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Introduction

3,4',5-Trimethoxy-trans-stilbene ameliorates
hepatic insulin resistance and oxidative stress in
diabetic obese mice through insulin and Nrf2
signaling pathways+

Yi Tan,? Chunxiu Zhou,? Lingchao Miao,? Xutao Zhang,® Haroon Khan,® Baojun Xu*©
and Wai San Cheang (2 *?

Resveratrol has profound benefits against diabetes. However, whether its methylated derivative 3,4",5-tri-
methoxy-trans-stilbene (3,4',5-TMS) also plays a protective role in glucose metabolism is not character-
ized. We aimed to study the anti-diabetic effects of 3,4",5-TMS in vitro and in vivo. Insulin-resistant HepG2
cells (IR-HepG2) were induced by high glucose plus dexamethasone whilst six-week-old male C57BL/6J
mice received a 60 kcal% fat diet for 14 weeks to establish an obese diabetic model. 3,4',5-TMS did not
reduce the cell viability of IR-HepG2 cells at concentrations of 0.5 and 1 pM, which enhanced the capa-
bility of glycogen synthesis and glucose consumption in IR-HepG2 cells. Four-week oral administration of
3,4'5-TMS at 10 mg kg™ day™* ameliorated insulin sensitivity and glucose tolerance of diet-induced
obese (DIO) mice. 3,4',5-TMS activated the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)
pathway by inhibiting phosphorylation of insulin receptor substrate (IRS)-1 at Ser307 and increasing the
protein levels of IRS-1 and IRS-2 to restore the insulin signaling pathway in diabetes. 3,4',5-TMS also upre-
gulated the phosphorylation of glycogen synthase kinase 3 beta (GSK3p) at Ser9. 3,4',5-TMS suppressed
oxidative stress by increasing the protein levels of nuclear factor erythroid 2-related factor 2 (Nrf2), heme
oxygenase-1 (HO-1) and NAD(P)H : quinone oxidoreductase 1 (NQO1) and antioxidant enzyme activity. In
summary, 3,4',5-TMS alleviated hepatic insulin resistance in vitro and in vivo, by the activation of the
insulin signaling pathway, accomplished by the suppression of oxidative stress.

cause of death in humans and puts pressure on the healthcare
system and social economy.® Insulin resistance is character-

According to the World Health Organization statistics, over
400 million people are suffering from diabetes mellitus world-
wide and the morbidity has a youth-oriented tendency. Type 2
diabetic mellitus (T2DM) is a chronic metabolic disease and is
often linked to unhealthy lifestyles, such as high consumption
of fat and a sedentary lifestyle," accounting for about 90% of
diabetes cases.” High blood glucose levels and insulin resis-
tance are fundamental features of T2DM, which is a leading
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ized as a state in which cells in the liver, muscle and fat
become less sensitive to insulin and insulin cannot produce
normal biological effects. In insulin resistance, insulin signal-
ing in the liver is blocked, resulting in liver function impair-
ment, inhibition of hepatic glycogen synthesis, and increased
gluconeogenesis.” At the same time, impaired insulin signal-
ing normally disrupts lipid metabolism, resulting in reduced
lipid storage capacity in adipocytes, increased lipid break-
down, and elevated levels of free fatty acids (FFAs) in plasma
and tissue.” Taken together, T2DM is related to obesity, fatty
liver, cardiovascular disease, etc., because of a high level of
blood glucose and ectopic lipid accumulation.®™®
Phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)
signaling plays a crucial role in insulin signal transduction,
mediated by insulin receptor substrate (IRS)-induced serine
and/or threonine phosphorylation.” This pathway promotes
glycogen synthesis and reduces hepatic gluconeogenesis by
regulating downstream proteins such as glycogen synthase
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kinase-3 beta (GSK3B) and Forkhead box-O1 (FOXO1).'°
Insulin resistance in the liver correlates with the abundance
status of IRS1 and IRS2, which complement each other during
metabolism.""'*> Ser307 phosphorylation of IRS1 impairs
PI3K/Akt signaling to block insulin signaling by reducing
coupling between IRS1 and the insulin receptor as well as the
P85 domain of PI3K.">'* On the other side, reactive oxygen
species (ROS) production is stimulated by high levels of
glucose and FFAs in diabetes.'®> ROS generation mainly occurs
within mitochondria and the liver is a mitochondria-rich site,
thus inducing hepatic oxidative stress.'®!” Oxidative stress
damages proteins, lipids and DNA, induces cell apoptosis and
endoplasmic reticulum (ER) stress, and thereby exacerbates
insulin resistance.'® The nuclear factor erythroid 2-related
factor 2 (Nrf2), an important mediator for the antioxidant
defense mechanism, protects organs and cells from damage
by oxidative stress in diabetes."®'® Nrf2 is a key downstream
target of the PI3K/Akt pathway, which promotes Nrf2 dis-
sociation from Kelch-like ECH-associated protein 1 (Keap1) to
translocate into the nucleus.'® Next, Nrf2 initiates the tran-
scription of a series of downstream genes, including heme oxy-
genase-1 (HO-1) and NAD(P)H:quinone oxidoreductase 1
(NQO1), thereby triggering crucial cellular processes including
the antioxidant response, detoxification metabolism, and cel-
lular repair.’® A lack of Nrf2 or decreasing Nrf2 is connected
with insulin secretion and resistance.”®*! The redox-sensitive
signaling system is considered as an important target for anti-
diabetes therapy.>*

