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Resveratrol metabolites ameliorate insulin
resistance in HepG2 hepatocytes by modulating
IRS-1/AMPK+
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Resveratrol (trans-3,5,4’-trinydroxystilbene, RSV), a naturally occurring biologically active polyphenol has
been observed to induce numerous beneficial effects in diabetic animals and humans. However, its
protective effects are somewhat controversial due to low bioavailability and rapid clearance rate.
Therefore, we in this study have tried to investigate if its main metabolites, RSV-3-O-glucuronide (R3G)
and RSV-4-O-glucuronide (R4G) could ameliorate insulin resistance, similar to RSV in insulin-resistant
HepG2 cells. Herein, we first established an insulin-resistant cell model by treating HepG2 cells with 1 x
107° mol Lt insulin for 24 h. Subsequently, the effects of R3G and R4G on insulin resistance inhibition
were evaluated in HepG2 cells. Interestingly, our data indicated that R3G and R4G treatment improved
cellular glucose uptake and glycogen synthesis contents, and blocked generation of intracellular reactive

oxygen species (ROS). Additionally, R3G and R4G also modulated insulin signaling and improved insulin
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Accepted 26th September 2018 sensitivity by modulating the IRS-1/AMPK signaling pathway. Taken together, our data provided

a significant new insight into the effects and molecular mechanism of R3G and R4G on ameliorating

DOI: 10.1039/c8ra05092a insulin resistance in HepG2 cells. Overall, our data supported the hypothesis that despite low
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1 Introduction

Type 2 diabetes mellitus (T2DM), an intricate metabolic
disorder has emerged as a main global public health problem.*
According to the estimates of The World Health Organization,
the T2DM global occurrence rate in the year 2016 was
a striking 8.5%, which means about 1 in 12 people suffer from
this disease.” In addition, it has been assessed that by the year
2030, there would be about 400 million people suffering from
T2DM.?* The morbidity and mortality rate due to T2DM are very
high, as it is closely associated with numerous diabetes-related
complications, like retinopathy, blindness, nephropathy and
cardiovascular disease.*® Insulin resistance, a state of reduced
response to insulin, is a pivotal pathological feature of T2DM
and the primary organs responsive to insulin are liver, skeletal
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bioavailability in vivo, RSV biological effects could be mediated through its metabolites.

muscle and adipose tissue.”® Among these tissues, 90% of the
endogenous glucose production occurs in the liver, and
increased hepatic gluconeogenesis seems to be the probable
cause of fasting hyperglycemia, which eventually exacerbates
insulin resistance.*'® Thus, to ameliorate hepatic insulin
resistance and increase sensitivity, various synthetic pharma-
ceuticals have already been in the market. Nevertheless,
multiple clinical studies have highlighted that long-term use
of these medicines results in drug resistance and shows
various side effects. For instance, among the diabetic patients
taking metformin, currently a first-line therapeutic drug to
prevent hepatic glucose generation, 30% of them develop
nausea, bloating, abdominal pain, or diarrhea, and 5-10% are
thus unable to go on with metformin."** These examples
highlight the importance to identify additional natural active
compounds which can potentially improve hepatic insulin
sensitivity with least side effects.

Resveratrol (RSV, Fig. 1), an active polyphenol primarily
found in red grapes and nuts, is well known for anti-diabetic
effects in both animals and humans. It has been shown to
be involved in maintaining glucose homeostasis, decreasing
insulin resistance, protecting pancreatic p-cells, promoting
insulin secretion and relieving metabolic disorders. Its effects
have mainly been shown to be triggered largely due to its
ability to activate AMP-activated protein kinase (AMPK) and
sirtuin 1 in peripheral tissues of diabetic subjects."* However,

This journal is © The Royal Society of Chemistry 2018
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Fig.1 Chemical structures of RSV and RSV metabolites. RSV, resveratrol; R3G, resveratrol-3-O-glucuronide; R4G, resveratrol-4-O-glucuronide.

