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Purpose: The aim of the study was to examine the effects of resveratrol upon hepatic
endoplasmic reticulum stress (ERS) and insulin sensitivity in vivo and in vitro.

Material and methods: C57BL/6J mice were fed a high-fat diet (HFD) for 8 weeks, and
insulin resistance was evaluated by the intraperitoneal glucose tolerance test (IPGTT). Mice
were then treated with resveratrol for 12 weeks and blood and liver samples collected. Blood
biochemical indicators were determined by Kkits, liver protein expression was determined by
western blot, and morphological changes were observed by histological staining. Palmitic
acid (PA)-induced insulin-resistant HepG2 cells were established. Cells were exposed to 100,
50 or 20 uM resveratrol for 24 hrs, and proliferation/cytotoxicity was determined. Cells were
divided into five groups: control, PA, PA + Rev (100 uM), PA + Rev (50 uM) and PA + Rev
(20 uM) groups. After 24 hrs of treatment, cellular proteins were analyzed the same way as
animal tissues.

Results: The IPGTT confirmed that the insulin resistance model was established success-
fully. After resveratrol treatment, fasting blood glucose and cholesterol levels declined and
the quantitative insulin sensitivity check index increased. Western-blot results showed that
resveratrol-treated HFD mice had reduced hepatic levels of p-PERK, ATF-4 and TRIB3, and
increased the levels of ATF-6, p-AKT and p-GSK3p. In the cell model, resveratrol with 100
and 50 uM enhanced ERS and insulin resistance, whereas 20 uM had beneficial effects,
similar to the animal model.

Conclusion: Resveratrol reduced hepatic ERS, thereby improving insulin sensitivity and
glucose levels. However, high doses of resveratrol had harmful effects on cells, elevating
ERS and insulin resistance. The safe dose of resveratrol needs further investigation.

Keywords: blood glucose, insulin resistance, endoplasmic reticulum stress, resveratrol

Introduction

In recent years, the incidence of type 2 diabetes mellitus has increased dramatically
with associated systemic complications, such as heart, kidney and blood vessels
diseases, posing a serious threat to patients’ health." Insulin resistance is the basis
of the onset and development of type 2 diabetes.”

The liver is an insulin-sensitive organ and plays an important role in glucose and
lipid metabolism. Evidence suggests that insulin resistance in the liver is closely
related to the occurrence and progress of type 2 diabetes.® Endoplasmic reticulum
stress (ERS) may be a key factor causing decreased insulin sensitivity in the liver.*
Previous studies showed that ERS mediates the development of insulin resistance
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and type 2 diabetes.” Studies have shown that ERS pro-
motes adipokine production, and induces adipose tissue
inflammation and dysfunction.® Islet cell ERS leads to
decreased B cell apoptosis and insulin secretion.” Liver
ERS interferes with hepatic gluconeogenesis and impairs
insulin sensitivity.® Inhibition of ERS can alleviate insulin
resistance, diabetes and related complications.

At present, oral medications and insulin are used to
control blood glucose in the treatment of type 2 diabetes.
Due to their contraindications and side effects, especially
hypoglycemia and weight gain,” coupled with poor com-
pliance with long-term medication, the use and efficacy
of oral drugs and insulin are limited. In addition, lifestyle
changes, including exercise and nutrition interventions,
are difficult to achieve in some populations. Muraki et al,'’
found that increased grape intake was significantly asso-
ciated with a reduced risk of type 2 diabetes. Resveratrol is
a natural polyphenolic compound found in grape skins. It is
also rich in various plants and fruits such as peanuts, soy-
beans, pomegranates and knotweed.!! Because of the con-
venience and low cost of resveratrol, as well as potential
therapeutic actions, such as anti-platelet aggregation, anti-
cancer, cartilage protection and improved endothelial
function,'” resveratrol has been the focus of many studies.
Several previous studies have shown controversial effects of
resveratrol with regard to lowering blood glucose levels and
improving insulin resistance, but most studies have con-
firmed the beneficial effects of resveratrol.'>'* Whether
resveratrol can affect ERS, thus improving insulin sensitiv-
ity lacks sufficient experimental evidence.

This study aimed to use insulin-resistant animal and
cell models to examine the effects of resveratrol upon
hepatic ERS and insulin signaling pathway. In addition,
it was aimed to examine the effect of resveratrol at differ-
ent concentrations.