Resveratrol, a natural compound found in various plants,
including red wine, grape skins, blueberries, and other fruits
and nuts, is a polyphenolic compound with potential health
benefits, such as anticancer, cardioprotective, neuroprotective,
and antioxidant properties.>*>* However, there are shortcom-
ings in the pharmacokinetic profile of resveratrol, including
low bioavailability and a short half-life, necessitating frequent
intake or administration for sustained effects. Additionally, the
low solubility of resveratrol may affect its dissolution and
stability in formulations.>® Structural modifications can
improve the properties of compounds. Methoxy substitution
of the hydroxyl group in resveratrol has been shown in pre-
vious studies to enhance bioavailability and stability, modu-
late pharmacological activity, and improve physicochemical
properties, providing a foundation for the development of
safer and more effective treatment methods and medi-
cations.”® As a methoxy derivative of resveratrol, 3,4',5-tri-
methoxy-trans-stilbene (3,4',5-TMS) shows enhanced plasma
levels, lower systemic clearance and prolonged half-life,
addressing the limitations of resveratrol in pharmacoki-
netics.”” It is known to possess potent anti-inflammatory,
antioxidant, anticancer, and protective
activities.”®** However, there are very few studies on this
compound in diabetes. Herein, our present study aimed to
explore the anti-diabetic effect and the underlying mecha-
nism of 3,4,5-TMS in insulin-resistant HepG2 cells
(IR-HepG2) induced by high glucose plus dexamethasone
(DXMS) and in high-fat diet-induced obese (DIO) mice.

vascular
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Materials and methods
Chemicals and reagents

Dimethyl sulfoxide (DMSO) was obtained from Hangzhou
Fude Biological Technology Co. Ltd (Zhejiang, Hangzhou,
China), while ethanol, sodium chloride (NaCl), potassium
chloride (KCl), dibasic sodium phosphate (Na,HPO,) and pot-
assium dihydrogen phosphate (KH,PO,) were purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Dexamethasone (DXMS), p-glucose (>99.5%), tris(hydroxy-
methyl)aminomethane (Tris), Tween® 20 detergent and
sodium carboxymethyl cellulose (CMC-Na) were obtained
from Sigma-Aldrich (St Louis, MO, USA). 3,4',5-TMS (purity >
98%) was acquired from Tokyo Chemical Industry Co., Ltd
(Tokyo, Japan). Reagents for preparing SDS-PAGE gels were
acquired from Bio-Rad (Hercules, CA, USA): N,N,N',N' tetra-
methylethylene-diamine (TEMED), ammonium persulfate
(APS), 30% acrylamide/bis solution, 1.5 M Tris-HCI (pH 8.8),
10% SDS Solution, 0.5 M Tris-HCl (pH 6.8), and isopropyl
alcohol.

HepG2 cell culture and drug treatments

HepG2 cells were acquired from the Chinese Academy of
Sciences (Shanghai, China). The cells were cultured with low-
glucose Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), penicillin-
streptomycin, and non-essential amino acids (NEAAs) which
were obtained from Gibco (Carlsbad, CA, USA). The cells were
maintained at 37 °C in a 5% CO, humidified incubator. An
insulin resistant cell model was triggered by a combination of
DXMS and high glucose as previously reported.’*** DXMS
exacerbates the onset of insulin resistance and oxidative stress
in a hyperglycemic environment by interfering with insulin
signaling and impairing mitochondrial function.*® HepG2
cells were pretreated with DXMS (30 uM, dissolved in ethanol)
and bp-glucose (50 mM final concentration) for 48 h.
Thereafter, the experimental groups were treated with different
concentrations of 3,4',5-TMS (0.5 and 1 pM) for 16 h. The
group not treated with DXMS, p-glucose and 3,4',5-TMS served
as the control.

