Table 1. Primer sequences.

Gene Sequence, 5'-3'
DDIT4 F: TACTGCCCACCTTTCAGTTG
R: GTCAGGGACTGGCTGTAACC
mTOR F: GCGGCCTGGAAATGCGGAAGTGG
R: AAAGCCCCAAGGAGCCCCAACA
p70S6K F: CACTCAGGCCCCCCTACACT
R: GCCGTCACTGAAAACCAAGTTC
PI3K F: CCCATGGGACAACATTCCAA
R: CATGGCGACAAGCTCGGTA
AKT F: TCAGGATGTGGATCAGCGAGA
R: CTGCAGGCAGCGGATGATAA
IRS-1 F: GCACCTGGTGGCTCTCTACAC
R: TCGCTATCCGCGGCAAT
GLUT4 F: GTGACTGGAACACTGGTCCTA
R: CCAGCCACGTTGCATTGTAG
B-actin F: GGTGGGAATGGGTCAGAAGG

R: AGGTCTCAAACATGATCTGGGT

F, forward; R, reverse; DDIT4, DNA damage-inducible transcript 4;
p70S6K, p70 ribosomal protein S6 kinase; IRS-1, insulin receptor
substrate-1; GLUT4, glucose transporter 4.

antibody, 1:5,000. After three washes with Tris-buffered
saline containing 20% Tween-20, the membranes were incu-
bated with appropriate horseradish peroxidase-conjugated
secondary antibodies for 2 h at room temperature as follows:
Anti-rabbit (cat. no. S0001; Affinity Biosciences), 1:8,000;
anti-mouse (cat. no. S0002; Affinity Biosciences), 1:8,000.
The membranes were washed and immersed in chemilumi-
nescence solution (cat. no. 34580; Thermo Fisher Scientific
Inc.) for ~2 min, and images of the target bands were acquired
using a Gel Imager System (GDS8000; Analytik Jena AG).
Image] software version 1.8.0 was used to measure the optical
densities of the target bands.

Statistical analysis. Statistical analyses were conducted using
SPSS 23.0 software (IBM Corp.). All samples were run in
triplicate. All data are expressed as the mean + SD. The mean
values of multiple samples were compared by one-way anal-
ysis of variance followed by Bonferroni's multiple comparison
test or Tamhane's multiple comparison test when there were
unequal variances. P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Establishment of a PA-induced IR model in C2CI2 cells. As
shown in Fig. 1A, C2C12 cells were treated with PA at different
concentrations (0.1, 0.25 or 0.5 mM). After 12 h, the glucose
concentration in the culture medium from the PA3 group
(0.5 mM PA) was significantly higher than that from the CON
group. After 24 h, the glucose concentrations in the culture
media from both the PA2 (0.25 mM PA) and PA3 groups were
significantly higher than that from the CON group.
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Figure 1. PA induces lipid deposition and insulin resistance in C2C12 cells. (A) Glucose concentration in the culture medium was increased after PA treatment
for 24 h. (B) Oil red O staining of C2C12 cells revealed lipid deposition 24 h after PA treatment; magnification, x400, scale bar, 100 zm. (C) TG content was
increased in C2CI12 cells after PA treatment. (D) Effects of PA treatment on the mRNA expression levels of insulin pathway indicators (IRS-1, PI3K, AKT
and GLUT4) in C2C12 cells. (E) Effects of PA treatment on the protein expression levels of insulin pathway indicators in C2C12 cells. (F) Semi-quantification
of p-protein/t-protein ratios for insulin pathway indicators (IRS-1, PI3K, AKT) and protein expression levels of GLUT4 in C2C12 cells after PA treatment.
All cells were treated with 100 nM insulin for 30 min before (A) detection of glucose contents and (E) western blotting. Data are presented as the mean + SD
(n=3). "P<0.05 vs. CON, "P<0.05 vs. PA1 (0.1 mM), ¥P<0.05 vs. PA2 (0.25 mM). CON, control; PA, palmitic acid; IRS-1, insulin receptor substrate-1; GLUT4,
glucose transporter 4; p-, phosphorylated; t-t, total; TG, triglyceride.