Material and methods

Animal experiment

Animals

Thirty-six-week-old specific pathogen free male C57BL/6J
mice (body weight 22.0-25.0 g), were purchased from
Beijing Vital River Laboratory Animal Technology Co.,
Ltd. Mice were housed in an animal barrier system at the
Clinical Research Center of Hebei General Hospital, with
the room temperature controlled at 23-25°C and relative
humidity about 60% in a 12-h light/dark cycle. The animal
experiment was approved by the Animal Ethics Committee

of Hebei
International Laboratory Animal Management Regulations.

General Hospital and complied with the

Animal feed
Ordinary feed D12450J: 3.85 kcal/g, calorie composition:
20% protein, 70% carbohydrate, 10% fat.

High-fat feed D12492: 5.24 kcal/g, calorie composi-
tion: 20% protein, 20% carbohydrate, 60% fat.

All feed was purchased from Beijing Huafukang
Biotechnology Co., Ltd.

Establishment of animal model

After 1 week of adaptive feeding, C57BL/6] mice were
randomly divided into two groups: control group (Con)
and high-fat diet (HFD) group. The Con group was given
an ordinary diet, and the HFD group was given a HFD.
Weekly body weights and food intake were recorded. After
8 weeks of feeding, the mice were fasted for 12 hrs then
examined by an intraperitoneal glucose tolerance test
(IPGTT). Blood was taken from the tail vein at 0, 15,
30, 60 and 120 mins to test glucose levels by an
Accuchek Active Meter (ACCU-CHEK Roche, Germany).

Resveratrol treatment

Mice in the HFD group were randomly divided into HFD
and high-fat diet + resveratrol (HFD + Rev) groups.
Resveratrol powder (Sigma, USA) was dissolved in
dimethyl sulfoxide (DMSO, Sigma, USA) at the ratio of
30 mg: 1 mL, then diluted with 0.9% sodium chloride
solution. The HFD + Rev group was given resveratrol
(60 mg/kg) by daily gavage, and Con and HFD groups
were given 0.1% DMSO in 0.9% sodium chloride solution
by daily gavage. The previous studies used resveratrol
with different doses from 5'° to 200'® mg/kg, we used
60 mg/kg/day in our pre-experiment, and this dose showed
a beneficial effect on insulin sensitivity.

Serum and tissue specimens

After 12 weeks of resveratrol treatment, mice have fasted
for 12 hrs overnight. Three mice were randomly selected
from each group to receive an intraperitoneal insulin
(Sigma, USA) injection of 1.5 TU/40 g body weight 20
mins before anesthesia, and the other mice had no insulin
injection. All mice were euthanized via cervical disloca-
tion, and blood was collected by cardiac puncture. The
liver was quickly dissected, rinsed with normal saline, and
a small piece (the same lobe every time) was fixed in 4%
paraformaldehyde, and the remaining tissue placed in
a cryotube, frozen in liquid nitrogen and stored at —80°C.
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The blood was centrifuged at 5,000 rpm for 15 mins, and
serum was collected and stored at a —80°C.

Determination of blood indicators

Total cholesterol (TC), triglyceride (TG), high-density
lipoprotein (HDL), low-density lipoprotein (LDL) were
detected using a kit (Nanjing Jiancheng Bioengineering
Institute). Serum insulin was measured using a mouse
ultrasensitive insulin ELISA kit (80-INSMSU-EO1,
ALPCO Diagnostics, USA).

Hematoxylin-eosin (H&E) staining
The fixed
a conventional

liver samples were dehydrated with

alcohol gradient and then, xylene,
embedded in paraffin, and serially sliced for 5 um thick
sections. Sections were dewaxed, hydrated and stained
with hematoxylin for 5 mins, stored in 70% ethanol and
washed with distilled water. After staining with eosin,
sections were dehydrated and mounted in neutral balsam.
Morphological characteristics of the liver sections were

observed by light microscopy.

Hepatic TG content

Approximately 0.3 g liver tissue was added to 2.7 mL of 0.9%
sodium chloride at a ratio of 1:9. The tissue was then homo-
genized on ice. The homogenate was centrifuged at 2,500 rpm
for 10 mins and the supernatant recovered. Hepatic TG content
was determined according to the manufacturer’s instructions
(Nanjing Jiancheng Bioengineering Institute).