Cell viability assay

The cytotoxic effect of 3,4',5-TMS on HepG2 cells was
measured by the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetra-
zolium bromide (MTT) assay; the MTT reagent was obtained
from Sigma-Aldrich (St Louis, MO, USA). According to the
manufacturer’s instructions, HepG2 cells (7 x 10> cells per
well) were seeded on 96-well culture plates and cultured over-
night. Then the cells were incubated with different concen-
trations of 3,4,5-TMS (0.5, 1, 2.5, 5, 10, 25, and 50 uM) for
48 h. At the same time, the effect of solvent DMSO was tested.
A group with no treatment served as the control. After incu-
bation, the cells were refreshed with 10% MTT-containing
medium at 37 °C for 3 h. At last, the supernatants were dis-
carded and 150 puL of DMSO was added to each well to dissolve
the formazan crystals by shaking the culture plate for 30 min.
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The absorbance was read at 570 nm using a SpectraMax
M5 microplate reader (Molecular Devices, Silicon Valley, CA,
United States). The relative cell viability was calculated as the
percentage of the control group.

Glucose consumption assay

The effect of 3,4',5-TMS on glucose consumption potency was
determined using a glucose assay kit, which was obtained
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
Jiangsu, China). 6-Well culture plates were used to seed and
culture HepG2 cells overnight with a density of 7 x 10° cells
per well. The cells were administered DXMS plus p-glucose for
48 h as well as different concentrations of 3,4',5-TMS (0.1, 0.5
and 1 pM) for 16 h. According to the manufacturer’s instruc-
tions, the supernatants were collected and their glucose con-
centrations were measured using the kit. The absorbance at
505 nm was detected with a microplate spectrophotometer.
The result was calculated as below: glucose consumption =
glucose concentration of blank - glucose concentration of each
treatment group.

Glycogen synthesis assay

The effect of 3,4',5-TMS on the glycogen synthesis ability was
determined using a glycogen assay kit (Nanjing Jiancheng,
Nanjing, Jiangsu, China). HepG2 cells were cultured and
treated with 3,4',5-TMS (0.5 and 1 uM) in 6-well culture plates
as previously described. According to the manufacturer’s
instructions, the cells were collected and their intracellular gly-
cogen contents were detected using the kit. The absorbance at
620 nm was detected with a microplate spectrophotometer.

Determination of the reactive oxygen species (ROS) level

The intracellular ROS of HepG2 cells was determined by 5-
(and-6)-chloromethyl-2',7"-dichlorodihydrofluorescein diacetate
acetyl ester (CM-H,DCFDA) that was acquired from Invitrogen
(Carlsbad, CA, USA). HepG2 cells (5 x 10" cells per well) were
seeded on 24-well culture plates and cultured overnight. After
treatment with DXMS, p-glucose and different concentrations of
3,4',5-TMS, the cells were washed with PBS. Incubating with
normal physiological saline solution (NPSS) that contained
10 pM CM-H,DCFDA at 37 °C for 30 min in the dark, the fluo-
rescence images were captured using a Leica-DMIi8 inverted fluo-
rescence microscope (Leica Microsystems, Wetzlar, Germany) at
488/525 nm (excitation/emission). The fluorescence intensity of
CM-H,DCFDA was quantified using Image] software (National
Institutes of Health, Bethesda, MD, USA).

Diet-induced obese model and 3,4',5-TMS treatments

Six-week-old male C57BL/6] mice (n = 18) were housed under
controlled conditions with a temperature of 22-24 °C and a
12 h light/dark cycle, and were assigned to three different
dietary groups (n = 6 per group). All animal experiments were
performed in compliance with the ‘Animal Research:
Reporting In Vivo Experiments’ (ARRIVE) 2.0 guidelines and
approved by the Animal Research Ethics Committee of
University of Macau (approval number UMARE-024-2021). A
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diet-induced obese (DIO) model was established by receiving a
fat-diet containing 60 kcal% fat (D12492, Research diets,
Sysebio, China) for 14 weeks. Oral administration of suspend-
ing agents CMC-Na (vehicle) and 3,4',5-TMS at 10 mg per kg
body weight were supplied daily to DIO mice by gavage for the
last four weeks. A standard-chow diet was given to the control
mice with the administration of vehicle for 4 weeks.

Blood glucose measurements

The oral glucose tolerance test (OGTT) was performed in all
groups of mice after 6 h of fasting. The mice were gavaged
with glucose solution (1.2 g per kg body weight, Sigma-Aldrich,
St Louis, MO, USA). Blood samples were collected from the
caudal vein of mice and blood glucose concentrations were
analyzed at 0, 15, 30, 45, 60, 90 and 120 min using a commer-
cial glucometer (Jiangsu Yuyue Medical Equipment and
Supply Co., Ltd, Shanghai, China). For the insulin tolerance
test (ITT), the mice were fasted for 2 hours and then intra-peri-
toneally injected with 0.5 U per kg body weight insulin that
was acquired from Sigma-Aldrich (St Louis, MO, USA). The
blood glucose concentrations were measured at the same time
point as the OGTT.

