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Abstract: Methylglyoxal (MG) has been found to cause inflammation and insulin resistance
in vitro and in vivo in recent studies. Resveratrol has been proposed as an effective treatment
that helps lower the risk of developing complications of diabetes. To study the significance
of glycosylation-related stress on the pathology of diabetes, the effects of resveratrol were
examined in a mouse model of diabetes induced by MG. Resveratrol was given via oral
gavage in MG-treated mice, and diabetes-related tests and markers were assessed using
biochemical and immunohistochemical analyses. Treatment with resveratrol markedly
improved blood glucose level from the oral glucose tolerance test and promoted nuclear
factor erythroid 2-related factor-2 (Nrf2) phosphorylation (p < 0.05) in the pancreas of MG-
treated mice. However, these effects were abolished by retinoic acid, Nrf2 inhibitor, in
resveratrol and retinoic acid-treated and MG-induced mice. These findings support that
resveratrol may be useful in the treatment of type-2 diabetes by protecting against pancreatic
cell dysfunction.
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1. Introduction

Hyperglycemia can initiate the production of advanced glycation end products (AGEs) by the
non-enzymatic reaction of carbohydrates and proteins [1,2]. AGEs have been reported to induce the
formation of free radicals and other reactive intermediates, triggering inflammatory response and the
progression of diabetes [3]. Methylglyoxal (MG) is a highly-reactive dicarbonyl metabolite of glucose
metabolism [4] and o precursor of AGEs that can lead to the development of diabetes. Recently, MG
has been found to cause impairment of pancreatic cell function and suppression of insulin secretion in
Sprague-Dawley rats [5,6].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is an antioxidant-responsive element
(ARE)-associated transcriptional factor that elevates heme oxygenase-1 and glutamate-cysteine ligase
expression [7,8]. Activation of Nrf2 also induces glyoxalase-1 expression, which promotes MG to form
D-lactic acid [9]. A prior study has reported an association between oxidative stress and cell
damage [10]. However, a higher level of MG (200 ppm) was found in patients with diabetes compared
to people without diabetes (5 ppm) [11]. It has been reported that coffee, cream and cake could elevate
the MG level in serum, with coffee containing approximately 230 uM of MG [12] and honey containing
5 mg/g of MG [13]. In Spain, people consume 216 pg of MG in cookies per day [14]. Moreover, wine
and beer contain 1.6 and 1.0 ug/mL of MG, respectively [15,16].

Several experimental models among various studies have demonstrated that dietary phytochemicals,
such as resveratrol, have exhibited significant bioactivities [17,18]. Resveratrol is a stilbene-type
phytoalexin that is found in a wide variety of plants and fruits, such as legumes, grapes and berries, and
has many reported health benefits, including anti-diabetic properties [19-23]. It acts through multiple
pathways, including AMP-activated protein kinase (AMPK), sirtuin 1 (SIRT1) and nuclear factor
erythroid 2-related factor 2 (Nrf2), to protect against pancreatic f-cell dysfunction and improve insulin
sensitivity [24-28]. It has also been found to ameliorate diabetes by inhibiting inflammatory response,
poly(ADP-ribose) polymerase and phosphodiesterase (PDE) activities [29,30].

To date, various pharmacological studies have utilized resveratrol mainly as an oral supplement to
treat diabetic patients [31,32], which come in the form of tablets and capsules and may vary in terms of
doses [33,34]. Previous studies demonstrated that, regardless of the difference between the doses,
resveratrol may still exhibit antidiabetic effects on patients [31,32]. The administering of higher doses lead
to the activation of AMPK (SIRT1-independent), whereas lower doses (<0.5 g/person) promote the
activation of SIRT1, as well as improving insulin sensitivity and glucose levels, while only inducing
moderate reversible side effects [31,35]. Despite the positive aspects exhibited by the consumption of
resveratrol, past studies have identified a clear need for the improvement of resveratrol bioavailability [34].
This is attributed to the involvement of sulfation and glucuronidation of resveratrol metabolism in
humans, where it has been noted that a quick phase Il conjugation towards the formation of the two
metabolites explains the low bioavailability (oral) of resveratrol [36]. Despite this, there has been
increasing scientific evidence promoting the positive bioactivities of resveratrol, as well as identifying
it as a promising supplement and nutraceutical for diabetes treatment [37].

Retinoic acid (RA) has been reported to suppress the activation of Nrf2 mediated by RA receptor-a
(RARa) [38]. Our previous study has shown that resveratrol effectively attenuated insulin resistance
induced by MG in Hep G2 cells [39]. However, the anti-inflammatory and antidiabetic effects of
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resveratrol have not been examined in mice with MG-induced diabetes. The purpose of this study was
to evaluate the anti-diabetic effect of resveratrol, with or without the addition of RA, on insulin resistance
in MG-treated mice.

2. Materials and Methods
2.1. Reagents

Resveratrol, retinoic acid (RA), MG and pioglitazone were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). The protein concentration was determined using a standard commercial Kit
(Bio-Rad Laboratories, Hercules, CA, USA). Anti-p-Nrf2 antibody was purchased from Bioss (Woburn,
MA, USA). Anti-insulin antibody and IRS-1 (tyrosine phosphorylation) enzyme-linked immunosorbent
assay (ELISA) kits were purchased from Cell Signaling Technology (Beverly, MA, USA).