Liver protein extraction and sample preparation
Liver specimens were removed from the —80°C and
approximately 50 mg of each sample was added to
0.5 mL RIPA lysis buffer and protease inhibitor
(Solarbio, China) pre-cooled at 4°C. Liver samples were
minced in a tissue homogenizer (60 Hz, 60 s) then stored
at 4°C overnight. The next day, liver samples were cen-
trifugated for at 13,000 rpm for 15 mins at 4°C.
Supernatants were collected and protein concentrations
measured by BCA Protein Assay Kit. Supernatant samples
were mixed with 5xSDS loading buffer at a ratio of 4:1,
boiled, and then stored at —80°C.

Western blotting

Different concentrations of SDS-PAGE separation gel
(8%, 10%, 12%) were prepared according to different
molecular weights of the target proteins. After electro-
phoresis, proteins were transferred to PVDF membranes
and then blocked with 5% skim milk for 3 hrs. Primary
antibodies were diluted with the blocking solution as

follows: B-actin mouse antibody; 1:1000, t-Akt: rabbit
antibody; 1:2000, p-Akt (Ser 473): rabbit antibody;
1:1000, t-GSK: rabbit antibody; 1:1000, p-GSK (Ser
9): rabbit antibody; 1:1000, ATF-6: rabbit antibody;
1:1000, ATF-4: rabbit antibody; 1:1000, PERK: rabbit
antibody; 1:1000 all purchased from Cell Signaling
Technology (USA), p-PERK (Thr 980) rabbit antibody;
1:1000 purchased from Invitrogen (USA), TRIB3 mouse
antibody; 1:1000 purchased from Proteintech (USA).
Membranes were incubated overnight at 4°C. After
washing, HRP-labeled goat anti-rabbit IgG antibody
(1:8,000) or goat anti-mouse IgG antibody (1:3,000),
all purchased from Signalway Antibody (USA) was
incubated for approximately 50 mins at room tempera-
ture,
10 mins, and specific protein bands visualized with

then the membrane washed three times for

a gel imager. Protein expression was quantified by den-
sitometry using Image-J software. Normalization was
performed by incubating the same membrane with an
antibody against B-actin.

Cell model

Establishing an insulin-resistant in vitro model

The human liver tumor cell line HepG2 was purchased
from the National Infrastructure of Cell Line Resource of
China and maintained at the Clinical Medical Research
Center of Hebei Provincial People’s Hospital. HepG2
cells were cultured in MEM (Hyclone, USA) containing
10% fetal bovine serum (Hyclone, USA), 1% non-
essential amino acid (Gibco, USA), 1% streptomycin
mixture (Hyclone, USA) at 37°C with CO,. When the
cells grew to approximately 80%, they were incubated
with serum-free common medium (Con group) and med-
ium containing 0.25 mmol/L palmitic acid (PA group) as
described above.'” Glucose levels in the media were
determined by the glucose oxidase method at 0, 12 and
24 hrs.

Proliferation/cytotoxicity test

After HepG2 cells were digested, cell suspensions were
prepared and placed into 96-well plates. When the cells
grew to 80%, different resveratrol concentrations (high
concentration; 100 uM, medium concentration; 50 pM,
low concentration; 20 uM) were added to investigate cell
viability in the presence of resveratrol. After 24 hrs, 10 pL.
of CCK-8 reagent (DOJINDO, Japan) was added per well
(protected from light), cultured for 30 mins, and the absor-
bance measured at 450 nm.
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Cell treatment groups

HepG2 cells were divided into five groups: control, PA
group, PA + Rev (100 uM), PA + Rev (50 uM) and PA
+ Rev (20 uM) groups. After 24 hrs, some cells were
stimulated with insulin, and after 40 mins, cell proteins
were extracted.

Western blotting
Same as described above for the animal model samples.

Statistical analysis

All data were processed using SPSS 22.0 software and
results were expressed as mean # standard deviation
(Mean + SD). Two-sample comparisons were analyzed
using Student’s f-test, and multi-sample comparisons
were analyzed using one-way ANOVA followed by
a post hoc least significant difference test or Tamhane’s
multiple comparison test if data satisfied normal distribu-
tion criteria. Otherwise, a non-parametric test was applied.
P<0.05 was considered statistically significant.