Biochemical analysis in plasma and the liver

Mice were sacrificed by CO, asphyxiation after chronic treat-
ment. Blood samples were collected from the inferior vena
cava of mice into prechilled heparin-coated microcentrifuge
tubes, followed by centrifugation at 3000 rpm at 4 °C for
10 min to obtain the plasma. The levels of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) in plasma
were determined using Nanjing Jiancheng kits (Nanjing,
Jiangsu, China, C009-2-1 and C010-2-1). The levels of total
cholesterol and triglyceride in plasma were determined by enzy-
matic methods using the cholesterol assay kit and triglyceride
assay Kkit, respectively (Stanbio Laboratory, Boerne, TX, USA).
Plasma high-density lipoprotein cholesterol (HDL-C) and low-
density lipoprotein cholesterol (LDL-C) concentrations were
measured using Nanjing Jiancheng kits (Nanjing, Jiangsu, China,
A112-1-1 and A113-1-1). The whole liver was isolated from indi-
vidual mouse and weighed. 10% mice liver homogenate with
normal saline solution was prepared in an ice-water bath. The
superoxide dismutase (SOD) and catalase (CAT) activities of the
liver samples were detected by SOD and CAT assay kits (Nanjing
Jiancheng, Nanjing, Jiangsu, China, A001-3-2 and A007-1-1). Liver
levels of malondialdehyde (MDA) were evaluated using the MDA
assay kit (Nanjing Jiancheng, Nanjing, Jiangsu, China, A003-1-2).
The liver glycogen contents were measured using a glycogen
assay kit (Nanjing Jiancheng, Nanjing, Jiangsu, China, A043-1-1).
A SpectraMax M5 microplate reader (Molecular Devices, Silicon
Valley, CA, United States) was used to read the absorbance at the
appropriate wavelength according to the instructions of the assay
kits.

Histological examination

The fixed mouse liver paraffin sections (4 pm) were stained
with hematoxylin and eosin (H&E) and Oil Red O. The areas of

This journal is © The Royal Society of Chemistry 2024
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Oil Red O staining in captured images were determined and
quantified using Image-Pro Plus software (Media Cybernetics,
Silver Spring, Md, USA). The glycogen content of the liver was
examined by Periodic  Acid-Schiff (PAS) staining.
Histopathological changes were visualized under 200x magni-
fication using microscopy.

Western blot assay

The treated HepG2 cells and liver samples isolated from mice
after chronic treatments were lysed on ice with RIPA lysis
buffer containing 1% Protease Inhibitor Cocktail and 1% phe-
nylmethanesulfonyl fluoride (PMSF), both of which were
obtained from Beyotime Biotechnology (Shanghai, China).
Subsequently, lysates were centrifuged at 15000 rpm for
30 min at 4 °C to collect supernatants. The BCA Protein assay
kit (Beyotime, Shanghai, China) was used to measure the total
protein contents. Equal concentrations (15 pg) of total proteins
separated using 8-10% SDS-PAGE gels (Bio-Rad,
Hercules, CA, USA) and electrotransferred onto a polyvinyli-
dene difluoride (PVDF) membrane (Millipore, Billerica, MA,
USA). Nonfat milk powder (5%, Bio-Rad, Hercules, CA, USA) in
Tris-buffered saline Tween (TBST) solution was utilized for
blocking the membranes at room temperature. The mem-
branes were incubated overnight with the appropriate primary
antibodies at 4 °C. After washing 3 times with 1x TBST, the
membranes were incubated with anti-rabbit or anti-mouse sec-
ondary antibodies for 2 h at room temperature. After washing
3 times with 1x TBST, protein bands were detected by
enhanced chemiluminescence (ECL) detection solutions
(Thermo Fisher, Waltham, MA, USA) using a ChemiDoc MP
Imaging System (Bio-Rad, Hercules, CA, USA). Quantification
of target protein levels was calculated using Image Lab (Bio-
Rad, Hercules, CA, USA). The primary antibodies against
GAPDH, IRS1, IRS2, p-IRS1 (Ser307), Akt, p-Akt (Ser 473), PI3K,
GSK3, p-GSK3p (Ser9), HO-1 and NQO1 were obtained from
Cell Signalling Technology (Danvers, MA, USA); while Nrf2 was
acquired from Beyotime Biotechnology (Shanghai, China). The
secondary anti-rabbit antibodies and anti-mouse antibodies
were obtained from Cell Signalling Technology (Danvers, MA,
USA).
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Statistical analysis

In this study, all the data were presented as mean + S.E.M
from three or more independent experiments. Differences
between groups were analyzed using one-way analysis of var-
iance (ANOVA) and Tukey’s post hoc test with GraphPad Prism
(GraphPad Software Inc., La Jolla, CA, USA). A p value < 0.05
was considered statistically significant difference.