As determined by Oil red O staining, a light blue cytoplasm  the PA3 group had the largest number of droplets (Fig. 1B).
was observed in the CON group, whereas orange-red lipid  The cellular TG contents in the PA1, PA2 and PA3 groups
droplets were present in the PA1, PA2 and PA3 groups, and  were increased compared with those in the CON group, and
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the PA3 group had the highest TG content (Fig. 1C). Based on
these findings, the concentration of 0.5 mM PA was selected
for subsequent experiments.

As shown in Fig. 1D, compared with those in the CON
group, the mRNA expression levels of GLUT4 were signifi-
cantly decreased in the PA3 group, but unchanged in the PA1
and PA2 groups. Notably, the mRNA expression levels of
IRS-1, PI3K and Akt remained unchanged in the PA-treated
groups.

As shown in Fig. 1E and F, compared with those in the
CON group, the protein expression levels of p-PI3K/t-PI3K,
p-AKT/t-AKT and GLUT4 were decreased in the PA3 group,
whereas the protein expression levels of p-IRS-1/t-IRS-1 were
increased. In the PA1 and PA2 groups, the protein expression
levels of p-IRS-1/t-IRS-1, p-PI3K/t-PI3K, p-AKT/t-AKT and
GLUT4 were unchanged compared with those in the CON
group. Notably, there were no significant differences in the
total protein expression levels of IRS-1, PI3K and AKT among
the groups. These results confirmed that 0.5 mM PA inhibited
the insulin pathway in C2C12 cells, indicating successful
establishment of an IR model in C2C12 cells.

RSV improves PA-induced lipid deposition and IR in C2CI2
cells. The viability of C2C12 cells was measured following
treatment with 0.5 mM PA and RSV at concentrations of 10,
20, 30, 50 or 100 uM for 24 h (Fig. 2A). No difference in cell
viability was observed between the 0.5 mM PA group and the
CON group. Treatment with RSV at 50 and 100 M signifi-
cantly reduced cell viability, whereas treatment with RSV at
10,20 and 30 M did not. Therefore, a concentration of 30 xM
RSV was selected for subsequent experiments to observe the
effects of RSV on PA-treated cells.

The C2C12 cells were grouped into the CON group, PA
(0.5 mM) group and PA (0.5 mM) + RSV (30 yuM) group.
Compared with that in the PA group, the glucose level in
the culture medium was decreased in the PA + RSV group
(Fig. 2B). These results indicated that RSV may increase
insulin-stimulated glucose uptake, promote glucose utilization
by cells and reduce gluconeogenesis.

Oil red O staining revealed that the number of cytoplasmic
orange-red lipid droplets in the PA + RSV group was lower
than that in the PA group (Fig. 2C). Furthermore, the cellular
TG content in the PA + RSV group was significantly lower
than that in the PA group (Fig. 2D). These results suggested
that RSV improved the lipid deposition in C2C12 cells induced
by PA treatment.

There were no differences in the mRNA expression levels
of IRS-1, PI3K and AKT among the three groups. By contrast,
the mRNA expression levels of GLUT4 were decreased in the
PA group compared with those in the CON group, but were
increased in the PA + RSV group compared with those in the
PA group (Fig. 2E).

The total protein expression levels of IRS-1, PI3K and
AKT were not significantly affected by treatment with PA or
RSV. However, compared with those in the CON group, the
protein expression levels of p-PI3K/t-PI3K, p-AKT/t-AKT and
GLUT4 were decreased, whereas those of p-IRS-1/t-IRS-1
were increased in the PA group (Fig. 2F and G). Compared
with those in the PA group, the protein expression levels of
p-PI3K/t-PI3K, p-AKT/t-AKT and GLUT4 were increased,

whereas those of p-IRS-1/t-IRS-1 were decreased in the PA +
RSV group (Fig. 2F and G). These results suggested that RSV
may have a beneficial role in the insulin signaling pathway and
could reverse PA-induced IR in C2C12 cells.