Results

Insulin-resistant animal model

Body weight and caloric intake

Before the HFD intervention (at baseline), there was no
difference in body weight between the two groups. After
8 weeks of HFD, the body weights of the HFD group
increased significantly compared with the Con group. In
the second week of the HFD, the body weight in the HFD
group was significantly higher than the Con group (Figure
1A). There was no statistically significant difference in the
daily caloric intake between the two groups (Figure 1B).

IPGTT

The IPGTT was performed after 8 weeks of the HFD. The
blood glucose level in the HFD group was significantly
higher than in the Con group at 0, 30, 60 and 120 mins
(Figure 1C). Compared with the Con group, the area under
the curve of glucose level in the HFD group was signifi-
cantly increased (Figure 1D), demonstrating insulin resis-
tance in the animal model (Table 1).
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Figure | Body weights and food intake of C57BL/6] mice before and after the high-fat diet (HFD) and IPGTT experiment result. (A). Body weights of the two groups during the
HFD. (B). Daily food intake of the two groups during HFD. (C). Blood glucose levels at 0, 15, 30, 60 and 120 mins after intraperitoneal injection of glucose. (D). The area under the
curve of glucose levels. Data are presented as the mean + SD (n=10 in Con and n=20 in HFD group). Student’s t-test was used for statistical analysis. *P<0.05 vs Con group.
Abbreviations: AUC, area under the curve; Con, control group; HFD, high-fat diet group; IPGTT, intraperitoneal glucose tolerance test.
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Table | Blood glucose at each time point of IPGTT at the eighth week

Blood glucose (mmol/L)

0 mins 15 mins 30 mins 60 mins 120 mins
Con (n=10) 8.9%1.0 22.6+2.2 20.1£1.5 16.0%1.3 10.6x1.9
HFD (n=20) 10.8+1.7* 23.312.6 26.0+2.3* 22.2+3.5% 14.6£3.1*

Notes: *P<0.05 vs HFD group.

Abbreviations: Con, control group; HFD, high-fat diet group; IPGTT, intraperitoneal glucose tolerance test.

General indicators after resveratrol

treatment

Body weight and food intake

Body weights in the HFD group were significantly higher
than in the Con group, and were not altered by resveratrol
treatment (Figure 2A). There was no difference in caloric
intake between the three groups (Figure 2B).

Blood glucose and insulin levels, and quantitative
insulin sensitivity check index (QUICKI)

Fasting blood glucose levels of the HFD group were signifi-
cantly higher compared with the control group, and after

resveratrol treatment, fasting blood glucose levels were sig-
nificantly reduced in the HFD + Rev group (Figure 2C). Insulin
levels in HFD mice were significantly higher than that of the
control group. Resveratrol had no significant effect on insulin
levels (Figure 2D). The QUICKI (QUICKI=1/[log(Iy)+log
(Go)])'® result for the HFD group was significantly lower
than that of the control group, and was significantly increased
in the resveratrol group (Figure 2E), indicating resveratrol
reduced the insulin resistance of HFD mice (Table 2).

Serum lipid profiles
Cholesterol and LDL levels were significantly higher in the
HFD group compared with the control group, and 12 weeks of
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Figure 2 Body weight and insulin sensitivity indicators after resveratrol treatment. (A). Body weights in control, high-fat diet and resveratrol-treated groups. (B). Daily caloric intake.
(C). Fasting blood glucose level in three groups. (D). Fasting plasma insulin levels. (E). Quantitative insulin sensitivity check index. Data are presented as the mean + SD, (n=10). One-way
ANOVA was used for statistical analysis followed by a post hoc least significant difference test or Tamhane’s multiple comparison test. *P<0.05 vs Con group. *P<0.05 vs HFD group.
Abbreviations: Con, control group; HFD, high-fat diet group; HFD + Rev, high-fat diet + resveratrol group; QUICKI, quantitative insulin sensitivity check index.
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Table 2 General indicators after resveratrol treatment

Con HFD HFD + Rev

(n=10) (n=10) (n=10)
FBG (mmol/L) 82+0.6 [1.5+1.0¢ | 9.1+0.8%
Insulin (ng/mL) 0.39+£0.03 0.44+0.03* 0.42+0.01
QUICKI 0.32+0.00 0.30£0.00* 0.31+0.00%
TC (mmol/L) 5.50+0.55 6.85+0.51* 6.36+0.517
TG (mmol/L) 0.16£0.01 0.15£0.03 0.16+0.03
HDL (mmol/L) 10.10£1.51 10.05+1.99 10.35+1.89
LDL (mmol/L) 0.91£0.12 1.62+0.13* 1.58+£0.07

Notes: *P<0.05 vs Con group, *P<0.05 vs HFD group.