these protective effects are debatable, as RSV pharmacoki-
netics studies have reported about its low bioavailability, and
rapid clearance from the circulation.*™® Two human studies
analyzed the absorption and bioavailability of RSV after an oral
dose of 25 mg,"”** and showed that it was difficult to detect
nonmetabolized RSV in circulating plasma, despite using high
sensitivity detection methods. Approximate calculations indi-
cated that maximal concentrations, after 0.5-2 hours of oral
dose, were under 10 ng mL~'. However, RSV plasma concen-
trations along with its metabolites, mainly RSV-3-O-sulfate,
RSV-3-O-glucuronide (R3G, Fig. 1), and RSV-4-O-glucuronide
(R4G, Fig. 1), were quite higher, nearly 400-500 ng mL .
These studies thus suggested very low oral bioavailability of
free RSV, but relatively high bioavailability of its metabo-
lites."”*® This led to the assumption that conjugated metabo-
lites might principally contribute to RSV activity, despite its
low bioavailability and little information about its metabolite
activity.”*' However, one earlier study has shown that one of
its metabolite, RSV-3-sulfate failed to inhibit human cyto-
chrome P450 isozymes,>* and currently there is no evidences of
it crossing the plasma membrane. Therefore, in our study, we
have tried to compare and investigate the protective effects of
R3G and R4G, using insulin-resistant HepG2 cells.

2 Materials and methods
2.1 Materials and chemicals

RSV (purity > 99%) and human recombinant insulin were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). R3G (purity >
98%) and R4G (purity > 95%) compounds were procured from
Bertin Pharma (Montigny-le-Bretonneux, France). All three
chemicals were dissolved in dimethyl sulfoxide and the solu-
tions were stored in —20 °C. 2-[N-(7-Nitrobenz-2-oxa1,3-diazol-4-
yl) amino]-2-deoxy-p-glucose (2-NBDG) was purchased from Life
Technologies (Carlsbad, CA, USA). The antibody to B-actin was
obtained from Abcam (Cambridge, UK), while anti-AMPKa,
anti-AMPKa. (Thr172), anti-IRS-1, anti-phospho-IRS-1 (Ser307)
and anti-phospho-IRS-1 (Ser612) rabbit anti-human polyclonal
antibodies were purchased from Cell Signaling Technology. The
antibody to Phospho-IRS-1 (Tyr608) was obtained from Milli-
pore (Billerica, MA, USA). All chemicals used in our study were
of analytical grade.

This journal is © The Royal Society of Chemistry 2018

2.2 Cell culturing and establishment of insulin resistance
model

Human hepatic carcinoma, HepG2 cells were obtained from
American Type Culture Collection (Rockville, MD, USA), and
were cultured in Minimum Essential Medium (MEM) contain-
ing 10% fetal bovine serum, 1% MEM non-essential amino
acids, streptomycin (100 pg mL™ ") and penicillin (100 U mL ™)
(Invitrogen, Carlsbad, CA, USA). Cells were grown in a 37 °C
incubator with 5% CO, and 95% humidity.

Insulin-resistant cell model was established according to the
previously described method.” Briefly, HepG2 cells (5 x 10"
cells) were seeded into each well of 12-well plates, and after 24 h
incubation, the medium was exchanged with FBS-free medium
containing 1 x 107°, 1 x 1075, 1 x 1077, 1 x 1075 1 x
10° mol L™ * of insulin for 12, 24 and 36 h. After this treatment,
1 x 107° mol L " of insulin for 24 h were finalized to build the
insulin-resistant cell model.

2.3 Cell viability assessment

The HepG2 cells viability was detected using Cell Counting Kit-
8 (CCK-8) colorimetric assay (Beyotime, Haimen, Jiangsu,
China), according to the manufacturer's instructions. In brief,
HepG2 cells were seeded at a density of 1 x 10* cells per well
into 96-well plates, and cultured in complete MEM culture
medium for 12 h. Then, the cells were treated with various
concentrations of insulin (1 x 107°,1 x 10751 x 1077, 1 x
10 ®and 1 x 107> mol L") or various concentrations of RSV,
R3G and R4G (0.001, 0.01, 0.1, 1, 10 and 100 uM) for 24 h. Next,
CCK8 reagent was added to each well, followed by incubation
at 37 °C in a 5% CO, incubator for another 1 h. Finally,
absorbance was quantified by a microplate reader at 450 nm
(Bio-Rad, Hercules, CA, USA), and cell viability was calculated
as percentage values, as compared to the control group.