2.2. Diabetes Induction

Male Balb/C mice (4 weeks old, n = 30) were obtained from the National Laboratory Animal
Breeding and Research Center (Taipei, Taiwan) and acclimatized for 1 week prior to use. The
experimental protocol complied with the guidelines described in the “Animal Protection Law”, amended
on 17 January 2001 (Hua-Zong-(1)-Yi-Tzi-9000007530, Council of Agriculture, Executive Yuan,
Taiwan, ROC). The animals were provided with food and water ad libitum and subjected to a 12-h
light/dark cycle at 25 °C, with a relative humidity of 60%. Mice were divided at random into the
following five treatment groups: (1) control; (2) MG (1% in water, oral administration); (3) MG +
pioglitazone (10 mg/kg, oral administration); (4) MG + resveratrol (10 mg/kg; oral administration); and
(5) MG + resveratrol + RA (10 mg/kg, intraperitoneal injection). These treatments were administered
daily for 12 weeks.

2.3. Blood Sample Collection

Blood samples were collected and allowed to clot for 30 min at room temperature and then centrifuged
at 3000x g for 20 min to obtain the serum, which was stored at —80 °C before use.

2.4. Oral Glucose Tolerance Test and Insulin Tolerance Test

The oral glucose tolerance test (OGTT) was performed after an overnight fast. A basal blood sample
was taken, followed by oral administration of glucose (2 g/kg). Blood was collected for up to 120 min,
and blood glucose was determined using a glucose assay kit (BioAssay Systems, Hayward, CA, USA).
For the insulin tolerance test (ITT), mice were given an intraperitoneal injection of insulin (0.5 U/kg)
after an overnight fast, followed by blood glucose determination for 45 min.
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2.5. Serum Insulin, Hepatic Inflammatory Factors and Tyr-Phosphorylated Insulin Receptor
Substrate-1 Protein Expression Assay

Insulin level was measured using an ELISA assay kit (Mercodia, Winston Salem, NC, USA).
Cytokines (tumour necrosis factor a (TNF-a) and interleukin 1p (IL-1B)) were measured using ELISA
kits purchased from Peprotech (Rocky Hill, NJ, USA). Tyr-phosphorylated insulin receptor substrate-1
(IRS-Tyr) was measured using an ELISA assay kit (Cell Signaling Technology, Beverly, MA, USA).
Analyses were performed following the supplier’s protocols.

2.6. Homeostasis Model Assessment-Insulin Resistance

The homeostasis model assessment for insulin resistance (HOMA-IR) was calculated via the
following equation: fasting serum insulin (mU/L) x fasting glucose (mmol/L)/22.5 [40].

2.7. Immunohistochemistry Stain

Frozen 6-um sections were cut on a cryostat and thaw-mounted onto silane-coated slides. The sections
were incubated with 3% H20:2 for 20 min to quench endogenous peroxidase activity. After being rinsed
twice with phosphate-buffered saline (PBS), the sections were incubated with skim milk (5%) for 1 h,
followed by incubation with anti-p-Nrf2 (1:100) for 12 h. After washing in PBS, the sections were
incubated with secondary antibody (1:200) in PBS for 1 h. After two more rinses with PBS, the
immunoreactive signal was visualized by incubation with 3,3’-diamino benzidine tetrahydrochloride for
10 min. The sections were counter-stained with hematoxylin.

2.8. Statistical Analysis

Experimental results were expressed as the mean (standard deviation, SD) of three parallel
measurements. The results were subjected to one-way analysis of variance (ANOVA) to determine
the statistical significance of differences between sample means. p < 0.05 was considered
statistically significant.

3. Results
3.1. The Anti-Diabetic Effects of Resveratrol in MG-Treated Mice

The fasting serum glucose levels were significantly higher in rats fed with MG (129.8 + 13.1 mg/dL) for
12 weeks prior to supplementation with resveratrol, relative to those in rats fed a normal diet
(93.5 £ 6.7 mg/dL) (p < 0.05). This indicates the induction of hyperglycemia in rats. Figure 1A shows
the effect of resveratrol on serum glucose levels during OGTT in MG-fed rats. There were significant
differences in initial serum glucose levels among those groups. In addition, MG-treated diabetic rats
given resveratrol had significantly reduced serum glucose levels (p < 0.05) (Figure 1A). The integrated
area under the glucose curve of OGTT in MG-treated diabetic rats showed a significant increase in serum
glucose versus the other groups (p < 0.05) (Figure 1A). ITT was significantly lower in MG-fed rats given
10 mg/kg resveratrol, 10 mg/kg pioglitazone and normal diet than in the MG group (Figure 1B).
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MG-fed rats showed a significant increase in the level of insulin and the value of the HOMA-IR index
in comparison to normal rats (p < 0.05) (Figure 2). Administration of resveratrol improved insulin
resistance as demonstrated by the reduced 86.2% insulin levels in this group (Figure 2A) in comparison
to the MG group. Administration of resveratrol led to a significant reduction in the value of HOMA-IR
index of rats that was elevated by MG feeding. There was no significant difference between the
resveratrol-treated group and the normal group, in which the HOMA-IR index value was also lower than
the MG-treated rats alone (Figure 2B).