Abbreviations: Con, control group; FBG, fasting blood glucose; HDL, high-density
lipoprotein; HFD, high-fat diet group; HFD + Rev, high-fat diet + resveratrol group;
LDL, low density lipoprotein; QUICKI, quantitative insulin sensitivity check index;
TG, total cholesterol; TG, triglyceride.

resveratrol reduced cholesterol (Figure 3A), but not LDL
levels (Figure 3C). There were no differences between the
three groups for TG and HDL levels (Figure 3B and D). This
result indicated that resveratrol reduced blood lipid levels to
some extent (Table 2).

Hepatic lipid deposition

H&E staining

In the Con group, liver cells were structurally intact with
a uniformly red-stained cytoplasm, and no lipid droplets
were observed. In contrast, hepatocytes of the HFD group
had a disordered and swollen structure, and cytoplasmic
lipid droplets of different sizes. After resveratrol treatment,
liver cell morphology was improved and lipid droplets
were reduced (Figure 4A—C).

Hepatic TG content

Compared with the Con group, the liver TG content in the
HFD group was significantly increased, while the TG
content was decreased after resveratrol intervention
(Figure 4D). This was consistent with H&E staining
results. This indicated that resveratrol reduces hepatic

lipid deposition under insulin-resistant conditions.

Hepatic expression of insulin signaling

pathway proteins in mice

There was no difference in the total expression of Akt
(Figure 5A and B) and GSK-3p (Figure 5SA and D) pro-
teins between the three groups. However, the hepatic
phosphorylation levels of Akt and GSK-3f in HFD mice
were significantly decreased. After 12 weeks of resveratrol
treatment, hepatic levels of p-Akt (Ser473) (Figure 5A and
C) and p-GSK-3B (Ser9) (Figure 5SA and E) (these two

phosphorylation forms are active forms) were significantly
increased, indicating resveratrol improved insulin resis-
tance and increased glucose utilization.

Protein expression related to hepatic ERS
in mice

Hepatic expression levels of TRIB3 (Figure 6A and B) and
ATF-4 (Figure 6A and C) were significantly increased in the
HFD group compared with the control group, and resveratrol
reduced the expression levels of these two proteins. There
was no difference in total PERK protein expression between
the three groups (Figure 6A and D). The phosphorylation
level of PERK was higher in the HFD group than in the
control group, and the level was reduced after resveratrol
treatment (Figure 6A and E). Hepatic expression of ATF-6
was significantly lower in HFD mice compared with the
control group, and the resveratrol group had increased
expression levels of this protein (Figure 6A and F). These
findings suggested that the HFD enhanced ERS, which was
reduced by resveratrol.

Insulin resistant HepG2 cells

The glucose concentration in the medium was measured at
0, 12 and 24 hrs after administration of PA. At 0 and 12
hrs, there were no differences in the glucose concentra-
tions between the two groups. At 24 hrs, the glucose
concentration was significantly higher in the PA group
than in the control group (Figure 7A), suggesting that
insulin resistance was established in vitro.

Resveratrol proliferation/cytotoxicity test
The survival rate of the control group of cells was 91.34%.
After 24 hrs of treatment with 100, 50 and 20 uM resver-
atrol, the cell viability was 44.32%, 65.83% and 83.01%,
respectively (Figure 7B). These results suggested that high
concentrations of resveratrol had a cytotoxic effect on cells.

Insulin signaling pathway protein

expression in HepG2 cells

After 24 hrs of PA treatment, there was no significant
difference in Akt (Figure 8A and B) and GSK-3p (Figure
8A and D) among groups. The phosphorylation levels of
Akt (Figure 8A and C) and GSK-3fB (Figure 8A and E)
were significantly decreased in HepG2 cells. The phos-
phorylation level of Akt was not significantly increased in
the 100 and 50 uM resveratrol treated compared with
untreated PA group. Treatment with at 20 uM resveratrol
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Figure 3 Lipid profiles after resveratrol treatment. (A). Total cholesterol. (B). Triglyceride. (C). High-density lipoprotein. (D). Low-density lipoprotein. Data are presented
as the mean + SD (n=10). One-way ANOVA was used for statistical analysis followed by a post hoc least significant difference test or Tamhane’s multiple comparison test.