Effects of RSV on PA-induced expression of DDIT4 and
mTOR pathway components in C2CI2 cells. Compared with
those in the CON group, the mRNA and protein expression
levels of DDIT4 were significantly decreased in the PA group,
indicating that PA may cause a decrease in DDIT4 expression.
Compared with those in the PA group, the DDIT4 mRNA and
protein expression levels were increased in the PA + RSV
group, indicating that RSV may promote the expression of
DDIT4 (Fig. 3A and B). By contrast, the mRNA expression
levels of mTOR and p70S6K were significantly increased in
the PA group compared with those in the CON group, but were
significantly decreased in the PA + RSV group compared with
those in the PA group (Fig. 3C).

In the PA group, compared with in the CON group, the
t-protein and p-protein expression levels of mTOR and p70S6K
were markedly increased (Fig. 3D), and the p-protein/t-protein
ratios for mTOR and p70S6K were also significantly increased
(Fig. 3E). In the PA + RSV group, compared with in the PA
group, the t-protein and p-protein expression levels of mTOR
and P70S6K were markedly decreased (Fig. 3D), and the
p-protein/t-protein ratios for mTOR and p70S6K were also
decreased (Fig. 3E). These findings indicated that RSV weak-
ened the effects of PA and inhibited the mTOR pathway.

Expression of insulin signaling pathway-related and mTOR
pathway-related indicators after silencing of DDIT4. Three
siRNAs targeting DDIT4 were used in the present study to
verify the effect on DDIT4 silencing. The protein expression
levels of DDIT4 in the three transfection groups were signifi-
cantly lower than those in the negative control group. Notably,
DDIT4-siRNA-1 had the most significant silencing effect and
was thus selected for subsequent experiments (Fig. 4A). The
cells were grouped as follows: CON, PA, PA + RSV and PA +
RSV + DDIT4-siRNA groups.

In the PA + RSV + DDIT4-siRNA group, compared with
in the PA + RSV group, the glucose concentration was signifi-
cantly increased in the culture medium, and the effects of
RSV on promoting utilization of cellular glucose and reducing
gluconeogenesis were weakened (Fig. 4B). These findings
indicated that RSV promoted glucose uptake via DDIT4.
Furthermore, compared with in the PA + RSV group, the Oil
red O staining and TG content measurement results revealed
increases in the number of intracellular lipid droplets and
cellular TG content in the PA + RSV + DDIT4-siRNA group
after silencing of DDIT4, which offset the effect of RSV on
reducing cell lipid deposition (Fig. 4C and D). These findings
indicated that RSV was effective for improving cellular lipid
deposition through DDIT4.

Compared with in the PA + RSV group, the mRNA
and protein expression levels of DDIT4 were significantly
decreased in the PA + RSV + DDIT4-siRNA group, indicating
that the silencing effect on DDIT4 was significant (Fig. 4E-G).

In the PA + RSV + DDIT4-siRNA group, the t-protein
and p-protein expression levels of mTOR and p70S6K were
increased compared with those in the PA + RSV group
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Figure 2. RSV alleviates PA-induced lipid deposition and insulin resistance in C2C12 cells. (A) Survival rates of C2C12 cells after treatment with PA and
RSV. (B) Glucose concentration in the culture medium was decreased after RSV treatment for 24 h. (C) Lipid deposition was decreased in Oil red O-stained
C2C12 cells after RSV treatment; magnification, x400, scale bar, 100 ym. (D) TG content in C2C12 cells was decreased after RSV treatment. (E) Effects of
RSV treatment on the mRNA expression levels of insulin pathway indicators in C2C12 cells. (F) Effects of RSV treatment on the protein expression levels of
insulin pathway indicators in C2C12 cells after RSV treatment. (G) Semi-quantification of p-protein/t-protein ratios for insulin pathway indicators and protein
expression levels of GLUT4 in C2C12 cells after RSV treatment. All cells were treated with 100 nM insulin for 30 min before (B) detection of glucose contents
and (F) western blotting. Data are presented as the mean + SD (n=3). "P<0.05 vs. CON, “P<0.05 vs. PA. CON, control; RSV, resveratrol; PA, palmitic acid;
IRS-1, insulin receptor substrate-1; GLUT4, glucose transporter 4; p-, phosphorylated; t-t, total; TG, triglyceride.