(A)
210 -
I
180 E
3
5 150
E
120
§ AUCqucose
5 12,285 b -m-Control
B 60 4 14,700 a =MG
2 11,773 b -=-MG + Pioglitazone
30 A 11,453 b -AMG + Resveratrol
0 14,183 a -6-MG + Resveratrol + Retinoic acid
0 30 60 90
Time (min)
(B)
180 -
150 4
E

-
N
o

[~

-&-Control
=MG
-+-MG + Pioglitazone

Blod Glucose (mg/dL)
o w
o o

30 1 _A-MG + Resveratrol
-=-MG + Resveratrol + Retinoic acid
O T T 1
0 15 30 45

Time (min)

Figure 1. The effects of resveratrol on the (A) oral glucose tolerance test (OGTT) and the
(B) insulin tolerance test (ITT). The data shown represent the mean + SD (n = 6). (a,b)
indicate a statistically-significant difference at p < 0.05. MG: methylglyoxal.
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Figure 2. The anti-diabetic effects of resveratrol on (A) serum insulin and (B) homeostasis
model assessment-insulin resistance (HOMA-IR) in methylglyoxal-treated Balb/C mice.
The data shown represent the mean + SD (n = 6). (a,b) indicate a statistically-significant
difference at p < 0.05.

3.2. Anti-Inflammatory Effects of Resveratrol

Figure 3 shows the effect of resveratrol on hepatic TNF-a and IL-1p contents in rats. Significantly
higher hepatic TNF-o and IL-1p contents were observed in the MG group compared to the normal group,
4641.8 £ 2094.3 pg/mg protein vs. 283.5 £ 86.4 pg/mg protein and 3369.2 + 790 pg/mg protein vs.
1462.9 + 426.3 pg/mg protein, respectively (p < 0.05). MG-fed rats given pioglitazone and resveratrol had
significantly reduced TNF-o contents of 73.6% and 71.3%, respectively (Figure 3A).
Co-administration with resveratrol and retinoic acid did not alter the TNF-a and IL-1p of rats (Figure 3).
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Figure 3. The suppression of inflammatory cytokine levels in the livers of methylglyoxal-
treated mice treated with resveratrol. (A) Hepatic TNF-a and (B) Hepatic IL-1p levels of
methylglyoxal treated mice. The data shown represent the mean £ SD (n = 6). (a—c) indicate
a statistically-significant difference at p < 0.05.

3.3. Resveratrol-Mediated Elevation of Liver Tyr-Phosphorylated IRS-1 Levels

Figure 4 shows the resveratrol-mediated elevation of liver Tyr-phosphorylated IRS-1 levels in rats.
The animal group fed with the MG-supplemented diet showed a 39.5% reduction in Tyr-phosphorylated
insulin receptor substrate-1 (IRS-Tyr) expression in the liver compared to the control group (p < 0.05).
Resveratrol (10 mg/kg body weight) enhanced IRS-Tyr expression in MG-fed rat liver by 85.5% of the
rats fed with MG alone (p < 0.05). Moreover, there is no significant difference in the hepatic level of
IRS-Tyr protein expressions in MG-administrated rats with added with pioglitazone or resveratrol and
retinoic acid together (Figure 4).
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Figure 4. Elevation of hepatic insulin receptor substrate 1 (IRS-1) tyrosine (Tyr)
phosphorylation in methylglyoxal-treated mice treated by resveratrol. The data shown
represent the mean + SD (n = 6). (a,b) indicate a statistically-significant difference at
p < 0.05.

3.4. IHC Stain for Pancreatic Insulin and p-Nrf2

Figure 5 and Figure 6 show the immunohistochemistry (IHC) stain for pancreatic insulin and p-Nrf2
protein expression in rats. Our data show that the pancreatic contents of insulin and p-Nrf2 protein
expression were decreased in MG-administrated rats alone (p < 0.05). The pancreatic level of insulin
and p-Nrf2 protein expressions were increased in MG-administrated rats with added resveratrol
(p < 0.05). However, there was no significant difference in the pancreatic level of insulin and p-Nrf2
protein expressions among MG-administrated rats with added pioglitazone or resveratrol and retinoic
acid together, indicating the occurrence of the imbalance of redox after the administration of MG
(Figures 5 and 6).

Control MG + Pioglitazone

Figure 5. Cont.
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Figure 5. Immunohistochemical visualization of pancreatic insulin in methylglyoxal-treated
mice treated with resveratrol (n = 6). The bars represent the pancreatic cellular insulin content
of different treatment groups. (a,b) indicate a statistically-significant difference at p < 0.05.
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Figure 6. Immunohistochemical visualization of pancreatic p-Nrf2 in methylglyoxal-treated
mice with resveratrol (n = 6). The bars show the pancreatic cellular content of p-Nrf2 of
different treatment groups. (a,b) indicate a statistically-significant difference at p < 0.05.