Results

3,4',5-TMS improves glucose consumption and glycogen
synthesis in IR-HepG2 cells

The cytotoxicity of 3,4,5-TMS on HepG2 at different concen-
trations (0.5-50 pM for 48 h) was evaluated by the MTT assay.
The results showed that 3,4’,5-TMS had no observable toxic
effects on HepG2 cells at low concentrations (0.5 and 1 pM)
and 3,4',5-TMS even slightly increased the cell viability of
HepG2 cells at 0.5 pM. However, the cell viability significantly
decreased at concentrations from 2.5 to 50 pM (Fig. 1A).
Besides, the DMSO solvent at the same volume of 3,4',5-TMS
added did not affect the cell viability of HepG2 cells. Thus, the
non-toxic concentrations of 3,4',5-TMS at 0.5 and 1 pM were
chosen for later experiments in this study.

To explore the potential effect of 3,4’,5-TMS on glucose con-
sumption in IR-HepG2 cells, the glucose assay kit was used to
measure the glucose concentration of cell culture super-
natants. The concentration of glucose consumption of cells
was obtained by subtracting the glucose concentration of
medium with different treatments from the glucose concen-
tration in the blank medium. As elucidated by the assay kit,
HG and DXMS-treatment significantly decreased the glucose
consumption of HepG2 cells as compared with the control
group (Fig. 1B). 3,4,5-TMS appeared to reverse the effect of
high glucose and DXMS in HepG2 in a dose-dependent
manner. In particular, 1 pM 3,4',5-TMS significantly increased
the glucose concentration of IR-HepG2 to a level comparable
with control.

The results in Fig. 1C demonstrated that high glucose-
DXMS treatment significantly reduced the intracellular glyco-
gen content of IR-HepG2 cells as compared to control; and gly-
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Fig. 1 3,4',5-TMS improves glucose consumption and glycogen synthesis in high glucose-induced insulin resistant (IR)-HepG2 cells. (A) Cell viability
in the HepG2 cells upon treatment with different concentrations of 3,4',5-TMS for 48 h. (B) Glucose consumption and (C) glycogen content in
IR-HepG2 cells pre-treated with high glucose (50 mM) plus dexamethasone (DXMS, 30 pM) for 48 h and treated with 3,4’,5-TMS for another 16 h.
Values are the means + SEM (n = 3); * p < 0.05 vs. control; # p < 0.05 vs. DXMS + glucose.
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cogen synthesis was dose-dependently increased by 3,4',5-TMS
at 0.5 and 1 pM.

3,4',5-TMS activates the IRS/PI3K/Akt insulin signaling
pathway in IR-HepG2 cells

The western blotting assay was performed to study the action
mechanism underlying the anti-diabetic activities of 3,4',5-
TMS. The IRS/PI3K/Akt pathway which plays a central role in
insulin signaling was examined. In IR-HepG2 cells, the phos-
phorylation of IRS1 at Ser307 was up-regulated by the treat-
ment of high glucose and DXMS; and such an increase was
restored by 3,4',5-TMS at 0.5 and 1 pM to a level comparable to
control (Fig. 2A and B). At the same time, the protein levels of
IRS1 and IRS2 were attenuated in IR-HepG2 cells. Conversely,
3,4',5-TMS (1 uM) counteracted the effects of high glucose and
DXMS to a level comparable with control (Fig. 2A, C and D).
The PI3K/Akt signaling pathway was suppressed by the treat-
ment of high glucose and DXMS: downregulated PI3K
expression and reduced phosphorylation of Akt (p-Akt) at
Ser473. These changes were remarkably prevented by 1 uM
3,4',5-TMS while a lower concentration (0.5 pM) of 3,4',5-TMS
showed a moderate effect (Fig. 2A, E and F). To further explore
the role of 3,4',5-TMS in glycogen synthesis, western blot was
performed to identify the protein level of total GSK3p and
phosphorylation of GSK3p (p-GSK3p) at Ser9. Compared with
the control group, high glucose-DXMS treatment significantly
diminished p-GSK3p expression in HepG2 cells; and such
reduction was reversed by 3,4',5-TMS at 1 pM (Fig. 2A and G).
The effect of 3,4',5-TMS at 0.5 uM on the expression of
pP-GSK3p was not statistically significant.

