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ABSTRACT: Oxidative stress can result in insulin resistance, a primary cause of type-2 diabetes. Methylglyoxal (MG), a highly
reactive dicarbonyl metabolite generated during glucose metabolism, has also been confirmed to cause pancreatic injury and
induce inflammation, thereby resulting in insulin resistance. Recently, resveratrol has been reported to exert antioxidant
properties, protecting cells from the generation of reactive oxygen species (ROS). The aim of this study was to evaluate
resveratrol activation of nuclear factor erythroid 2-related factor 2 (Nrf2) to attenuate MG-induced insulin resistance in Hep G2
cells. Therefore, the molecular signaling events affecting resveratrol-mediated heme oxygenase-1 (HO-1) and glyoxalase
expression levels were further investigated in this study. Our findings indicated that resveratrol activated the extracellular signal-
regulated kinase (ERK) pathway but not the p38 or c-Jun N-terminal kinase (JNK) pathways, subsequently leading to Nrf2
nuclear translocation and elevation of HO-1 and glyoxalase expression levels. Moreover, resveratrol significantly elevated glucose
uptake and protected against MG-induced insulin resistance in Hep G2 cells. In contrast, depletion of Nrf2 by small interfering
RNA (si-RNA) resulted in the abrogation of HO-1 and glyoxalase expression in the MG-treated resveratrol group in Hep G2
cells. Administration of an appropriate chemopreventive agent, such as resveratrol, may be an alternative strategy for protecting
against MG-induced diabetes.
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B INTRODUCTION thereby reducing AGE levels."® Under physiological conditions,

Hyperglycemia is associated with protein glycation; advanced
glycation end products (AGEs) are generated by non-
enzymatic reactions between carbohydrates and proteins.'
These AGEs have a propensity to generate free radicals and
undergo auto-oxidation to generate other reactive 1ntermed1—
ates, thereby resulting in the development of diabetes.”
Methylglyoxal (MG), a highly reactive dicarbonyl metabolite
generated during glucose metabolism,” is a major precursor of
AGEs, which are involved in the pathogenesis of diabetes and
inflammation.*> Studies suggest that MG-induced reactive
oxygen species (ROS) formatron and apoptotic biochemical
changes in Hep G2 cells.* ROS may 1nterfere with insulin
signaling, contributing to insulin resistance. 7 MG could inhibit
phosphorylation of the insulin receptor substrate and the
activation of the phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (PKB) pathway.® Another hypothesis suggests that
excess MG reduces the activation of the AMP kinase (AMPK)
that would have increased and prolonged liver insulin
resistance.” AGEs and MG have been shown to generate
large quantities of pro-inflammatory cytokines,'*~"” related to
the modulation of pro-inflammatory molecules by oxidative
stress.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is an
essential component of antioxidant responsive element (ARE)-
mediated induction, including the regulation of antioxidant
enzymes, such as heme oxygenase-1 (HO-1).'>'* Moreover,
Nrf2 has been reported to induce glyoxalase-1 expression.'®
Glyoxalase-1 catalyzes the conversion of MG to lactic acid,
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glyoxalase degrades MG into Dp-lactate, which is involved in
Nrf2 activation.'” Various antioxidants, such as quercetin and
phenolic acid, have been investigated for their ability to
attenuate oxidative damage by activating Nrf2.'®'® Further-
more, it is also known that the antioxidant silymarin can inhibit
the generatlon of AGEs, thereby ameliorating the symptoms of
diabetes.*

Several lines of evidence have suggested that resveratrol
inhibits oxidative stress and inflammation through Nrf2
activation,”"* thereby minimizing the symptoms of diabetes.*’
In addition, recent studies have reported that MG causes
pancreatic damage and kidney injury.”*** Several antioxidants
have been suggested to attenuate tissue damage, the symptoms
of drabetes, and MG-induced inflammation, including silymar-
in,®° rutin,”® and N-acetyl cysteine (NAC).>” Resveratrol also
protects mouse blastocysts against MG-induced apoptosis
during embryonic development.”® However, few studies have
evaluated the inhibitions of MG-induced insulin resistance and
oxidative stress and the promotion of MG metabolism.