4. Discussion

After 12 weeks of treatment, the effects of resveratrol on OGTT and ITT in Balb/C mice were
investigated. As shown in Figure 1A, MG treatment clearly resulted in hyperglycemia in the OGTT,
while pioglitazone (an anti-diabetic drug) and resveratrol both reduced blood glucose (0-120 min).
However, the hypoglycaemic effect of resveratrol was attenuated by RA administration. In addition, ITT
was used to evaluate liver, muscle and adipose tissue insulin sensitivity. These results (Figure 1B)
suggested that administration of resveratrol and pioglitazone with MG lowered blood glucose in the ITT,
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as compared with animals administered MG only. This insulin-sensitizing effect of resveratrol was also
attenuated by RA treatment. After sacrifice of the mice, determination of serum insulin and blood
glucose (Figure 2) showed that MG induced marked hyperinsulinemia and hyperglycemia and indicated
that these diabetic features were improved by co-administration of pioglitazone or resveratrol. We found
that pioglitazone and resveratrol significantly suppressed liver TNF-a and IL-1 levels in Balb/C mice
with MG-induced diabetes. However, the inhibitory effects of resveratrol on inflammatory cytokines
were abolished by RA treatment (Figure 3). These findings revealed that Nrf2 activation was involved
in resveratrol’s anti-inflammatory effects.

Type-2 diabetes (T2-D) is a chronic disease of carbohydrate metabolism caused by a deficiency in
insulin secretion or ineffective insulin action. Medicinal plants provide common alternative treatments
for T2-D in many parts of the world [37]. Impaired insulin signaling leads to reduced glucose uptake
and glycogen synthesis, eventually causing insulin resistance in hepatocytes [41]. This loss of the ability
of insulin to trigger downstream metabolic actions in the liver is defined as hepatic insulin resistance [42].
In theory, Tyr phosphorylation of IRS may activate protein kinase B (PKB)/Akt signaling, which
promotes GLUT translocation to the membrane, thereby improving insulin sensitivity [43]. TNF-a
reduces insulin-dependent signal transduction through a mechanism involving insulin receptor (IR) and
IRS down-regulation, inhibition of IR and IRS Tyr phosphorylation and increased serine serine/threonine
phosphorylation of IRS. Furthermore, protein Tyr phosphataselB (PTP1B) has been reported to inhibit
glucose transporter (GLUT) expression, through decreasing IRS Tyr phosphorylation [44]. When insulin
binds to the IR a-subunit, the intracellular f-subunit becomes activated by phosphorylation of specific
Tyr residues, which, in turn, causes binding and activation (Tyr phosphorylation) of IRS. This is the
most important receptor substrate in cells that respond to insulin, causing Akt phosphorylation and
GLUT translocation [45]. Studies have reported that resveratrol can improve metabolic disorders through
activation of Sirtuin 1 (SIRT1) and Nrf2 expression in high fat diet-induced obese mice [46-48]. The
mechanism by which resveratrol activates SIRT1 is not fully understood. However, it has been proposed
that activation of AMPK, along with inhibition of phosphodiesterase 4 and elevation of CAMP in the
cell, is essential for resveratrol to allosterically control SIRT1 expression [47]. A recent study also
demonstrated the link between SIRT1 and the metabolic health benefits of resveratrol [35]. The authors
observed that a moderate dose of resveratrol activated SIRT1 and induced liver kinase B1 deacetylation
and AMPK activation, which led to increased mitochondrial biogenesis and function [35]. However, the
protective effect of resveratrol against pancreatic cell damage in the MG-induced hyperglycaemic animal
model via the SIRT1 and Nrf2 pathways has not been reported yet. Our previous study indicated that
resveratrol could activate the ERK signaling pathway and enhance Nrf2 nuclear translocation and
activation in RIN-m5F beta cells. One of the objectives of this study was to confirm the relation between
resveratrol and Nrf2 in an animal model, since retinoic acid (RA) has been reported to suppress the
activation of Nrf2 mediated by RA receptor-a. The results revealed that the effect of resveratrol was not
abolished by RA treatment; therefore, there is a possibility that resveratrol can act not just via Nrf2.

We found that resveratrol markedly recovered the level of hepatic p-IRS-1 (Tyr) in MG-treated
Balb/C mice and that this effect was abolished by RA treatment, suggesting that Nrf2 activation may
have attenuated MG-induced insulin signaling pathway impairment (Figure 4). IHC analysis of p-cell
insulin immunoreactivity (Figure 5) indicated that pancreatic insulin production was decreased by
exposure to MG. Insulin immunoreactivity appeared to be elevated in animals treated with resveratrol
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and pioglitazone, but this recovery was impaired by RA. These findings suggested that Nrf2 played an
important role in MG-induced loss of pancreatic insulin. Several potential mechanisms of Nrf2
phosphorylation by mitogen-activated protein kinase (MAPK) have been reported [48]. Therefore, we
investigated pancreatic Nrf2 activation in MG-induced Balb/C mice. We found elevated pancreatic
p-Nrf2 in mice that were co-administered MG and resveratrol; this effect was impaired by RA, while
pioglitazone did not affect the pancreatic p-Nrf2 level in mice exposed to MG (Figure 6).