3,4',5-TMS alleviates oxidative stress by upregulating Nrf2
signaling

There is a tight linkage between IR and oxidative stress. The
ROS generation of different groups was evaluated by
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CM-H2DCFDA to investigate the antioxidant capacity of 3,4',5-
TMS. In IR-HepG2 cells, the fluorescence intensity was stron-
ger than in the control group, and the elevated ROS level was
significantly reduced by 3,4',5-TMS at both concentrations of
0.5 and 1 puM (Fig. 3A and B). Additionally, 3,4,5-TMS
increased the expression of Nrf2 and downstream proteins
HO-1 and NQO1 in HG and DXMS-induced IR-HepG2 cells
(Fig. 3C and D). All these results supported the antioxidant
capacity of 3,4',5-TMS.

Chronic 3,4',5-TMS treatment improves blood glucose
tolerance and the lipid profile in DIO mice

Based on the positive findings in vitro, we treated the DIO
mice with 3,4',5-TMS at 10 mg kg™" day ™" for 4 weeks by oral
gavage to investigate its effect in vivo. To examine the improve-
ment of 3,4',5-TMS treatment in metabolic disturbance, several
important basic metabolic parameters were tested. The
chronic 3,4',5-TMS treatment to DIO mice had no effects on
the body weight (Fig. 4A). The results of the oral glucose toler-
ance test (OGTT) and insulin tolerance test (ITT) presented in
(Fig. 4B and C) showed that the sensitivities of glucose and
insulin were diminished in DIO mice. These results together
with the elevated fasting blood glucose indicated that at the 0
time point of OGTT (more than 11 mM) DIO mice developed
diabetes. Oral administration of 3,4',5-TMS did not alter the
fasting blood glucose level but significantly improved glucose
tolerance and insulin sensitivity in obese and diabetic mice.
Compared with the control lean mice, chronic intake of a
high-fat diet resulted in elevated plasma levels of total chole-
sterol (Fig. 4D), triglyceride (Fig. 4E) and LDL-C (Fig. 4F)
whereas the level of HDL-C was not altered (Fig. 4G). 3,4',5-
TMS treatment effectively lowered the triglyceride level but the
decreases in total cholesterol and LDL-C were insignificant.
Besides, 3,4',5-TMS administration increased the plasma level
of HDL-C in DIO mice.
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3,4',5-TMS treatment ameliorates fatty liver in DIO mice

3,4',5-TMS did not affect the liver weight (Fig. 5A). The plasma
ALT and AST contents and the histopathological manifes-
tations of liver tissue were determined to evaluate the effect of
3,4',5-TMS on liver damage in diabetes and obesity. The liver

This journal is © The Royal Society of Chemistry 2024

function of DIO mice was impaired, as evidenced by signifi-
cantly increased ALT and AST in plasma (Fig. 5B and C). 3,4',5-
TMS ameliorated liver function as suggested by decreased
levels of ALT and AST. Consistent with the above data, the liver
segments from normal mice showed the regular structure of
hepatocytes and the hepatic lobule. The cells are compactly
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arranged and their structure is clear and intact (Fig. 5D). In
contrast, the liver cells in the vehicle-treated obese mice were
cloudy swelling and loosely arranged with vacuolization of the
cytoplasm present. These histopathological changes in liver
tissue were reversed by the treatment of 3,4',5-TMS in DIO
mice. Oil Red O staining showed that hepatic lipid accumu-
lation was increased in obesity, which was suppressed by
3,4',5-TMS treatment (Fig. 5E and F).

3,4',5-TMS activates insulin signaling in the livers of DIO mice

To confirm the mechanism of action of 3,4',5-TMS in vivo,
protein levels of the IRS/PI3K/Akt pathway, including IRS1,
IRS2, p-IRS1 at Ser307, PI3K, Akt, p-Akt at Ser473, p-GSK3p at
Ser9 and GSK3p, were determined by western blot. In the livers
of DIO mice, the protein levels of IRS1 and IRS2 were down-
reregulated, accompanied by up-regulated phosphorylation of
IRS1 at Ser307 (Fig. 6A-D). Such changes were significantly
reversed by 3,4',5-TMS treatment. The downstream expression
of PI3K (Fig. 6E) and phosphorylation of Akt at Ser473 (Fig. 6F)
were down-regulated. All these changes suppressed insulin
signal transduction. Chronic 3,4,5-TMS treatment reversed
these changes, implying the activation of insulin signaling.

3002 | Food Funct, 2024, 15, 2996-3007

3,4',5-TMS exerted a minor but insignificant effect in increas-
ing PI3K expression.