2.4 Cellular glucose uptake analysis

Cellular glucose uptake was detected using 2-NBDG reagent, as
described previously.> Briefly, cells were plated into 12-well
plates at a density of 5 x 10 cells per well. The cells were treated
with 1 x 107® mol L™ of insulin for 24 h. Then, the cells were
treated with various concentrations of RSV, R3G and R4G
(0.001, 0.01, 0.1, 1, 10 uM) in the presence of 1 x 10" ® mol L™*
of insulin for another 24 h. After washing the cells twice with

RSC Adv., 2018, 8, 36034-36042 | 36035


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05092a

Open Access Article. Published on 23 October 2018. Downloaded on 4/17/2026 6:57:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

phosphate-buffered saline (PBS) (pH 7.4), 2-NBDG solution was
added to each well, at a final concentration of 10 pM, and plates
were incubated at 37 °C. After 1 h, cells were again washed three
times with PBS to remove remaining 2-NBDG reagent, and the
cells were subsequently suspended for flow cytometry analysis
using FACS CytoFLEX flow cytometer (Beckman Coulter, S.
Kraemer Boulevard Brea, CA, USA), at an excitation wavelength
of 488 nm and an emission wavelength of 535 nm. Data were
analyzed using CytExpert 2.0.0 software (Beckman Coulter,
S. Kraemer Boulevard Brea, CA, USA).

2.5 Determination of intracellular glycogen content

To measure the glycogen content, cells were seeded into a 6-
well plate, at a density of 3 x 10 cells per well. The cells were
treated with 1 x 107° mol L™! of insulin for 24 h. Then, the
cells were cultured with 1 uM of RSV, R3G and R4G in the
presence of 1 x 10~ ° mol L™ of insulin for another 24 h. After
treatment, cells were collected after washing three times with
PBS. The glycogen content in the cells was assayed by using
anthrone reagent, and the amount of blue compound gener-
ated by this reaction was detected at 620 nm wavelength using
microplate reader (Bio-Rad, Hercules, CA, USA). In addition,
the protein content of the collected HepG2 cells was quantified
by BCA method, and the values were showed as ratio of
glycogen (mg)/protein (mg).

2.6 Detection of intracellular ROS levels

The intracellular ROS levels were detected using 2,7-
dichlorodi-hydrofluorescein diacetate (DCFH-DA) probe, as
per the manufacturer's instructions (Beyotime, Haimen,
Jiangsu, China). Cells were plated into 12-well plates at
a density of 5 x 10* cells per well. The cells were treated with 1
x 107® mol L ! of insulin for 24 h. Then, the cells were
cultured with 1 pM of RSV, R3G and R4G in the presence of 1 x
10~° mol L™ " of insulin for another 24 h. After treatments, cells
were washed twice with PBS, and 10 pM of DCFH-DA reagent
was added to each well, and cells were further incubated at
37 °C. After 20 min, cells were again washed three times with
PBS to remove uncombined DCFH-DA probe. Next, the cells
were suspended for flow cytometry analyses using FACS
CytoFLEX flow cytometer (Beckman Coulter, S. Kraemer
Boulevard Brea, CA, USA), at an excitation wavelength of
488 nm and emission wavelength of 525 nm. Data were
analyzed using CytExpert 2.0.0 software (Beckman Coulter,
S. Kraemer Boulevard Brea, CA, USA).