Therefore, the aim of this study is to investigate resveratrol-
based protection against MG-induced oxidative stress and
insulin resistance in Hep G2 cells and confirm whether this
effect depends upon Nrf2 activation.
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B MATERIALS AND METHODS

Reagents. NAC, rosiglitazone, glucose, 2’,7’-dichlorofluorescein
diacetate (DCFH-DA), and MG were purchased from Sigma-Aldrich
(St. Louis, MO). The rat anti-Nrf2 antibody was purchased from
Bioss, Inc. (Woburn, MA). Anti-Keap-1 antibody, antiglyoxalase
antibody, and Nrf2 siRNA were purchased from Santa Cruz
Biotechnology, Inc. (Burlingame, CA). Anti-Nrf2, anti-PTP1B, anti-
p-Nrf2, anti-IR, anti-p-IR, anti-Akt, anti-p-Akt, anti-HO-1, antilamin B,
anti-p-p38, anti-p-JNK, anti-p-ERK, anti-GLUT2, and anti-GAPDH
antibodies were purchased from Epitomics, Inc. (Burlingame, CA).
Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT).
Dulbecco’s modified Eagle’s medium (DMEM), L-glutamine, sodium
pyruvate, and antibiotics (penicillin/streptomycin) were purchased
from Gibco (Grand Island, NY). 2-[N-(7-Nitrobenz-2-oxa-1,3-diazol-
4-yl)amino]-2-deoxy-p-glucose (2-NBDG) was purchased from
Invitrogen (Carlsbad, CA).

Cell Culture. Hep G2 hepatoma cells were obtained from the
Bioresource Collection and Research Center (Hsinchu, Taiwan). Hep
G2 cells were grown under standard cell culture conditions
(humidified atmosphere, 5% CO,, and 37 °C) in DMEM containing
10% FBS, 100 units/mL penicillin, 100 yg/mL streptomycin, and 0.25
pug/mL amphotericin.

Insulin Resistance Induction and Glucose Uptake. Glucose
uptake in Hep G2 cells was assessed using the fluorescent glucose
analogue, 2-NBDG. Hep G2 cells were seeded in 10 cm dishes at a
density of § X 10°/well and grown until 80% confluence was achieved.
Cells were treated with MG (500 uM) and resveratrol (50 uM),
rosiglitazone (S0 uM), or NAC (500 zM) for 24 h, and in turn, insulin
(500 nM, final concentration) and 2-NBDG (160 uM, final
concentration) were added and incubated for 30 min. Subsequently,
the glucose uptake activity of Hep G2 cells was determined with a
FACS flow cytometer (Becton Dickinson Immunocytometry Systems,
San Jose, CA) and analyzed using CellQuest software. The background
of 2-NBDG fluorescence was deduced.

Membrane and Cytosolic Extraction. Extraction for plasma
membrane and cytosolic extracts was carried out with an isolation kit
(BioVision, Mountain View, CA).

ROS Measurement. The level of oxidative stress was monitored
by the measurement of ROS.* Collected cells were suspended in S00
uL of phosphate-buffered saline (PBS), mixed with 10 yM (final
concentration) DCFH-DA, and incubated for 30 min at 37 °C. The
cells were washed 3 times with PBS to remove excess DCFH-DA. The
cell pellet was mixed with 500 uL of PBS, and the ROS level was
assayed by FACS (Becton Dickinson Immunocytometry Systems, San
Jose, CA).

Nuclear Extraction of Hep G2. Nuclear protein extraction from
Hep G2 cells was performed according to the kit protocol supplied by
the manufacturer (Fermentas Life Sciences, Burlington, Ontario,
Canada).

Nrf2 Knockdown in Hep G2 Cells by Specific siRNA. For the
Nrf2 knockdown assay, Nrf2 interference of Hep G2 cells was
performed with lipofectamine RNAiMAX transfection reagent
(Invitrogen, Carlsbad, CA).*

Western Blot. Proteins separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE) were electrophoreti-
cally transferred to polyvinylidene difluoride (PVDF) membranes.
Blots were first incubated in PBS containing 5% nonfat dry milk for 2
h (to block non-specific binding sites), followed by incubation in PBS
containing a dilution of primary antibodies at 4 °C overnight. After an
initial washing to remove the primary antibody, the membrane was
washed 3 times, each for 5 min, in PBS Tween-20 (PBST), shaken in a
solution of horseradish peroxidase (HRP)-linked anti-rabbit IgG
secondary antibody, and washed 3 additional times for S min each in
PBST. The expressions of proteins were detected by enhanced
chemiluminescent (ECL) reagent (Millipore, Billerica, MA).