*#P<0.05 vs Con group. *P<0.05 vs HFD group.

Abbreviations: Con, control group; HDL, high-density lipoprotein; HFD, high-fat diet group; HFD + Rev, high-fat diet + resveratrol group; LDL, low-density lipoprotein;

TC, total cholesterol; TG, triglyceride.
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Figure 4 Hepatic lipid deposition after resveratrol group. (A—C). H&E staining of liver tissue after resveratrol treatment. (A) Con group had normal liver morphology. (B).
HFD group had a large number of lipid droplet vacuoles. (C). Group had less vacuoles compared with HFD alone. (D) Hepatic TG content after resveratrol treatment. One-
way ANOVA was used for statistical analysis followed by a post hoc least significant difference test. *P<0.05 vs Con group. #p<0.05 vs HFD group.

Abbreviations: Con, control group; HFD, high-fat diet group; HFD + Rev, high-fat diet + resveratrol group.

increased the p-Akt/total Akt ratio value (Serd73).
Compared with the PA group, the p-GSK-3p/total GSK-
3B ratio value was not significantly increased in the 100
UM resveratrol group and p-GSK-3f (Ser9) was increased

after 50 and 20 uM resveratrol treatment. The results
suggest that low, rather than higher concentrations of
resveratrol had beneficial effects on insulin signaling
pathways.
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Figure 5 Relative proteins expression of insulin signaling pathway after resveratrol treatment. (A). Protein bands of insulin signaling pathway molecules. (B-E).
Densitometric analysis of protein expression. (B). Akt. (C). p-Akt. (D). GSK-3p. (E). p-GSK-3p. Data are presented as the mean + SD (n=3). One-way ANOVA was
used for statistical analysis followed by a post hoc least significant difference test or Tamhane’s multiple comparison test. *P<0.05 vs Con group. *P<0.05 vs HFD group.
Abbreviations: Akt, protein kinase B; Con, control group; GSK-3, glycogen synthase kinase 3 beta; HFD, high-fat diet group; HFD + Rev, high-fat diet + resveratrol group.

ERS pathway protein expression in
HepG2 cells

Similar to findings from the animal model, the expres-
sion of ERS-related proteins was elevated in the PA
group compared with the control group, suggesting that
PA increased ERS. Different concentrations of resvera-
trol had different effects on ERS-related indicators. No
significant difference in PERK existed among three
groups (Figure 9A and D). Compared with the PA
group, 100 puM resveratrol increased the expression
levels of p-PERK (Figure 9A and E) and ATF-4
(Figure 9A and C), and decreased the expression of
ATF-6 (Figure 9A and F), while the expression of
TRIB3 (Figure 9A and B) did not change. Likewise,
50 pM resveratrol increased PERK phosphorylation
and ATF-4 levels in PA-treated cells. The expression
of other ERS indicators was not significantly different
in the PA groups with or without resveratrol treatment.
Compared with PA group with no resveratrol (or high
concentrations of resveratrol), the expressions levels of
p-PERK, ATF-4 and TRIB3

were significantly

decreased, and ATF-6 was significantly increased after
20 uM treatment, suggesting that lower concentrations
of resveratrol reduced ERS and had beneficial effects on
downstream pathways.

Discussion

In this study, although resveratrol failed to reduce body
weight and insulin levels of HFD fed mice, it lowered
blood glucose levels, and increased the QUICKI index
(used to assess insulin resistance), suggesting an improve-
ment in overall insulin sensitivity. There are several
mechanisms by which resveratrol regulates blood glucose
levels and improves insulin sensitivity. First, resveratrol
can activate the expression of Sirtl in vivo, which acts
downstream of energy deprivation and exerts beneficial
effects on glycemic control.'>** Second, glucose uptake
can be stimulated by resveratrol increasing the expression
level of glucose transporter 4.°' Third, resveratrol can
activate Akt expression, a well-known factor in the insulin
signaling.”> Fourth, resveratrol can activate AMP-

dependent protein kinase.*
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Figure 6 Relative proteins expression of endoplasmic reticulum stress pathway after resveratrol treatment. (A). Protein bands of endoplasmic reticulum stress pathway molecules.
(B—E). Densitometric analysis of protein expression. (B). TRIB3. (C). ATF-4. (D). PERK. (E). p-PERK. (F). ATF6. Data are presented as the mean * SD (n=3). One-way ANOVA was
used for statistical analysis followed by a post hoc least significant difference test or Tamhane’s multiple comparison test. *P<0.05 vs Con group. *P<0.05 vs HFD group.
Abbreviations: ATF-4, activating transcription factor 4; ATF-6, activating transcription factor 6; Con, control group; HFD, high-fat diet group; HFD + Rey, high-fat diet +
resveratrol group; PERK, protein kinase-like endoplasmic reticulum kinase; TRIB3, tribbles homolog 3.