2.7 Western blotting

HepG2 cells were lysed in ice-cold radio immunoprecipitation
assay lysis buffer, and isolated proteins were separated by
protein gel electrophoresis, followed by transfer to the
membrane. Later individual immunoblots were probed with
anti-IRS-1, p-IRS-1, AMPKo and p-AMPKua. antibodies at 1 : 1000
dilution, and anti-B-actin antibody at 1 : 2500 dilution. Finally,
the band signal intensities were determined by Image] software,
as described previously.**
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2.8 Statistical analysis

All experiments in the current study were performed at least in
triplicate and data were presented as mean + standard devia-
tion (SD). The significant differences (p < 0.05) between means
were assessed by one-way ANOVA test using SPSS 19.0 software.

3 Results

3.1 Establishment of insulin-resistant HepG2 cell model

To develop insulin-resistant HepG2 cells, we first evaluated the
effects of different insulin concentrations on glucose uptake.
The HepG2 cells were initially cultured in media containing 1 x
107% 1 x 1075 1 x 1077, 1 x 10°°and 1 x 107> mol L™* of
insulin for 12, 24 and 36 h, and glucose uptake was detected
using fluorescent 2-NBDG reagent. As seen in Fig. 24, the cells
incubated with 1 x 107° mol L' insulin for 24 h showed
significant decrease in the cellular glucose uptake as compared
to the control cells without insulin treatment. In parallel, we
also analyzed the effects of different concentrations (1 x 10~°, 1
x107%1x1077,1 x 10 °and 1 x 10> mol L") of insulin on
inducing cell cytotoxicity. The CCK-8 assay showed no cytotox-
icity as seen in Fig. 2B. In addition, we also independently
validated the developed insulin-resistant HepG2 cell model by
measuring glycogen level and ROS generation. As seen in
Fig. 2C and D, compared to control group, 1 x 10 ° mol L™*
insulin treated cells displayed significantly decreased glycogen
level, and markedly increased ROS production. Next, we also
investigated the mechanism of insulin resistance, by analyzing
the phosphorylation status of insulin receptor substrate-1 (IRS-
1) and AMPK signaling molecules. The 1 x 10~® mol L™ " insulin
treatment of HepG2 cells increased IRS-1 Ser307, Ser612 phos-
phorylation and decreased IRS-1 Tyr608 and AMPK Thr172
phosphorylation in comparison to HepG2 cells cultured under
normal conditions, as seen in Fig. 2E. Thus, all these results
indicated that 10~® mol L' insulin treatment for 24 h induced
insulin resistance in HepG2 cells. To further investigate the
stability of this insulin-resistant HepG2 model, the cells were
grown in medium without insulin for another 24, 48 and 72 h
respectively (Fig. 2F), and it appeared that the model remained
stable for 24 h, and cellular glucose uptake then slightly went up
after 48 and 72 h.

3.2 Analyzing the effects of different RSV, R3G and R4G
concentrations on cell viability

To determine the potential effects of RSV, R3G and R4G on cell
viability, HepG2 cells were exposed to various concentrations
(0.001, 0.01, 0.1, 1, 10 and 100 puM) of these compounds for 24 h.
As displayed in Fig. 3A, compared with control group, RSV
treatment impacted cell viability of HepG2 cells at concentra-
tions of 10 pM and 100 pM, with 100 uM showing statistically
significant decrease (P < 0.01). Similarly, data in Fig. 3B and C
revealed that 100 uM of R3G and R4G also affected cell growth.
Therefore, 0.001, 0.01, 0.1, 1 and 10 uM concentrations of these
three compounds were selected for subsequent experiments.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Establishment of an insulin-resistant cell model. (A) Effects of different concentrations (0, 1 x 1072, 1 x 1078, 1 x 1077, 1 x 1075, 1 x
107° mol L™Y) of insulin on glucose uptake in HepG2 cells. Black, red and blue lines represented insulin treatment for 12, 24, & 36 h respectively,
and the results were expressed as percentage of mean fluorescence intensity relative to control cells. (B) Cell viability analysis of cells treated with
different concentrations (0, 1 x 107°, 1 x 1078 1 x 1077, 1 x 107 and 1 x 107> mol L™ of insulin for 24 h, by CCK-8 method, and the results
were expressed as percentage viability relative to the control group. (C) Glycogen content estimation in cells after treatment with 1 x
10~® mol L™t insulin for 24 h. The results were expressed as percent of control. (D) Flow cytometry-based assessment of intracellular ROS levels
in cells treated with 1 x 10~® mol L™t insulin for 24 h, using DCFH-DA fluorescent reagent. The results were expressed as mean fluorescence
intensity. (E) Analysis of the 1 x 107® mol L™t insulin treatment effects after 24 h on IRS-1 and AMPK phosphorylation status in HepG2 cells. (F)
Analysis of insulin-resistant HepG2 cells stability, as measured by glucose uptake after treatment of cells first with 1 x 10~ mol L™ insulin for
24 h, and later further culturing them in medium without insulin for another 24, 48 and 72 h. Represented values are means + SD from three
separate experiments. *p < 0.05 vs. control cells. IR, insulin resistance.