Abnormal cellular accumulation of MG invariably occurs in diabetes [49]. MG reduces glucose
tolerance in rodents [50], suggesting that postprandial MG production in normoglycemic individuals
could result in glucose intolerance. As a redox-dependent transcription factor, Nrf2 controls the
expression of a number of genes, including those that encode stress response proteins and detoxifying
enzymes. Therefore, the nuclear abundance of Nrf2 is tightly regulated by nuclear export and
degradation processes. Nrf2 played an important role in improving glucose tolerance and insulin
resistance in Nrf2-knockout mice fed a high-fat diet for 180 days [51]. Nrf2 activators protected against
renal damage in streptozotocin-induced diabetes and activated the PKB signaling pathway to improve
insulin sensitivity [52]. In agreement with these previous studies, our study indicated that resveratrol can
at least partially activate the ERK signaling pathway, which was previously shown to enhance Nrf2
nuclear translocation and activation [39]. In addition, activation of Nrf2 by several compounds, including
monascin, ankaflavin and dimerumic acid, elevated MG metabolism to alleviate diabetic damage
in vivo [53-56]. Activation of Nrf2 also protected from oxidation of high-density lipoprotein cholesterol [57]
and airway inflammation in vivo [58]. Resveratrol has been demonstrated to inhibit oxidative stress
through Nrf2 activation [59,60]. We found that resveratrol effectively improved MG-induced effects on
OGTT, ITT (Figure 1), hyperglycemia (Figure 2), inflammation (Figure 3) and pancreatic damage
(Figure 5) and that these effects were associated with Nrf2 activation (Figure 6).

5. Conclusions

In conclusion, to study the significance of glycosylation-related stress on the pathology of diabetes,
the effects of resveratrol were examined in a mouse model of diabetes. Resveratrol has been proposed
to provide effective treatment of complications secondary to diabetes. This in vivo study found that
resveratrol may also be useful for treating the insulin resistance found in diabetes.

Acknowledgments

This research work and subsidiary spending were supported by the Yupintang Traditional Chinese
Medicine Foundation (Taiwan).

Author Contributions

An-Sheng Cheng and Wen-Chang Chang designed the research; Yu-Hsiang Cheng, Chi-Ying Lee and
Chin-Yuan Chung performed the experimental work; An-Sheng Cheng and Wen-Chang Chang wrote
and revised the manuscript. All authors discussed, edited and approved the final version.



Nutrients 2015, 7 2861

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Negre-Salvayre, A.; Halvayre, R.; Auge, N.; Pamplona, R.; Portero-Otin, M. Hyperglycemia and
glycation in diabetic complications. Antioxid. Redox Signal. 2009, 11, 3071-3109.

2. Schiekofer, S.; Andrassy, M.; Chen, J.; Rudofsky, G.; Schneider, J.; Wendt, T.; Stefan, N.;
Humpert, P.; Fritsche, A.; Stumvoll, M.; et al. Acute hyperglycemia causes intracellular formation
of CML and activation of ras p42/44 MAPK and nuclear factor kappaB in PBMCs. Diabetes 2003,
52, 621-633.

3. Bonnefont-Rousselot, D. Glucose and reactive oxygen species. Curr. Opin. Clin. Nutr. Metab. Care
2002, 5, 561-568.

4. Wu, C.H.; Huang, S.M.; Lin, J.A.; Yen, G.C. Inhibition of advanced glycationend product
formation by foodstuffs. Food Funct. 2011, 2, 224-234.

5. Dhar, A.; Desai, K.M.; Wu, L. Alagebrium attenuates acute methylglyoxal induced glucose
intolerance in Sprague-Dawley rats. Br. J. Pharmacol. 2010, 159, 166-175.

6. Dhar, A.; Dhar, I.; Jiang, B.; Desai, K.M.; Wu, L. Chronic methylglyoxal injection by minipump
causes pancreatic beta-cell dysfunction and induces type 2 diabetes in Sprague-Dawley rats.
Diabetes 2011, 60, 899-908.

7. Keum, Y.S.; Owuor, E.D.; Kim, B.R.; Hu, R.; Kong, A.N. Involvement of Nrf2 and JNK1
in the activation of antioxidant responsive element (ARE) by chemopreventive agent
phenethylisothiocyanate (PEITC). Pharm. Res.2003, 20, 1351-1356.

8. Kobayashi, M.; Yamamoto, M. Molecular mechanisms activating the Nrf2-Keapl pathway of
antioxidant gene regulation. Antioxid. Redox Signal. 2005, 7, 385-394.

9. Vander-Jagt, D.; Hunsaker, L. Methylglyoxal metabolism and diabetic complications: Roles of
aldose reductase, glyxalase-1, betaine aldehyde dehydrogenase and oxoaldehyde dehydrogenase.
Chem. Biol. Int. 2003, 143, 341-351.

10. Romero-Sarmiento, Y.; Soto-Rodriguez, I.; Arzaba-Villalba, A.; Garcia, H.S.; Alexander-Aguilera,
A. Effects of conjugated linoleic acid on oxidative stress in rats with sucrose-induced non-alcoholic
fatty liver disease. J. Funct. Foods 2012, 4, 219-225.

11. Khuhawar, M.Y.; Kandhro, A.J.; Khand, F.D. Liquid chromatographic determination of glyoxal
and methylglyoxal from serum of diabetic patients using meso-stilbenediamine as derivatizing
agent. Anal. Lett. 2006, 39, 2205-2215.

12. Wang, J.; Chang, T. Methylglyoxal content in drinking coffee as a cytotoxic factor. J. Food Sci.
2010, 75, H167-H171.

13. Adams, C.J.; Manley-Harris, M.; Molan, P.C. The origin of methylglyoxal in New Zealand manuka
(Leptospermum scoparium) honey. Carbohydr. Res. 2009, 344, 1050-1053.