Statistical Analysis. Data were expressed as the mean =+ standard
deviation (SD). Statistical significance was determined by one-way
analysis of variance (ANOVA) using the general linear model
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procedure of SPSS, version 17.0 (SPSS Institute, Inc,, Chicago, IL),
followed by ANOVA with Duncan’s test.

B RESULTS

Effects of Resveratrol on Glucose Uptake of MG-
Treated Hep G2 Cells. The finding demonstrated that MG
(500 uM) treatment significantly decreased the glucose uptake
(2-NBDG) activity compared to that of the control group
(Figure 1). However, resveratrol (S0 M) treatment markedly
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Figure 1. Effect of resveratrol on glucose uptake capacity of Hep G2
cells treated with MG for 24 h. Results are shown as the mean + SD (n
= 3). Significant differences were indicated with different letters (a—c;
p < 0.05). Resv, resveratrol; Rosi, rosiglitazone; and NAC, N-acetyl
cysteine.

recovered glucose uptake of MG-treated Hep G2 cells
compared to the antioxidant NAC (500 uM) and the PPARy
agonist rosiglitazone (S0 uM). This effect contributed to
resveratrol-mediated promotion of glucose transporter 2
(GLUT2) translocation to membranes of Hep G2 cells from
the cytosol. MG also reduced expression levels of cytosolic
GLUT?2 in Hep G2 cells compared to that of the control group,
while resveratrol treatment protected against MG suppression
of GLUT?2 expression (Figure 2A).

Effects of Resveratrol on the Insulin Signaling
Pathway. We investigated the effects of resveratrol on insulin
receptor (IR) and Akt phosphorylation of Hep G2 cells treated
with insulin (500 nM) for 30 min. The findings demonstrated
that MG administration markedly suppressed IR and Akt
phosphorylation, suggesting that MG treatment caused insulin
resistance in Hep G2 cells. However, we found that resveratrol
treatment (50 M) promoted a significant increase in the ratio
of phosphorylated/non-phosphorylated substrates (i.e.,, p-IR/
IR and p-Akt/Akt) in MG-treated Hep G2 cells (Figure 2).

Inhibitory Effects of Endoplasmic Reticulum (ER)
Stress and Oxidative Stress in MG-Treated Hep G2
Cells by Resveratrol. The study has reported that MG could
result in oxidative stress, and the ROS level was correlated with
ER stress.’*> Protein tyrosine phosphatase 1B (PTP1B) can
be induced by ER stress, thereby dephosphorylating the
tyrosine residues of insulin receptor substrate (IRS), suggesting
that PTP1B displayed an important role in the development of
insulin resistance.”” We found that resveratrol markedly
attenuated oxidative stress caused by MG treatment in Hep
G2 cells compared to rosiglitazone and NAC (Figure 3A).

Nrf2 has been reported to induce glyoxalase-1 and
antioxidant enzyme expressions. Glyoxalase-1 catalyzes the
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Figure 2. Effects of resveratrol on (A) GLUT2 translocation, (B)
activation of insulin signal molecules, such as IR and Akt,
phosphorylation in MG-treated Hep G2 cells. Resv, resveratrol;
Rosi, rosiglitazone; and NAC, N-acetyl cysteine.

conversion of MG to lactic acid, thereby reducing the
generation of AGEs.'® Resveratrol has been demonstrated to
inhibit oxidative stress through Nrf2 activation.”"** For Nrf2
activation, several potential mechanisms of Nrf2 phosphor-
ylation by mitogen-activated protein kinase (MAPK) have been
reported.>>** We found that resveratrol (50 pM) markedly
elevated Nrf2 phosphorylation (at Ser 40) to improve
protection against oxidative stress, thereby reducing PTP1B
expression (Figure 3B), and promoted greater glyoxalase and
HO-1 expressions in MG-treated Hep G2 cells compared to
those in cells treated with rosiglitazone (50 yM) or NAC (500
uM) for 24 h (Figure 3C).

Resveratrol Induces Nrf2 Nuclear Translocation and
Activation. We also found that resveratrol treatment for 9 h
resulted in Nrf2 activation in a time-dependent manner by
promoting Nrf2 translocation to the nucleolus of Hep G2 cells
from the cytosol (Figure 4). Therefore, HO-1 and glyoxalase
expressions levels were elevated in Hep G2 cells treated with
resveratrol for 9 h (Figure S).