(Fig. 4F), and the p-protein/t-protein ratios were also increased  p-protein/t-protein ratios for mTOR and p70S6K following
(Fig. 4G). These findings indicated that silencing DDIT4  PA treatment, thus suggesting that RSV inhibited the mTOR
reversed the attenuating effects of RSV on the increased pathway through DDIT4.
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Figure 3. Effects of RSV on DDIT4 and mTOR pathway indicators in C2C12
cells with PA-induced insulin resistance. (A) mRNA and (B) protein expres-
sion levels of DDIT4 in C2C12 cells was increased after RSV treatment.
(C) mRNA and (D) protein expression levels of mTOR pathway indicators
in C2C12 cells were decreased after RSV treatment. (E) Semi-quantification
of p-protein/t-protein ratios for mTOR pathway indicators, which were
decreased after RSV treatment. (B and D) All cells were treated with
100 nM insulin for 30 min before western blotting. Data are presented as
the mean = SD (n=3). "P<0.05 vs. CON, “P<0.05 vs. PA. CON, control; RSV,
resveratrol; PA, palmitic acid; DDIT4, DNA damage-inducible transcript 4;
p70S6K, p70 ribosomal protein S6 kinase; p-, phosphorylated; t-t, total.

Compared with in the PA + RSV group, the protein expres-
sion levels of p-PI3K/t-PI3K, p-AKT/t-AKT and GLUT4 were
decreased, whereas the protein expression levels of p-IRS-1/
t-IRS-1 were increased in the PA + RSV + DDIT4-siRNA
group after silencing of DDIT4 (Fig. 4H and I). None of the
treatments affected the total protein expression levels of PI3K,
AKT and IRS-1. These results indicated that DDIT4 served a
positive role in RSV-mediated improvement of PA-induced IR.

Expression of DDIT4, mTOR and insulin signaling pathways
markers in MHY1485-treated C2CI2 cells. Compared with in
the PA + RSV group, the glucose concentration was signifi-
cantly increased in the culture medium from the PA + RSV +
MHY 1485 group, which offset the effect of RSV (Fig. 5A).

These findings indicated that mTOR activation may weaken
the beneficial effect of RSV on glucose metabolism.

In terms of lipid metabolism, the Oil red O-stained lipid
droplets and TG content in the cells were increased in the PA +
RSV + MHY 1485 group compared with those in the PA + RSV
group (Fig. 5B and C), indicating that activation of the mTOR
pathway reduced the effect of RSV on improving cellular lipid
deposition.

Notably, there were no differences in the mRNA and
protein expression levels of DDIT4 between the PA +
RSV + MHY1485 group and the PA + RSV group (Fig. 5D-F),
suggesting that MHY1485 did not affect the expression of
DDIT4. Compared with in the PA + RSV group, the t-protein
and p-protein expression levels for mTOR and p70S6K were
increased in the PA + RSV + MHY1485 group, and the
p-protein/t-protein ratios for mTOR and p70S6K were also
increased (Fig. SE and F), indicating that MHY 1485 increased
the mTOR pathway activity and counteracted the inhibitory
effect of RSV on the mTOR pathway.

Compared with in the PA + RSV group, the protein expres-
sion levels of p-PI3K/t-PI3K, p-AKT/t-AKT and GLUT4 were
downregulated in the PA + RSV + MHY 1485 group, whereas
the protein expression levels of p-IRS-1/t-IRS-1 were upregu-
lated (Fig. 5G and H). These findings indicated that activation
of the mTOR pathway may weaken the effect of RSV and lead
to IR. The results of the present study revealed that RSV could
inhibit the mTOR pathway by increasing DDIT4, thereby
improving PA-induced IR and lipid deposition in C2C12 cells
(Fig. 6).