14. Arrbias-Lorenzo, G.; Morales, F.J. Analysis, distribution, and dietary exposure of glyoxal and
methylglyoxal in cookies and their relationship with other heat-induced contaminants. J. Agric.
Food Chem. 2010, 58, 2966-2972.



Nutrients 2015, 7 2862

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

De Revel, G.; Bertrand, A. A method for the detection of carbonyl compounds in wine: Glyoxal
and methylglyoxal. J. Sci. Food Agric. 1993, 61, 267-272.

Barros, A.; Rodrigues, J.A.; Almeida, P.J.; Oliva-Teles, M.T. Determination of glyoxal,
methylglyoxal and diacetyl in selected beer and wine by HPLC with UV spectrophotometric
detection after derivatization with O-phenylendiamine. J. Liq. Chromatogr. Relat. Technol. 1999,
22, 2061-20609.

Espin, J.C.; Garcia-Conesa, M.T.; Tomés-Barberan, F.A. Nutraceuticals: Facts and fiction.
Phytochemistry 2007, 68, 2986—3008.

Murakamim, A. Modulation of protein quality control systems by food phytochemicals. J. Clin.
Biochem. Nutr. 2013, 52, 215-227.

Aggarwal, B.B.; Bhardwaj, A.; Aggarwal, R.S.; Seeram, N.P.; Shishodia, S.; Takada, Y. Role of
resveratrol in prevention and therapy of cancer: Preclinical and clinical studies. Anticancer Res.
2004, 24, 2783-2840.

Ferndndez-Mar, M.1.; Mateos, R.; Garcia-Parrilla, M.C.; Puertas, B.; Cantos-Villar, E. Bioactive
compounds in wine: Resveratrol, hydroxytyrosol and melatonin: A review. Food Chem. 2012, 130,
797-813.

Xu, Y.; Nie, L.; Yin, Y.G.; Tang, J.L.; Zhou, J.Y.; Li, D.D.; Zhou, S.W. Resveratrol protects against
hyperglycemia-induced oxidative damage to mitochondria by activating SIRT1 in rat mesangial
cells. Toxicol. Appl. Pharmacol. 2012, 259, 395-401.

Yu, W.; Fu, Y.C.; Wang, W. Cellular and molecular effects of resveratrol in health and disease.
J. Cell Biochem. 2012, 113, 752-759.

Fiori, J.L.; Shin, Y.K.; Kim, W.; Krzysik-Walker, S.M.; Gonzalez-Mariscal, I.; Carlson, O.D;
Sanghvi, M.; Moaddel, R.; Farhang, K.; Gadkaree, S.K.; et al. Resveratrol prevents p-cell
dedifferentiation in nonhuman primates given a high-fat/high-sugar diet. Diabetes 2013, 62,
3500-3513.

Do, G.M.; Jung, U.J.; Park, H.J.; Kwon, E.Y.; Jeon, S.M.; McGregor, R.A.; Choi, M.S. Resveratrol
ameliorates diabetesrelated metabolic changes via activation of AMP-activated protein kinase and
its downstream targets in db/db mice. Mol. Nutr. Food Res. 2012, 56, 1282-1291.

Wu, L.; Zhou, L.; Lu, Y.; Zhang, J.; Jian, F.; Liu, Y.; Li, F.; Li, W.; Wang, X.; Li, G. Activation of
SIRT1 protects pancreatic B cells against palmitate-induced dysfunction. Biochim. Biophys. Acta
2012, 1822, 1815-1825.

Zhang, J.; Chen, L.; Zheng, J.; Zeng, T.; Li, H.; Xiao, H.; Deng, X.; Hu, X. The protective effect of
resveratrol on islet insulin secretion and morphology in mice on a high-fat diet. Diabetes Res.
Clin. Pract. 2012, 97, 474-482.

Milne, J.C.; Lambert, P.D.; Schenk, S.; Carney, D.P.; Smith, J.J.; Gagne, D.J.; Jin, L,
Boss, O.; Perni, R.B.; Vu, C.B.; et al. Small molecule activators of SIRT1 as therapeutics for the
treatment of type 2 diabetes. Nature 2007, 450, 712-716.

Cheng, A.S.; Cheng, Y.H.; Chang, T.L. Resveratrol protects RINm5F pancreatic cells from
methylglyoxal-induced apoptosis. J. Funct. Foods 2013, 5, 1774-1783.

Ku, C.R.; Lee, HJ.; Kim, S.K.; Lee, E.Y.; Lee, M.K.; Lee, E.J. Resveratrol prevents
streptozotocin-induced diabetes by inhibiting the apoptosis of pancreatic B-cell and the cleavage of
poly (ADP-ribose) polymerase. Endocr. J. 2012, 59, 103-1009.


http://www.ncbi.nlm.nih.gov/pubmed/22968147

Nutrients 2015, 7 2863

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Rouse, M.; Younes, A.; Egan, J.M. Resveratrol and curcumin enhance pancreatic $-cell function by
inhibiting phosphodiesterase activity. J. Endocrinol. 2014, 223, 107-117.

Szkudelski, T.; Szkudelska, K. Resveratrol and diabetes: From animal to human studies. Biochim.
Biophys. Acta 2014, doi:10.1016/j.bbadis.2014.10.013.