Mechanism for Resveratrol-Activated Nrf2. Resveratrol
treatment resulted in the elevation of Nrf2 phosphorylation;
therefore, we investigated its effect on several MAPK activities,
including p-p38, p-c-Jun N-terminal kinase (p-JNK), and p-
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Figure 3. Effects of resveratrol on (A) oxidative stress, (B) Nrf2
phosphorylation and PTP1B expression, and (C) glyoxalase and HO-1
expression in MG-treated Hep G2 cells. Resv, resveratrol; Rosi,
rosiglitazone; and NAC, N-acetyl cysteine.

extracellular signal-regulated kinase (p-ERK). The findings
demonstrated that resveratrol treatment for 6 h significantly
increased ERK phosphorylation in Hep G2 cells, while p38 and
JNK were not phosphorylated by resveratrol treatment (Figure
6). These results suggested that resveratrol treatment improved
insulin sensitivity in a Nrf2-dependent manner to inhibit ER
and oxidative stress.

Nrf2 Knockdown. Although resveratrol has been reported
to exert antioxidative effects to improve insulin sensitivity,”*
this antioxidative activity may not be the result of Nrf2
activation. To confirm the anti-inflammatory effect of Nrf2
activation mediated by resveratrol, we investigated the
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Figure 4. Activation of Nrf2 by resveratrol treatment for various times
in Hep G2 cells. Resv = resveratrol.
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Figure S. Effect of resveratrol on HO-1 and glyoxalase expressions in
Hep G2 cells. Resv = resveratrol.

p-p38

p-JNK

p-ERK

GAPDH

Resv (50 uM) 6

Time (h)

Figure 6. Pathway for Nrf2 activation by resveratrol treatment for
various times in Hep G2 cells.
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improvement of insulin sensitivity and inhibition of ROS in
MG-treated Nrf2 knockdown of Hep G2 cells. We found that a
72 h treatment with specific siRNA (S0 nM) effectively
abrogated Nrf2 expression of Hep G2 cells (Figure 7A). In
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Figure 7. (A) Inhibition of Nrf2 expression in Hep G2 cells treated
with Nrf2 siRNA. (B) Effects of resveratrol on PTP1B, glyoxalase,
HO-1, and Nrf2 expressions in Hep G2 cells treated with MG for 24 h.
Resv = resveratrol.

addition, Nrf2 siRNA knockdown attenuated the inhibition of
PTP1B expression by resveratrol in MG-treated Hep G2 cells
(Figure 7B). Conversely, glyoxalase and HO-1 expression in
MG-treated Hep G2 cells were both reduced by a Nrf2
knockdown with siRNA treatment, and Nrf2 expression was
not affected by resveratrol treatment (Figure 7B).

Effects of Nrf2 Knockdown on Glucose Uptake. We
found that Nrf2 knockdown significantly attenuated the
membrane GLUT?2 level of Hep G2 cells in the resveratrol
group treated with MG for 24 h compared to the resveratrol
group, although cytosolic GLUT?2 levels of Hep G2 cells were
not affected by MG, resveratrol, or Nrf2 siRNA (Figure 8A),
suggesting that Ni1f2 knockdown promoted downregulation of
GLUT?2 translocation caused by MG induction. In addition, the
glucose uptake activity of MG-treated Hep G2 cells was
investigated. Results indicated that the reversion of glucose
uptake by resveratrol in MG-treated Hep G2 cells was also
attenuated by Nrf2 knockdown (Figure 8B).
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Figure 8. Effects of reveratrol on (A) GLUT2 translocation and (B)
glucose uptake in MG-treated Hep G2 cells. Significant differences
were indicated with different letters (a—c; p < 0.05). Resv =
resveratrol.

Bl DISCUSSION

Type-2 diabetes (T2-D) is a chronic disease associated with
carbohydrate metabolism and is caused by a deficiency in
insulin secretion or ineffective insulin action. Medicinal plants
constitute a common alternative treatment for T2-D in many
parts of the world. Hyperglycemia, the primary distinguishing
feature of T2-D, is a deficiency in the hepatic control of glucose
homeostasis. Glucokinase (GK) is a glucose phosphorylating
enzyme containing pancreatic f cells and hepatocytes, which
are critical for glucose homeostasis.>® In the liver, the enzyme is
a vital regulator of glucose storage and disposal.*® It is known
that f# cells are responsible for insulin secretion, while the role
of hepatocytes is thought to be in hepatic glucose uptake.*”
Glucose is taken up into the hepatocytes through GLUT2, and
liver-type glucokinase (L-GK) traps glucose within the
cytoplasm via phosphorylation.®® Therefore, GLUT2 and L-
GK play important roles in the liver as the glucose-sensing
apparatus.” In addition, several studies have demonstrated that,
by activating insulin signaling and inhibiting the inflammatory
response, there will be enhancements to glucose uptake and
improvements to insulin resistance in hepatocytesfm_42
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Subsequently, with an impaired insulin signaling pathway,
there will also be an inhibition of glucose uptake and glycogen
synthesis, which eventually results in insulin resistance in
hepatocytes.*?

