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ABSTRACT: Abnormal cellular accumulation of the dicarbonyl metabolite methylglyoxal (MG) results in cell damage,
inflammation, and oxidative stress. It is also associated with increased protein linkage to form advanced glycation end products
(AGEs) or induce DNA strand breaks. The association between peroxisome proliferator-activated receptor-y (PPARy) and
nuclear factor-erythroid 2-related factor 2 (Nrf2) is unclear. This study investigated Nrf2 activator protection against PPARy
phosphorylation and degradation to maintain pancreatic function. MG was used at a noncytotoxic concentration (200 uM) to
induce protein kinase C (PKC) and PPARy phosphorylation in pancreatic RINmSF cells. For in vivo studies, MG (60 mg/kg bw)
was intraperitoneally (IP) injected into Balb/C mice for 28 d to induce pancreas damage, at which point we investigated the
effect of monascin protection (PPARy and Nrf2 activator), rosiglitazone (PPARy activator), allyl isothiocyanate (AITC; Nrf2
activator), or N-acetylcysteine (NAC) on pancreatic function. The in vitro and in vivo results indicated that MG leads to marked
PPARy phosphorylation (serine 82); this effect led to reduction in pancreatic and duodenal homeobox-1 (PDX-1), glucokinase
(GCK), and insulin expression. However, monascin and rosiglitazone may protect PPARy degradation by elevating PDX-1, GCK,
and as a result, insulin expression. Monascin and AITC can attenuate PKC activation to suppress PPARy phosphorylation caused
by oxidative stress through the Nrf2 pathway. Similarly, the N-acetylcysteine (NAC) antioxidant also improved oxidative stress
and pancreatic function. This study examined whether MG caused impairment of PDX-1, GCK, and insulin through PPARy
phosphorylation and degradation. MG and AGE accumulation improved on Nrf2 activation, thereby protecting against pancreas
damage. Taken together, PPARy activation maintained pancreatic PDX-1, GCK, and insulin expression levels to regulate blood

glucose levels.
KEYWORDS:

B INTRODUCTION

High carbohydrate diets result in hyperglycemia and insulin
resistance. In diabetic patients, there is a positive correlation
between high methylglyoxal (MG) concentration in the blood
and hyperglycemia. Abnormal cellular accumulation of MG
occurs invariably in diabetes. MG decreases glucose tolerance in
rodents,' suggesting that postprandial MG production in
normoglycemic individuals could result in glucose intolerance
and consequently greater MG accumulation. Recently, several
types of food consumption including coffee, cream, and cake,
have been known to result in high MG level in the plasma, thus
causing both nutritional and health concerns. Coffee has been
reported to contain high level of MG by 230 uM (17.7 mg/L).2
In addition, approximate 5100 pg/g of MG was determined in
honey.? In Spain, dietary exposure of the Spanish population to
glyoxal and MG from cookies was estimated to be 213 and 216
ug/person/day, respectively.* Wine and beer were found to
have 1556 pg/L and 1000 ug/L of MG, respectively.> Plasma
of diabetic patients contain high level of MG (200 pg/L) when
comparing to normal human (5 /,tg/L).7 These suggest that
MG from dietary foods is accumulated in the plasma in normal
humans, and the level may be equal to that of diabetic patients.
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Recent studies have shown that MG administration results in
inflammation.® In vitro studies suggest that MG impairs insulin-
mediated glucose uptake in adipocytes” and reduces insulin
sensitivity for 30 min in L6 muscle cells treated with 2.5 mM
MG."® Moreover, 1 mM MG suppresses insulin secretion and
production in INS-1E pancreatic islet fS-cells."* In vivo studies
demonstrate that MG impairs insulin transcription factor
pancreatic and duodenal homeobox-1 (PDX-1) to result in
diabetes.'>"?