Movahed, A.; Nabipour, I.; Louis, X.L.; Thandapilly, S.J.; Yu, L.; Kalantarhormozi, M.;
Rekabpour, S.J.; Netticadan, T. Antihyperglycemic effects of short term resveratrol
supplementation in type 2 diabetic patients. eCAM 2013, 2013, 851267-851278.

Rotches-Ribalta, M.; Andres-Lacueva, C.; Estruch, R.; Escribano, E.; Urpi-Sarda, M.
Pharmocokinetics of resveratrol metabolic profile in healthy humans after moderate consumption
of red wine and grape extract tablets. J. Pharm. Res. 2012, 66, 375-382.

Smoliga, J.M.; Blanchard, O. Enhancing the delivery of resveratrol in humans: If low bioavailability
is the problem, what is the solution? Molecules 2014, 19, 17154-17172.

Price, N.L.; Gomes, A.P.; Ling, AJ.; Duarte, F.V.; Martin-Montalvo, A.; North, B.J;
Agarwal, B.; Ye, L.; Ramadori, G.; Teodoro, J.S.; et al. SIRT1 is required for AMPK activation
and the beneficial effects of resveratrol on mitochondrial function. Cell Metab. 2012, 15, 675-690.
Furimsky, A.; Green, C.; Sharp, E.; Cats, P.; Adjeu, A.; Parman, T.; Kapetanovic, I.;
Weinshilboum, R.; Lyver, L. Effect of resveratrol on 17beta-estradiol sulfation by human hepatic
and jejunal S9 and recombinant sulfotransferase 1E1. Drug Metab. Dispos. 2008, 36, 129-136.
Bahadoran, Z.; Mirmiran, P.; Azizi, F. Dietary polyphenols as potential nutraceuticals in
management of diabetes: A review. J. Diabetes Metab. Disord. 2013, 12, 43.

Wang, X.J.; Hayes, J.D.; Henderson, C.J.; Wolf, C.R. Identification of retinoic acid as an inhibitor
of transcription factor Nrf2 through activation of retinoic acid receptor a. Proc. Natl. Acad. Sci.
USA 2007, 104, 19589-19594.

Cheng, A.S.; Cheng, Y.H.; Chiou, C.H.; Chang, T.L. Resveratrol upregulates Nrf2 expression to
attenuate methylglyoxal-induced insulin resistance in Hep G2 cells. J. Agric. Food Chem. 2012, 60,
9180-9187.

Matthews, D.R.; Hosker, J.R.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F.; Turner, R.C.
Homeostasis model assessment: Insulin resistance and p-cell function from fasting plasma glucose
and insulin concentrations in man. Diabetologia 1985, 28, 412-419.

Hsieh, M.J.; Lan, K.P.; Liu, H.Y.; Zhang, X.Z.; Lin, Y.F.; Chen, T.Y.; Chiou, H.L. Hepatitis C virus
E2 protein involve in insulin resistance through an impairment of Akt/PKB and GSK3R signaling
in hepatocytes. BMC Gastroenterol. 2012, 12, doi:10.1186/1471-230X-12-74.

Kim, S.P.; Ellmerer, M.; Can Citters, G.W.; Bergman, R.N. Primacy of hepatic insulin resistance
in the development of the metabolic syndrome induced by an isocaloric moderate-fat diet in the dog.
Diabetes 2003, 52, 2453-2460.

Wang, N.; Zhang, D.L.; Mao, X.Q.; Zou, F.; Jin, H.; Ouyang, I.P. Astragalus polysaccharides
decreased the expression of PTP1B through relieving ER stress induced activation of ATF6 in a rat
model of type 2 diabetes. Mol. Cell Endocrinol. 2009, 307, 89-98.

Cheung, A.T.; Wang, J.; Ree, D.; Koll, J.K.; Bryer-Ash, M. Tumor necrosis factor-o induces hepatic
insulin resistance in obese zucker (fa/fa) rats via interaction of leukocyte antigen-related tyrosine
phosphatase with focal adhesion kinase. Diabetes 2000, 49, 810-819.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Smoliga%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=25347459
http://www.ncbi.nlm.nih.gov/pubmed/?term=Blanchard%20O%5BAuthor%5D&cauthor=true&cauthor_uid=25347459
http://www.ncbi.nlm.nih.gov/pubmed/25347459
http://www.ncbi.nlm.nih.gov/pubmed/?term=Effect+of+Re+sveratrol+on+17%CE%B2-Estradiol+Sulfation+by+Human+Hepatic+and+Jejunal+S9+and+Recombinant+Sulfotransferase+1E1.

Nutrients 2015, 7 2864

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

Lee, B.H.; Hsu, W.H.; Pan, T.M. Inhibitory effects of dioscorea polysaccharide on TNF-alpha-
induced insulin resistance in mouse FL83B cells. J. Agric. Food Chem. 2011, 59, 5279-5285.
Kitada, M.; Kume, S.; Kanasaki, K.; Takeda-Watanabe, A.; Koya, D. Sirtuins as possible drug
targets in type 2 diabetes. Curr. Drug Targets 2013, 14, 622-636.

Kitada, M.; Koya, D. SIRT1 in type 2 diabetes: Mechanisms and therapeutic potential. Diabetes
Metab. J. 2013, 37, 315-325.