As a substrate for Akt and a mediator of glycogen synthesis,
GSK3p is inactivated upon phosphorylation at Ser9.
Phosphorylation of GSK3f at Ser9 was down-regulated in DIO
mice, which was increased by 3,4’,5-TMS treatment to a level
comparable to lean control mice (Fig. 6G). PAS staining and a
glycogen assay kit were used to further evaluate the effect of
3,4',5-TMS on the hepatic glycogen synthesis ability in
different treated mice. The area of PAS staining (magenta
color) was decreased in DIO mice, showing that consumption
of high-fat diet inhibited glycogen synthesis and storage
capacity of the livers of mice (Fig. 6H). The glycogen assay kit
also presented results consistent with PAS staining: glycogen
concentrations in the livers of DIO mice were lower than those
in control mice (Fig. 6I). Significantly, 3,4',5-TMS treatment for
4 weeks mitigated these changes.

3,4',5-TMS suppresses oxidative stress in the liver by
upregulating Nrf2

A close association has been shown among oxidative stress,
insulin resistance and liver injury, as described previously. The

This journal is © The Royal Society of Chemistry 2024
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CAT and SOD activities of the liver were decreased whilst the
MDA level was increased in DIO mice (Fig. 7A-C). Chronic
3,4',5-TMS treatment protected the liver from these effects
induced by the long-term high-fat diet intake. Furthermore,
the protein level of Nrf2 was significantly suppressed in the
livers of DIO mice, which was restored by 3,4',5-TMS to a com-
parable level with the control (Fig. 7D).

Discussion

The current study examined the anti-diabetes potential of
3,4',5-TMS, and explored the mechanism modulating glucose
homeostasis and oxidative stress in hepatic insulin resistance
by using HG and DXMS-stimulated IR-HepG2 cells and DIO
mice. The following findings were obtained in vitro and in vivo:
(1) 3,4',5-TMS treatment significantly improved the hepatic
glucose metabolism through promoting glucose consumption
and glycogen synthesis; (2) 3,4',5-TMS treatment maintained
glycemic sensing and insulin signaling by activating the IRS/
PI3K/Akt pathway; and (3) 3,4',5-TMS treatment protected the
liver from oxidative stress induced by a high glucose and high-
fat diet through Nrf2 activation of its downstream pathways.
Type 2 diabetes is a common chronic metabolic disease
marked by insulin resistance and high blood glucose levels.
Traditional treatments include oral medications, insulin injec-

This journal is © The Royal Society of Chemistry 2024
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tions, and lifestyle changes. However, these approaches face
challenges in long-term blood sugar control and complication
prevention, such as drug tolerance, side effects, and individual
differences.>® Safe and effective potential compounds for
improving diabetes are being explored. Resveratrol has been
extensively studied and well reported.*®*” However, because of
the hydrophobic scaffolds of polyphenols, oral administration
of resveratrol has a very low bioavailability and a very short
half-life in the circulatory system of humans.*®**° In recent
years, 3,4',5-TMS, as a natural methoxy derivative of resveratrol,
has become a strong candidate for anticancer with superior
pharmacokinetic characteristics.>> Therefore, the anti-diabetic
effects of 3,4',5-TMS were investigated for the first time in this
study. The current study showed that 3,4',5-TMS at concen-
trations from 2.5 to 50 uM significantly lowered the cell viabi-
lity of HepG2 cells, which might be attributed to the anti-
tumor potency of this resveratrol derivative. Low concen-
trations (0.5 and 1 pM) of 3,4',5-TMS had no effect on cell via-
bility. In the present study, oral administration of 3,4',5-TMS at
10 mg per kg body weight daily for 4 weeks was safe for mice.

In T2DM, insulin resistance results in inhibition of the
PI3K/Akt pathway which plays a central role in the mechanism
of insulin transduction.® In healthy individuals, the pancreas
secretes insulin in response to the elevated blood glucose after
eating. Then, insulin binds with the insulin receptor and
recruits IRS proteins to trigger the intracellular PI3K/Akt sig-
naling cascade, regulating glucose uptake, glucose synthesis,
gluconeogenesis, protein synthesis, cell growth and
differentiation.’®*' Notably, insulin resistance in the liver is
related to the abundance and phosphorylation status of IRS1
and 1IRS2, which complement each other during
metabolism.**™** Our results agreed well with previous studies
wherein the expressions of IRS1 and IRS2 were decreased in
the livers of diabetic mice, accompanied by the down-regu-
lation of PI3K.*> Another inhibition in insulin signaling
involves the phosphorylation of IRS-1 at Ser307 by JNK acti-
vation.*® Qur in vitro and in vivo results supported that 3,4',5-
TMS regulated the IRS/PI3K/Akt pathway to potentially
improve insulin resistance in diabetes.