A B
6.00- 120.00-
c
S = 9 »
© S 90.00{ g *
= o —_—
S Q 4.00 T . Y —|—
= @B Con T 60.004 *
o 3o -
S o
0] 0.00 0.00- ; .
.00- Qo » N N
N r{i}\ ‘1,59 ¢ '\QQQ bQQ (19\}

Figure 7 Establishment of insulin-resistant cell model and cell viability. (A). Establishment of insulin resistant of HepG2 cells. (B). Cell survival rate after 24 hrs of treatment
with different concentrations of resveratrol. One-way ANOVA was used for statistical analysis followed by a post hoc least significant difference test or Tamhane’s multiple
comparison test. Data are presented as the mean + SD (n=12). *P<0.05 vs Con group.

Abbreviations: Con, control group; PA, palmitic acid group; 100 pM, resveratrol 100 pM group; 50 pM, resveratrol 50 pM group; 20 pM, resveratrol 20 pM group.

In this study, resveratrol reduced serum cholesterol
levels in insulin-resistant mice, but did not significantly
affect other lipid profiles. There were some reported
differences in the effects of resveratrol on specific
blood lipids, which may relate to the subjects (humans

or animals), the dose of resveratrol and the duration of
treatment, and whether other hypoglycemic or lipid-
lowering drugs were used.?*?’

The liver is an insulin-sensitive organ, and hepatic

disorders of glucose and lipid metabolism may cause
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Figure 8 Relative protein expression of insulin signaling pathway in control, palmitic acid and different concentrations of resveratrol groups. (A). Protein bands of insulin
signaling pathway molecules. (B—E). Densitometric analysis of protein expression. (B). Akt. (C). p-Akt. (D). GSK-3p. (E). p-GSK-3p. Data are presented as the mean + SD
(n=3). One-way ANOVA was used for statistical analysis followed by a post hoc least significant difference test or Tamhane’s multiple comparison test. *P<0.05 vs Con group.

#P<0.05 vs PA group.

Abbreviations: Akt, protein kinase B; Con, control group; GSK-3p, glycogen synthase kinase 3 beta; PA, palmitic acid group; PA + Rev 100, palmitic acid + resveratrol 100
pM group; PA + Rev 50, palmitic acid + resveratrol 50 pM group; PA + Rev 20, palmitic acid + resveratrol 20 pM group.

various metabolic syndromes. Enhanced phosphorylation
of Akt, a central molecule for multiple signaling pathways,
promotes glycogen synthesis and glucose transport,
thereby enhancing the glucose pathway and lowering
blood glucose levels. Phosphorylation of Akt inhibits the
phosphorylation of GSK-3p (a direct substrate for Akt)
and increases its activity, thereby activating GS and pro-
moting glycogen synthesis. The relative hepatic expression
levels of p-Akt and p-GSK-3p to a certain extent represent
sensitivity. This study found increased hepatic Akt or GSK
phosphorylation ratiosin mice fed a HFD compared with
the group,
Resveratrol treatment for 12 weeks increased p-Akt activ-

normal suggesting insulin  resistance.
ity and decreased p-GSK-3p activity, indicating increased
in glucose utilization and an improvement in insulin
sensitivity.