3.3 R3G and R4G enhanced cellular glucose uptake in
insulin-resistant HepG2 cells

The potential role of R3G and R4G on glucose uptake in insulin-
resistant HepG2 cells was analyzed, after treating the cells with
different concentrations of RSV, R3G and R4G for another 24 h.

This journal is © The Royal Society of Chemistry 2018

As seen in Fig. 3D-F, compared with control group, insulin
stimulation significantly decreased the cellular glucose uptake
(p < 0.05), but this was notably improved by 1 and 10 uM of RSV
treatment, 0.01, 0.1, 1 and 10 uM of R3G treatment, and 0.1, 1
and 10 pM of R4G treatment. Since 1 and 10 pM were the

RSC Adv., 2018, 8, 36034-36042 | 36037
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Fig. 3 Effects of different concentrations of RSV, R3G and R4G on cell viability and glucose uptake in HepG2 cells. (A—C) Cells were treated with
different concentrations (0.001, 0.01, 0.1, 1, 10 and 100 pM) of RSV, R3G and R4G for 24 h, and then cell viability was assessed and expressed as
a percentage relative to the control group. (D—F) Cellular glucose uptake was analyzed in cells first incubated with 1 x 10~® mol L™t insulin for
24 h, then cultured in medium containing different concentrations (0.001, 0.01, 0.1, 1 and 10 uM) of RSV, R3G and R4G for another 24 h. The
values represented percentage of control and are means + SD from three separate determinations. *p < 0.05, **p < 0.01 vs. control cells; #p <
0.05 vs. only insulin-resistant HepG2 cells. IR, insulin resistance; RSV, resveratrol; R3G, resveratrol-3-O-glucuronide; R4G, resveratrol-4-O-

glucuronide.

common effective dose of the three compounds and 1 uM was
the smaller one, meanwhile 10 pM of RSV and R4G slightly
inhibited cell viability (Fig. 3A and C), we selected 1 pM
concentration for the subsequent experiments. As revealed in
Fig. 4A, the decreased cellular glucose uptake was notably pre-
vented by 1 uM of RSV, R3G and R4G treatments by 19.67%,
15.06% and 22.25, respectively. Similarly, we found R3G and
R4G could also alleviate insulin resistance in primary mouse
hepatocytes and differentiated C2C12 cells (Fig. S1A and S1BfY).

3.4 R3G and R4G improved cellular glycogen synthesis in
insulin-resistant HepG2 cells

Next, to investigate the effects of R3G and R4G on glycogenesis
of insulin-resistant HepG2 cells, we assessed the intracellular
glycogen levels. As observed in Fig. 4B, compared to control
group, 1 x 107° mol L™" insulin treatment decreased the
glycogen levels (p < 0.05). However, this reduced intracellular
glycogen contents was recovered by RSV, R3G and R4G treat-
ment by 34.25%, 16.92% and 33.83%, respectively. This implied
that R3G and R4G increased intracellular glycogen synthesis in
insulin-resistant HepG2 cells, as RSV did.