Discussion

RSV, a plant-derived compound, has the potential to improve
IR, a focus of numerous research groups. RSV has been
reported to alleviate IR in high-fructose corn syrup-fed
rats (27), improve IR in hyperlipidemic mice and obese
Zucker rats (28), improve abnormal liver glucose metabo-
lism induced by high-fat diet intake through adenosine
5'-monophosphate-activated protein kinase pathway (29), and
upregulate mmu-microRNA-363-3p through the PI3K/AKT
pathway to improve high-fat diet-induced IR in mice (30).
RSV is an anti-diabetic drug that warrants further research.
In our previous study, high-throughput sequencing showed
that DDIT4 mRNA expression was decreased in the skeletal
muscle of high-fat diet-fed mice, and was increased following
treatment of these mice with RSV (31).

The present study established a PA-induced IR model in
C2C12 cells and used this model to study the effects of RSV
on improving IR in vitro. The concentration of RSV used was
30 M, because 10 and 20 yM RSV had no significant effect
on cell survival rate, whereas 50 and 100 yM RSV signifi-
cantly reduced the cell survival rate. In a previous study from
our group, RSV treatment was found to improve IR and lipid
deposition in the skeletal muscle cells of high-fat diet-fed mice
and PA-treated L6 rats (32). In the present study, RSV was
found to reverse the effect of PA on C2C12 cells, upregulate
the expression of DDIT4, inhibit the mTOR/P70S6K pathway,
reduce the expression of p-IRS-1, increase the expression
levels of p-PI3K and p-Akt in the insulin pathway, activate the
expression of GLUT4, promote glucose uptake, reduce lipid



8 PAN et al: RESVERATROL IMPROVES INSULIN RESISTANCE VIA THE DDIT4/mTOR PATHWAY IN C2C12 CELLS

A DDIT4 s s - - B C

B-actin  e————— —

Z < 4T 4 4@ 20
8 ZEgESES &
O T 523252 T
¢ o AT A 15
[6) [ [ [
z

DDIT4/-actin

o
&

o
Glucose concentration (mmol/l)
N
o

c
k]
173
1%
4
3
o
£ 0
2 z > + <
gos 38 2 @F
) + T3
2 g I=
S 0.0 ok
[T a
o Z L 97 < @ a
QO Z E<ES EZ
O X /232 a2
¢ QA QL QT
[} » » »
D Q E DDIT4
515
73
& g o
S a S0 # g .
o o ' > *
£ < 220 S
£ Z N 815
2 £os & é 10 #
>
& o 35
> +< @ 00 50
+
g 3z 5 & 3 i 8 £ 3 323
Pogg 8 T g 8 © & g
= T4 < + & < 9
e F E & £F £z %
a G 8 o
DDIT4 S o w— p-mTORA-mTOR p-p70S6K/At-p70S6K -
c c c DDIT4/p-actin
S 3 S 20 515
3 . & 3 . & 2
tMTOR | s —— - g o g s T ¢
" o
32 3 # 3 1.0 #
P-MTOR s M s — £ # £40 =
g 1 g Los
Q Q g *
PT0SEK | 0 205 o &
PRTOSEH  —— & 0 + & %0 z < > +< & 0 z < > +<
% g 5) > <z( a (%) % 4 o a (%) u>) zZ
p-actin o c 2o o c Po o T Poc
o = + 5 z 3 F T3
& < & <= £ <=
b £E £E
z < > i< aE = E
o o n =z =) o =)
o T ac a a (=]
: %7
o < &
= . p-IRS-1/t-IRS-1 p-PI3KA-PI3K
a | S 4 N §15
[7] & 73
2 @
4 T o
g 3 S
H Glute s s s 8 510 #
g 2 . § &
o B * -
HPISK - - - 5 205
2 2
5 ko
P-PISK - - —— 5 0 500
o o z < > + <
g & 3 22 8 * 2 gz
FAKT  ——— — &) :1(; &:% I %
& gE T
= [=]
p-AKT .—’— 2 a
-AKT/-AKT GLUT4/p-actin
tIRST | S———— 515 P S5 B
® 9
p-IRST ““' g10 # g 10 #
£ <
. 2 o)
[ractin Se————— S o0s ) & g 0s . &
[} ° —_—
§ T g ;E
o g 5‘5, 3 00 ” 3 00 "
e £ 5 & 7 22 g £ 7 322
a o C O o T 9
+ 3 + (s
° £ 2 £ 2
£E £
[a} [a)]
o (=)