The endoplasmic reticulum acts as an intracellular mem-

branous network structure, integrating cellular signaling and

homeostasis. Under conditions that cause ERS, such as
mutated or misfolded proteins, inhibited protein glycosylation,
glucose and energy deprivation, hypoxia, the unfolded protein
reaction (UPR) is activated.*® Physiologically, acute UPR can
counteract the adverse effects of ERS to maintain protein
homeostasis. When cellular homeostasis is not recovered in
a short period of time, long-term chronic UPR can cause
a series of pathological events and metabolic disorders through
various pathways. The ERS may involve excess nutrients,
lipid accumulation and insulin resistance and lead to long-
term disturbances in glucose and lipid homeostasis.?” In this
study, the expression of ATF-6 protein was significantly lower
in the mouse model of insulin resistance than in the control
group, while the ATF-4 and p-PERK protein levels were
significantly increased. The later may be inhibited by ATF-6,
triggering the PERK-ATF-4 pathway that causes stress in the
endoplasmic reticulum. After 12 weeks of resveratrol treat-
ment, hepatic ATF-6 expression increased, while ATF-4
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Figure 9 Relative protein expression of endoplasmic reticulum stress pathway in control, palmitic acid and different concentrations of resveratrol groups. (A). Protein bands
of endoplasmic reticulum stress pathway molecules. (B—F). Densitometric analysis of protein expression. (B). TRIB3. (C). ATF-4. (D). PERK. (E). p-PERK. (F). ATF6. Data
are presented as the mean * SD (n=3). One-way ANOVA was used for statistical analysis followed by a post hoc least significant difference test or Tamhane’s multiple

comparison test. *P<0.05 vs Con group. #p<0.05 vs PA group.

Abbreviations: ATF-4, activating transcription factor 4; ATF-6, activating transcription factor 6; Con, control group; PA, palmitic acid group; PA + Rev 100, palmitic acid +
resveratrol 100 pM group; PA + Rev 50, palmitic acid + resveratrol 50 pM group; PA + Rev 20, palmitic acid + resveratrol 20 pM group; PERK, protein kinase-like

endoplasmic reticulum kinase; TRIB3, tribbles homolog 3.

expression and PERK phosphorylation were reduced in the
insulin resistance model, indicating that resveratrol can relieve
ERS to some extent.

The molecule that links ERS and insulin signaling
pathway may be Tribble 3 (TRIB3), which is a serine/
threonine protein kinase found in Drosophila.”® Studies
have shown that TRIB3 inhibited Akt activity and caused
elevated blood glucose.?’ The ERS activates the ATF-4/
CHOP pathway at the transcriptional level to induce
TRIB3 expression, and TRIB3, in turn, acts as a negative
feedback regulator to inhibit the transcriptional activity of
CHOP** Our study showed that the expression level of
TRIB3 was significantly increased after a HFD or palmitic
acid treatment. Moreover, the expression level of TRIB3
decreased with resveratrol treatment, which increased
phosphorylated Akt activity in the insulin signaling path-
way to improve insulin sensitivity (Figure 10).

HepG2 is one of the earliest isolated and widely
used hepatic cell lines with a clear background and
stable phenotype/traits, it has been widely used in
metabolic diseases, such as insulin resistance or type
2 diabetes,’'*? so we used the HepG2 cell line for this
study. In the HepG2 cell model, different concentra-
tions of resveratrol had different effects on insulin
sensitivity and ERS-related indicators. Higher concen-
trations (100 and 50 uM) of resveratrol enhanced insu-
lin resistance and ERS.

A similar dose-dependent effect was observed with
the proliferation/cytotoxicity test. The administration of
100 and 50 puM resveratrol reduced viability to 44.32%
and 65.83%, respectively. Therefore, it is likely that
these cellular cytotoxic effects will enhance both insulin
resistance and ERS. In addition, there are many studies
reporting the effects of resveratrol on cancer, which may
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Figure 10 A schematic diagram Endoplasmic reticulum stress and insulin signaling pathway in insulin resistance.
Abbreviations: Akt, protein kinase B; ATF-6, activating transcription factor 6; ATF-4, activating transcription factor 4; GSK-3p, glycogen synthase kinase 3 beta; PERK,

protein kinase-like endoplasmic reticulum kinase; TRIB3, tribbles homolog 3.

be related to the cellular cytotoxicity of high doses. In
our studies, low dose of resveratrol (20 pM) or an
appropriate dose of resveratrol exerted a beneficial
effect on cells. It is suggested that we should further
explore the safe dose of resveratrol.

Conclusion

Resveratrol can reduce the degree of ERS to a certain
extent, thereby improving insulin sensitivity in the liver
and controlling glucose levels. However, the effective safe
dose of resveratrol needs further investigation.

Abbreviation list

Akt, protein kinase B; ATF-4, activating transcription factor
4; ATF-6, activating transcription factor 6; GSK-3p, glyco-
gen synthase kinase 3 beta; PERK, protein kinase-like endo-
plasmic reticulum kinase; TRIB3, tribbles homolog 3.
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