36038 | RSC Adv., 2018, 8, 36034-36042

3.5 R3G and R4G decreased intracellular ROS generation in
insulin-resistant HepG2 cells

We also evaluated the effects of R3G and R4G on intracellular
ROS generation by assessing cellular ROS levels using DCFH-DA
fluorescent probe. Our results in Fig. 4C clearly demonstrated
that 1 x 107° mol L' insulin treatment markedly increased
ROS production, in comparison to the control cells without any
insulin treatment (p < 0.05). As expected, 1 uM treatment of RSV,
R3G and R4G was able to reduce insulin-induced ROS produc-
tion by 29.7%, 22% and 30.3%, respectively. This data indicated
that R3G and R4G could effectively eliminate intracellular ROS
generation in insulin-resistant HepG2 cells.

3.6 R3G and R4G regulated phosphorylation of IRS-1 and
AMPK in insulin-resistant HepG2 cells

To understand the signaling pathway involved in induction of
insulin resistance, we analyzed the phosphorylation status of
IRS-1 and AMPK signaling proteins. As observed in Fig. 5A, 1 x
107® mol L' insulin exacerbated phosphorylation of IRS-1 at
Ser307, Ser612, and weakened the phosphorylation of IRS-1 at
Tyr608. However, RSV, R3G and R4G treatment reduced IRS-1

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Effects of RSV, R3G and R4G treatment on cellular glucose uptake, glycogen synthesis and ROS levels in insulin-resistant HepG2 cells.
After cells were incubated with 1 x 107 mol L™t insulin for 24 h, the medium was discarded and was further grown with 1 uM of RSV, R3G and
R4G for another 24 h, respectively. Panel A showed glucose uptake expressed as percentage of control in insulin-resistant HepG2 cells. Panel B
showed glycogen content expressed as percentage of control. Panel C showed ROS levels expressed as mean fluorescence intensity. Values
shown are means =+ SD from three separate determinations. *p < 0.05; #p < 0.05 vs. only insulin-resistant HepG2 cells.

Ser307 phosphorylation 47.1%, 38.8% and 45%, reduced Ser612
phosphorylation 39.2%, 34% and 57% and enhanced Tyr608
phosphorylation 38.5%, 28.1% and 96%, respectively. Similarly,
threonine 172 phosphorylation of AMPK was reduced following
1 x 10 ® mol L™ " insulin treatment in HepG2 cells as compared
to control treatment, whereas RSV, R3G and R4G treatments
rescued the reduced phosphorylation by 41.5%, 7.5% and 38%,
respectively (Fig. 5B). Overall, these results indicated that R3G
and R4G alleviate insulin resistance by regulating IRS-1/AMPK
signaling pathway, just like RSV.

4 Discussion

RSV, as a naturally active polyphenol, its advantageous effects
have been well investigated. Nevertheless, since its low
bioavailability and rapid clearance from the circulation, RSV is
quickly transformed into its metabolites. Thus, it is important
to explore the potential activity of RSV metabolites, in order to
better understand RSV mechanisms of action. Earlier study by
Virginie Aires et al. showed that mixture of RSV metabolites
inhibited human colon carcinoma and metastatic cell prolifer-
ation through accumulation of cells in DNA replication phase.*
Another study by Itziar Eseberri et al. demonstrated that RSV
and its metabolites exerted inhibitory effect on adipogenesis
through up-regulation of miR-155 in 3T3-L1 maturing pre-
adipocytes.”*® However, very little information is available about

This journal is © The Royal Society of Chemistry 2018

role of RSV metabolites in regulating insulin resistance and
their anti-diabetic effects. In this regard, our study for the first
time showed that R3G and R4G could relieve insulin resistance
and improve insulin sensitivity in vitro.