Wu, C.C.; Hsu, M.C.; Hsieh, C.W.; Lin, J.B.; Lai, P.H.; Wung, B.S. Upregulation of heme
oxygenase-1 by epigallocatechin-3-gallate via the phosphatidylinositol 3-kinase/Akt and ERK
pathways. Life Sci. 2006, 78, 2889-2897.

Wu, C.H.; Huang, S.M.; Yen, G.C. Silymarin: A novel antioxidant with antiglycation and
antiinflammatory properties in vitro and in vivo. Antioxid. Redox Signal. 2011, 14, 353-366.
Ankrah, N.A.; Appiah-Opong, R. Toxicity of low levels ofmethylglyoxal: Depletion of blood
glutathione and adverse effect onglucose tolerance in mice. Toxicol. Lett. 1999, 109, 61-67.
Chartoumpekis, D.V.; Ziros, P.G.; Psyrogiannis, A.l.; Papavassiliou, A.G.; Kyriazopoulou, V.E.;
Sykiotis, G.P.; Habeos, 1.G. Nrf2 represses FGF21 during long-term high-fat diet-induced obesity
in mice. Diabetes 2011, 60, 2465-2473.

Zheng, H.T.; Whitman, S.A.; Wu, W.; Wondrak, G.T.; Wong, P.K.; Fang, D. Therapeutic potential
of Nrf2 activators in streptozotocin-induced diabetic nephropathy. Diabetes 2011, 60, 3055-3066.
Hsu, W.H.; Lee, B.H.; Chang, Y.Y.; Hsu, Y.W.; Pan, T.M. A novel natural Nrf2 activator with
PPARgamma-agonist (monascin) attenuates the toxicity of methylglyoxal and hyperglycemia.
Toxicol. Appl. Pharmacol. 2013, 272, 842-851.

Hsu, W.H.; Lee, B.H.; Li, C.H.; Hsu, Y.W.; Pan, T.M. Monascin and AITC attenuate
methylglyoxal-induced PPARgamma phosphorylation and degradation through inhibition of the
oxidative stress/PKC pathway depending on Nrf2 activation. J. Agric. Food Chem. 2013, 61,
5996-6006.

Lee, B.H.; Hsu, W.H.; Huang, T.; Chang, Y.Y.; Hsu, Y.W.; Pan, T.M. Effects of monascin on
anti-inflammation mediated by Nrf2 activation in advanced glycation end product-treated
THP-1 monocytes and methylglyoxal-treated Wistar rats. J. Agric. Food Chem. 2013, 61,
1288-1298.

Lee, B.H.; Hsu, W.H.; Hsu, Y.W.; Pan, T.M. Dimerumic acid attenuates receptor for advanced
glycationend products signal to inhibit inflammation and diabetes mediated by Nrf2 activation and
promotes methylglyoxal metabolism into D-lactic acid. Free Radic. Biol. Med. 2013, 60, 7-16.
Hsu, W.H.; Huang, Y.C.; Lee, B.H.; Hsu, Y.W.; Pan, T.M. The improvements of ankaflavin isolated
from Monascus-fermented products on dyslipidemia in high-fat diet-induced hamster. J. Funct.
Foods 2013, 5, 434-443,.

Hsu, W.H.; Lee, B.H.; Chang, Y.Y.; Hsu, Y.W.; Pan, T.M. Ankaflavin, a novel Nrf2 activator for
attenuating allergic airway inflammation. Free Radic. Biol. Med. 2012, 53, 1643-1651.

He, X.; Wang, L.; Szklarz, G.; Bi, Y.; Ma, Q. Resveratrol inhibits paraquat-induced oxidative stress
and fibrogenic response by activating the nuclear factor erythroid 2-related factor 2 pathway. J.
Pharmacol. Exp. Ther. 2012, 342, 81-90.



Nutrients 2015, 7 2865

60. Palsamy, P.; Subramanian, S. Resveratrol protects diabetic kidney by attenuating
hyperglycemia-mediated oxidative stress and renal inflammatory cytokines via Nrf2-Keapl
signaling. Biochim. Biophys. Acta 2011, 1812, 719-731.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



	1. Introduction
	2. Materials and Methods
	2.1. Reagents
	2.2. Diabetes Induction
	2.3. Blood Sample Collection
	2.4. Oral Glucose Tolerance Test and Insulin Tolerance Test
	2.5. Serum Insulin, Hepatic Inflammatory Factors and Tyr-Phosphorylated Insulin Receptor  Substrate-1 Protein Expression Assay
	2.6. Homeostasis Model Assessment-Insulin Resistance
	2.7. Immunohistochemistry Stain
	2.8. Statistical Analysis

	3. Results
	3.1. The Anti-Diabetic Effects of Resveratrol in MG-Treated Mice
	3.2. Anti-Inflammatory Effects of Resveratrol
	3.3. Resveratrol-Mediated Elevation of Liver Tyr-Phosphorylated IRS-1 Levels
	3.4. IHC Stain for Pancreatic Insulin and p-Nrf2

	4. Discussion
	5. Conclusions
	Acknowledgments
	Author Contributions
	An-Sheng Cheng and Wen-Chang Chang designed the research; Yu-Hsiang Cheng, Chi-Ying Lee and Chin-Yuan Chung performed the experimental work; An-Sheng Cheng and Wen-Chang Chang wrote and revised the manuscript. All authors discussed, edited and approve...
	Conflicts of Interest
	References