Figure 4. Expression levels of insulin signaling pathway and mTOR pathway indicators after silencing of DDIT4 in C2CI12 cells with PA-induced insulin
resistance. (A) Protein expression levels of DDIT4 were decreased after transfection with three DDIT4-siRNAs. (B) Glucose concentration in the culture
medium of C2C12 cells was increased after silencing DDIT4. (C) Number of red lipid droplets in C2C12 cells was increased after silencing DDIT4, as
determined by Oil red O staining; magnification, x400, scale bar, 100 zm. (D) TG levels in C2CI12 cells were increased after silencing DDIT4. (E) mRNA
expression levels of DDIT4 were decreased after silencing DDIT4. (F) Protein expression levels of DDIT4 and mTOR pathway indicators after silencing
DDIT4. (G) Semi-quantification of p-protein/t-protein ratios for mTOR pathway indicators and protein expression levels of DDIT4 after silencing DDIT4.
(H) Protein expression levels of insulin signaling pathway indicators after silencing of DDIT4. (I) Semi-quantification of p-protein/t-protein ratios for insulin
signaling pathway indicators and protein expression levels of GLUT4 after silencing of DDIT4. All cells were treated with 100 nM insulin for 30 min before (B)
detection of glucose contents and (A, F and H) western blotting. Data are presented as the mean = SD (n=3). "P<0.05 vs. CON, “P<0.05 vs. PA, “P<0.05 vs. PA +
RSV. CON, control; RSV, resveratrol; PA, palmitic acid; siRNA, small interfering RNA; NC, negative control; DDIT4, DNA damage-inducible transcript 4;
p70S6K, p70 ribosomal protein S6 kinase; IRS-1, insulin receptor substrate-1; GLUT4, glucose transporter 4; p-, phosphorylated; t-t, total; TG, triglyceride.
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Figure 5. Expression levels of indicators related to the DDIT4, mTOR and insulin signaling pathways in MHY 1485-treated C2C12 cells with PA-induced
insulin resistance. (A) Glucose concentration in the culture medium of C2C12 cells was increased after activation of mTOR. (B) Number of red lipid droplets
in C2C12 cells was increased after activation of mTOR, as determined by Oil red O staining; magnification, x400, scale bar, 100 gm. (C) TG content in C2C12
cells was increased after activation of mTOR. (D) mRNA expression levels of DDIT4 after activation of mTOR. (E) Protein expression levels of DDIT4 and
mTOR signaling pathway indicators after activation of mTOR. (F) Semi-quantification of p-protein/t-protein ratios for mTOR signaling pathway indicators
and protein expression levels of DDIT4 after activation of mTOR. (G) Protein expression levels of insulin signaling pathway indicators after activation of
mTOR. (H) Semi-quantification of p-protein/t-protein ratios for insulin signaling pathway indicators and protein expression levels of GLUT4 after activation of
mTOR. All cells were treated with 100 nM insulin for 30 min before (A) detection of glucose contents and (E and G) western blotting. Data are presented as the
mean + SD (n=3). 'P<0.05 vs. CON, “P<0.05 vs. PA, “P<0.05 vs. PA + RSV. CON, control; RSV, resveratrol; PA, palmitic acid; DDIT4, DNA damage-inducible
transcript 4; p70S6K, p70 ribosomal protein S6 kinase; IRS-1, insulin receptor substrate-1; GLUT4, glucose transporter 4; p-, phosphorylated; t-t, total; TG,
triglyceride.
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& Resveratrol »