HepG2 cells are extensively used for biological and nutri-
tional researches as a cell cultured model of human hepato-
cytes because of their retained morphology and most of
function in culture.?”?® Therefore, this cell line has been a nice
choice to mimic in vitro hepatic glucose generation and
regulation of insulin signaling pathway.”® Thus, in current
study we established the insulin-resistant HepG2 cell model
with 1 x 10”® mol L " insulin treatment and found it could be
stable for another 24 h. Among various human tissues, liver
has a primary role in regulating glucose homeostasis and
maintenance of normal blood glucose levels by controlling the
balance between gluconeogenesis, glycogen synthesis and
glycogenolysis.*® The primary function of insulin in the liver is
to decrease the hepatic glucose production by activating
glycogen synthesis and inhibiting gluconeogenesis.** Consis-
tent with this, hepatic insulin resistance is characterized by
reduced ability of insulin to enhance cellular glycogen
synthesis and decrease gluconeogenesis. In this regard, our
data suggested that R3G and R4G treatment reversed the
negative effect of insulin resistance on glucose metabolism,
partially through promoting glycogenesis and inhibiting
hepatic glucose generation. On comparing these two
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Fig.5 Effects of RSV, R3G and R4G treatment on IRS-1/AMPK signaling pathway in insulin-resistant HepG2 cells. After cells were incubated with
1 x 10~® mol L tinsulin for 24 h, their media was discarded and was grown in the presence of medium containing 1 uM of RSV, R3G and R4G for
another 24 h, respectively. The left side of panel of A showed representative western blot for phosphorylated and total levels of IRS-1, while the
right side depicted quantitative analysis of each band. Similarly, left side of panel B showed a representative western blot of phosphorylated and
total AMPK levels, and right side depicted quantitative analysis of each band. Values shown are means + SD from three separate determinations.

*p < 0.05; #p < 0.05 vs. only insulin-resistant HepG2 cells.

metabolites, it was observed that R4G had better effect on
enhancing cellular glucose metabolism than R3G in insulin-
resistant HepG2 cells. Earlier study by Sifan Chen et al
demonstrated that RSV treatment significantly increased
glucose uptake in insulin-resistant 3T3-L1 adipocytes through
activating sirtuin 1 and glucose transporter 4.** Also, study by
Jeng-YuanYao et al. showed that RSV upregulated glycogen
synthesis in type 1 diabetes mellitus induced metabolic
disorders in rats, probably through recovering hepatic
mTORC1 activity.*® These studies consistently concluded that
RSV recovered impaired glucose metabolism partially through
promoting glycogenesis and inhibiting hepatic glucose
generation. However, in our study, we demonstrated that R3G
and R4G could also modulate hepatic glucose metabolism.
Importantly, insulin resistance has also been suggested to be
triggered by mitochondrial oxidants due to excess fuels within
mitochondria in lack of increased energy demand.** In fact,
surplus energy leads to an accumulation of mitochondrial ROS
production, which leads to a more oxidized intracellular redox
environment, and subsequently may cause insulin resistance,
via directly targeting proteins involved in the glucose uptake
process.’>* Our data revealed that R3G and R4G were effectively

36040 | RSC Adv., 2018, 8, 36034-36042

able to eliminate ROS generation. Here again R4G showed
better response. A number of in vitro and in vivo studies based
on cells and T2DM animal models displayed the connection
between ROS generation and insulin resistance. Like, the study
by Marilena Lepretti et al. showed that dietary omega 3 poly-
unsaturated fatty acids were able to recover insulin resistance
by modulating ROS production and endoplasmic reticulum
stress.”” Similarly, Hoehn et al. also showed that manganese(iu)
tetrakis (4-benzoic acid) porphyrin, a broad-spectrum antioxi-
dant, was capable of scavenging not only O, and H,0,, but also
reactive nitrogen species, and improved glucose tolerance in
HFD-fed C57BL/6]JSlc mice.*® Thus, it was important to high-
light that R3G and R4G were also able to reduce cellular ROS
levels in insulin-resistant HepG2 cells.

Excess ROS production also exacerbate insulin resistance via
directly targeting IRS/AMPK signaling pathway. Soon-Hee Kim
et al. showed that capsaicin increased glucose uptake via ROS
generation and consequent AMPK activations. When ROS were
captured using the nonspecific antioxidant N-acetylcysteine, the
increase in both capsaicin-induced AMPK phosphorylation and
capsaicin-induced glucose uptake was attenuated, suggesting
that ROS function as an upstream activator of AMPK."