In the liver, insulin activates glycogen synthesis and glycoly-
sis and inhibits gluconeogenesis to reduce blood glucose
concentration.?”*® The regulation of glucose consumption and
hepatic glycogen synthesis by IRS/PI3K/Akt signaling requires
further regulation of downstream proteins.*® GSK3 is inacti-
vated by IRS/PI3K/Akt signaling-induced phosphorylation, and
this inactivation subsequently reduces the inhibitory phos-
phorylation of glycogen synthase (GS), activating GS and
thereby promoting glycogen synthesis.’® Hepatic p-GSK3f
expression was dramatically decreased in diabetes, consistent
with the results reported by Chen et al>' In this study, we
found that 3,4',5-TMS was effective to normalize the blood
glucose level by increasing the glucose consumption and glyco-
gen synthesis with activated IRS/PI3K/Akt signaling and
enhanced serine phosphorylation of GSK3p, improving insulin
sensitivity and glucose tolerance in vivo. The results obtained
from PAS staining and using the glycogen assay kit provided
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additional evidence supporting the therapeutic potential of
3,4',5-TMS in the restoration of hepatic glycogen synthesis
under conditions of insulin resistance.

Obesity and T2DM are closely related to each other.
Chronic intake of a high-fat diet induces the development of
diabetes, which is generally accompanied by obesity, increas-
ing triglyceride and cholesterol productions.>® T2DM patients
commonly receive more risk of hyperlipidemia and fatty
liver.>®> Meanwhile, insulin resistance causes blood glucose
regulation disorders and lipid metabolism abnormalities.
High levels of glucose and lipid accumulation will increase the
burden on mitochondria to induce excessive generation of
ROS, leading to oxidative stress and lipid peroxidation in the
liver.**>> Oxidative stress causes liver damage through various
mechanisms, including DNA damage, lipid peroxidation,
protein oxidation, mitochondrial dysfunction, inflammatory
response, and fibrosis.”®®” These processes interact synergisti-
cally, creating a detrimental cycle that results in liver cell
damage, heightened inflammatory response, and fibrosis pro-
gression. In the context of T2DM, the PI3K/Akt pathway is
known to perform a key role in activating Nrf2 in response to
oxidative stress.”® % It facilitates the dissociation of Nrf2 from
Keap1, safeguarding Nrf2 from degradation. Simultaneously, it
enhances the stability of Nrf2 and enables its translocation
into the nucleus. In the nucleus, Nrf2 binds to the antioxidant
response element (ARE) sequence, initiating the transcription
of the downstream antioxidant and detoxification genes.®* The
Akt/GSK3B pathway influences Nrf2 activation.’>®® Therefore,
impaired PI3K/Akt/GSK3p signaling negatively affects the Nrf2-
mediated antioxidant response, leading to increased oxidative
stress in the liver. In this study, the expression of Nrf2 was sig-
nificantly down-regulated in liver tissues from T2DM mice and
high glucose-induced IR-HepG2 cells, in line with previous
studies.’®®> Resveratrol is demonstrated as an Nrf2 activator to
increase the expression level of Nrf2 and has a potent anti-
oxidant activity.®®®” Consistently, our study showed that 3,4’,5-
TMS protected the liver from oxidative stress damage by
improving blood lipids and fatty liver, and reducing ROS levels
via increasing Nrf2 expression which in turn induces the
expression of downstream antioxidant factors, including HO-1,
NQO1, CAT, and SOD. These enzymes collectively contribute to
cellular antioxidant defense and provide protection against
oxidative stress. At the same time, 3,4',5-TMS diminished
pathological changes of liver tissues, reducing fat accumu-
lation in the livers of DIO mice. 3,4',5-TMS effectively con-
trolled oxidative stress and provided adequate antioxidant
defense to protect the liver in T2DM.

Conclusions

The present study provides novel findings regarding the
remarkable protective effect of 3,4,5-TMS in response to
T2DM. The results demonstrate that 3,4',5-TMS exerts its ben-
eficial effects by counteracting hepatic insulin resistance and
oxidative stress, as shown through studies conducted in DXMS

This journal is © The Royal Society of Chemistry 2024
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and high glucose-induced IR-HepG2 cells in vitro and in a
high-fat diet-induced obese diabetic mouse model in vivo.
Notably, the compound activates key signaling pathways,
including the IRS/PI3K/Akt and Nrf2/NQO1/HO-1 pathways,
thus supporting its great potential as a therapeutic interven-
tion for metabolic disorders in T2DM in various ways.
Addressing the limitations of resveratrol, these findings high-
light the broad prospects of 3,4’,5-TMS in improving T2DM,
filling the research gap on 3,4',5-TMS in T2DM. This finding is
beneficial for expanding the scope for improving diabetes and
providing new strategies for drug development.
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