Figure 6. Resveratrol ameliorates insulin resistance by improving insulin
signaling via the DDIT4/mTOR/IRS-1/PI3K/AKT/GLUT4 pathway. IR,
insulin resistance; PA, palmitic acid; DDIT4, DNA damage-inducible tran-
script 4; p70S6K, p70 ribosomal protein S6 kinase; IRS-1, insulin receptor
substrate-1; GLUT4, glucose transporter 4.

deposition and alleviate PA-induced IR in C2C12 myocyte
cells. After silencing DDIT4 by DDIT4-siRNA transfection
or activating mTOR by MHY 1485 treatment, the beneficial
effects of RSV on improving IR, and glucose and lipid metab-
olism were significantly attenuated. These results indicated
that RSV could inhibit the mTOR/p70S6K signaling pathway
activity through activation of DDIT4, thereby improving
IRS-1/PI3K/AKT/GLUT4 insulin signaling and significantly
alleviating IR, and improving glucose and lipid metabolism.
DDIT4 is a potent mTOR inhibitor (33) involved in DNA
damage repair, growth during hypoxia, cell stress and other
effects (34-36). DDIT4 has been shown to inhibit the mTOR
pathway and improve insulin pathway signaling, whereas
DDIT4 deficiency can increase systemic glucose and promote
IR, and impair skeletal muscle insulin signaling (37). Sustained
DDIT4 overexpression has been shown to inhibit mTOR
activity in a tuberous sclerosis complex 1/2 (TSC1/2)-mediated
manner, with significantly reduced levels of p-p70S6K and
induction of AKT phosphorylation at serine 473, whereas
rapamycin-mediated mTOR inhibition increases the phos-
phorylation level of AKT (38). High glucose can inhibit DDIT4
and TSC1/2 in B-cells, upregulate Ras homolog enriched
in brain/mTOR/p70S6K, and enhance the expression of
apoptosis-regulating proteins (39). Furthermore, 1,25(0H),D3
can activate the expression of DDIT4 in the renal tissue of
diabetic rats, reduce the expression of p-mTOR and p-p70S6K,
promote the downstream insulin pathway activity, inhibit the
proliferation of rat mesangial cells induced by high glucose,

and improve the glucose and lipid metabolism in diabetic
rats (40,41). Other studies have shown that activation of the
mTOR/p70S6K signaling pathway is a physiological feedback
mechanism for insulin-stimulated glucose transport in skeletal
muscle cells, leading to aberrant serine/tyrosine phosphoryla-
tion of IRS-1 (19,42). Further studies have confirmed that the
attenuation of free fatty acid-induced IR in skeletal muscle
cells by RSV is closely related to the inhibition of mTOR
and p70S6K (43). In the present study, with the aim of further
clarifying the underlying mechanism for the involvement of
the DDIT4/mTOR pathway in the improvement of IR by RSV,
DDIT4 was silenced by DDIT4-siRNA transfection and the
mTOR pathway was activated by MHY 1485 treatment, after
which, the effects of RSV on improving glucose utilization
and IR were weakened. The results further revealed that RSV
increased DDIT4 expression, inhibited mTOR and p70S6K acti-
vation, increased the expression of IRS-1/PI3K/AKT/GLUT4
insulin pathway indicators, and promoted insulin signaling
transduction and glucose uptake, which may comprise one of
the mechanisms for the RSV-mediated improvement in skel-
etal muscle IR. However, a limitation of the present study is
that the mechanism was verified only in skeletal muscle cells
in vitro. We aim to further explore the relationship between
RSV and the DDIT4/mTOR pathway in vivo using an animal
model.

In conclusion, the present study confirmed that RSV could
inhibit the mTOR/p70S6K pathway by increasing the expres-
sion of DDIT4, thereby ameliorating IR and alleviating lipid
deposition in C2C12 cells.
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