The impairment of the ability of insulin to trigger
downstream metabolic actions in the liver is defined as hepatic
insulin resistance.** Recently, it has been discovered that Akt
proteins, a family of docking molecules connecting IR
activation to essential downstream kinase cascades, are subject
to molecular lesions that cause hepatic insulin resistance.*® Ser/
Thr phosphorylation of IRS attenuates the insulin-stimulating
activities of phosphatidylinositol 3 kinase (PI3K) and Akt by
affecting IRS phosphorylation at tyrosine residues.*® In theory,
Tyr phosphorylation of IRS may activate PKB/Akt signaling to
promote GLUT translocation to the membrane, thereby
improving insulin sensitivity; however, in practice, PTP1B
attenuates IRS Tyr phosphorylation, resulting in insulin
resistance.>® In addition, ER stress results in ROS generation,
which, in turn, leads to insulin resistance; MG can also induce
oxidative stress.”’ Insulin resistance has already been identified
as a leading cause to pre-diabetes and T2-D.*’ Phytoalexin
resveratrol is a polyphenol produced by several plants and holds
many biological applications, which include those of significant
anti-diabetic activity."** Studies of in vivo and in vitro models
with attenuating effects on insulin resistance have shown that
resveratrol may take multiple pathways toward improving
insulin sensitivity. Through these pathways, resveratrol can
cause an increase in AMP kinase activity,>”' activate
SIRT1,>>™>° enhance PPARy activity,56 elevate caveolin-3
(CAV-3) expression,”’ and activate Nrf2."” In addition, a
recent study with human subjects has found that the insulin
resistance attenuating effect of resveratrol also occurs via the
activation of the Akt signaling pathway.*® In the present study,
we also found that resveratrol effectively attenuated oxidative
stress and MG-induced insulin resistance in Hep G2 cells.

Abnormal cellular accumulation of MG invariably occurs in
diabetes.”® Furthermore, MG reduces glucose tolerance in
rodents,”” suggesting that postprandial MG production in
normoglycemic individuals could result in glucose intolerance
and, consequently, greater MG accumulation. As a redox-
dependent transcription factor, Nrf2 controls the expression
and coordinates the induction of a number of genes, including
those that express stress response proteins and detoxifying
enzymes. Therefore, the nuclear abundance of Nrf2 is tightly
regulated through the control of the mechanisms of nuclear
export and degradation of Nrf2.

Recently, antioxidants, such as quercetin and phenolic acid,
have been investigated for their ability to attenuate oxidative
damage by activating Nrf2.°*®' Furthermore, Nrf2 activation
has been found to be essential for HO-1 and glyoxalase
expression.B’M’16 In concurrence with previous studies, our
study concludes that resveratrol can activate, at least in part, the
ERK signaling pathway, which, in turn, enhances Nrf2 nuclear
translocation and activation.”> These results provide further
evidence indicating that resveratrol promotes HO-1 and
glyoxalase expression by mediating Nrf2 activation via ERK
phosphorylation to inhibit oxidative stress and scavenge for
MG, thereby attenuating insulin resistance. The potential
mechanism of resveratrol-mediated protection against MG-
induced insulin resistance is shown in Figure 9.

In conclusion, to study the significance of glycoxidative stress
on the pathology of diabetes, the effects of antioxidant
supplements that inhibit protein modifications have been
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Figure 9. Mechanism of insulin resistance inhibition by resveratrol in
MG-treated Hep G2 cells. Resveratrol promotes the expression of
HO-1 and glyoxalase by mediating Nrf2 activation via ERK
phosphorylation. This inhibits oxidative stress and scavenge for MG,
effectively attenuating insulin resistance.

examined under diabetic conditions. Antioxidant supplements
have been proposed to be effective in treating complications
secondary to diabetes. This hypothesis is supported by clinical
results, indicating that the development of diabetes and
accumulation of MG may be reduced by the intake of natural
antioxidants through the diet.
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