This journal is © The Royal Society of Chemistry 2018
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Zaklosszyda M. et al. also demonstrated that pretreatment of
the insulin-resistant HepG2 cells with Japanese quince fruit
polyphenolic extract caused decrease of intracellular ROS
generation and influenced mitochondrial membrane polariza-
tion which seemed to lead to AMPK and IRS1/2 activation.** IRS/
AMPK signaling pathway has been shown to be closely related
with regulation of insulin-induced elevated glycogenesis and
suppression of hepatic glucose production.* This signaling axis
is generally weakened in hepatocytes and livers of T2DM
patients.***> Under insulin-resistant condition, IRS-1 serine site
is phosphorylated, and is followed by inhibition of IRS-1 tyro-
sine phosphorylation, which prevents IRS binding to insulin
receptor. This in turn inhibits downstream signaling pathway,
and insulin-stimulated glucose metabolism.?” Similarly, hepatic
dysregulation of AMPK has also been shown to be related with
insulin resistance and disordered glucose utilization.** Acti-
vated AMPK usually promotes insulin signaling by enhancing
tyrosine and inhibiting serine phosphorylation of IRS-1, and
thus improves insulin sensitivity and regulates glucose
homeostasis.** Therefore, AMPK activation has been a target for
alleviating insulin resistance and T2DM.* Interestingly, in our
study we observed that R3G and R4G reduced IRS-1 serine 307,
612 phosphorylation, and enhanced IRS-1 tyrosine 608 and
AMPK threonine 172 phosphorylation. In addition, we found
that R4G treatment was more effective to relieve insulin resis-
tance than R3G. We speculated that this might be because the
locations of the phenolic hydroxy group between R3G and R4G
are different. R4G has a meta-hydroxy group on the same
benzene ring, which maybe offer a better water-solubility effect.
The water-soluble structure could enhance the cellular uptake
and be better for medicine metabolism. Also, two hydroxy
groups connected with the one benzene ring in R4G has the
smaller stereospecific blockade than two hydroxy groups con-
nected with the two benzene rings in R3G. The structure is
much easier for R4G to combinate with target proteins. Previous
studies have shown that RSV promoted insulin signaling in liver
of insulin-resistant mice by weakening serine phosphorylation
of IRS protein, and enhancing glucose utilization.*® The study
by Choi et al. also confirmed that RSV and its synthesized
derivative decreased lipid accumulation in H4IIEC3 cells and
HFD-fed C57BL/6 mice, by increasing AMPK phosphorylation.*®
However, there were no reports if RSV metabolites could
modulate IRS/AMPK signal pathway, and our data was the first
to show R3G and R4G could indeed enhance insulin sensitivity
via modulating IRS/AMPK pathway. However, specific mecha-
nism about if RSV metabolites directly regulate IRS-1/AMPK
signaling pathway requires further investigation.

5 Conclusion

In summary, our study showed that RSV metabolites R3G and
R4AG protected HepG2 cells from insulin resistance by
improving both cellular glucose uptake and glycogen synthesis
content, along with inhibiting intracellular ROS generation.
Their action on insulin signaling regulation and improved
insulin sensitivity were mediated through IRS-1/AMPK
signaling pathway. In addition, it was noticed that R4G was

This journal is © The Royal Society of Chemistry 2018
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more effective to relieve insulin resistance than R3G. Thus, our
data provided a significant new insight into the effects and
molecular mechanism of R3G and R4G on ameliorating insulin
resistance, and indicated that despite low bioavailability in vivo,
the biological effects of RSV can also be mediated at least in part
by its metabolites.
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deoxy-p-glucose

PBS Phosphate-buffered saline

RSV Resveratrol

R3G Resveratrol-3-O-glucuronide

R4AG Resveratrol-4-O-glucuronide
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