Peroxisome proliferator-activated receptor-y (PPARy) is
known to affect pancreatic beta cell function and insulin
production."* Studies have reported that PPARy binds to the
PDX-1 promoter to upregulate PDX-1 expression and insulin
production.ls’lé However, MG impairs pancreatic function, but
whether this involves suppression of PPARy activation is
unclear. Nrf2 is essential for antioxidant responsive element
(ARE)-mediated induction.'” Many antioxidants derived from
dietary and medicinal plants induce nuclear factor-erythroid 2-
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Figure 1. Effect of MG (200 4M) on (A) ROS production, (B) PKC phosphorylation, (C) PPARy phosphorylation, (D) CEBP/f and PDX-1 levels
in pancreatic RINmSF cells treated with MG for various times (3—24 h). Data are shown as mean + SD (n = 3). *Significantly different from the
control group p < 0.05. **Significantly different from the control group p < 0.01. MG: methylglyoxal.

related factor 2 (Nrf2) phosphorylation (serine 40), thereby
activating the Nrf2 pathway to attenuate inflammatory factor
expression and oxidative stress.'®'® Recently, we found that
MG induced inflammation, hyperglycemia, and pancreas
damage2 Oand that these effects are improved by Nrf2 activation
in vivo.

Monascin is a PPARy and Nrf2 activator and has been
reported to improve insulin resistance.”' Rosiglitazone, which
belongs to the thiazolidinedione family, has been used as an
antidiabetic drug and activates PPARy.>" Allyl isothiocyanate
(AITC) is an Nrf2 activator that reduces oxidative stress and
therefore improves hyperglycemia symptoms.”**®> The aim of
this study is to investigate the mechanism by which Nrf2
activation prevents MG-suppressed pancreatic function through
PPARy inhibition in vitro and in vivo. To test this, monascin,
AITC, and rosiglitazone were used as positive controls.

B METHODS

Materials. Glucose, methylglyoxal (MG) (40%), 2/,7'-dichlorodi-
hydrofluorescin diacetate (DCFH-DA), allyl isothiocyanate (AITC),
insulin, N-acetylcysteine (NAC), and rosiglitazone were purchased
from Sigma-Aldrich (St. Louis, MO, USA). 2-[N-(7-Nitrobenz-2-oxa-
1,3-diazol-4-yl)amino]-2-deoxy-p-glucose (2-NBDG) was from Invi-
trogen (Carlsbad, CA, USA). Monascin was isolated from Monascus-
fermented rice (red mold rice) by Dr. Y. W. Hsu and was provided
from SunWay Biotechnology Company (Taipei, Taiwan). Anti-
GAPDH, anti-p-PKC (T497), and anti-PKC antibodies were
purchased from Epitomics Inc. (Burlingame, CA, USA). Anti-p-Nrf2
(S40) and anti-Nrf2 antibodies were purchased from Bioss Inc.
(Woburn, MA, USA). Anti-PPARy antibody was purchased from
Cayman (Ann Arbor, MI, USA). Anti-p-PPARy (S82) and anti-AGEs
antibodies were purchased from Abcam (Cambridge, MA, USA). Anti-
insulin antibody was purchase from Cell Signaling Technology
(Beverly, MA, USA). Anti-CEBP/f, anti-PDX-1 and anti-PPARy for
immunoprecipitation (IP) antibodies were purchased form Santa Cruz
Biotechnology Inc. (Burlingame, CA, USA).
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Cell Culture. RINmSF cells were maintained in RPMI-1640
medium supplemented with 10% FBS, streptomycin (100 mg/mL),
and penicillin (100 U/mL), in a 5% CO, incubator at 37 °C.

Reactive Oxygen Speices (ROS) Measurement. The level of
oxidative stress was monitored by the measurement of ROS. Collected
cells were suspended in 500 uL of PBS and mixed with 10 zM (final
concentration) DCFH-DA to incubate for 20 min at 37 °C. The cells
were washed three times with PBS to remove redundant DCFH-DA.
The cell pellet was mixed with 500 uL of PBS, and the ROS level was
assayed by flow cytometry (Becton-Dickinson, San Jose, CA, USA).>*

Nrf2 Luciferase Assay. A DNA fragment containing three copies
of the ARE4 from glutamate-cysteine ligase (GCL) gene was
subcloned into a pGL3-promoter vector to construct pGL3-ARE4-
Luc. Cells were transiently transfected with a DNA mixture containing
2 pg of pGL3-ARE4-Luc and 0.5 ug of control plasmid pRL-TK
(Promega, Madison, WI, USA) using the lipofectamine-2000 trans-
fection reagent in serum-free medium (Invitrogen, Carlsbad, CA,
USA). Luciferase activity was conducted utilizing the Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA). Luciferase
activity of pRL-TK was used to normalize the transfection efficiency.

Animals. Balb/C mice (4-week old) were obtained from the
National Laboratory Animal Breeding and Research Center (Taipei,
Taiwan). Animals were acclimatized for 1 week prior to use, divided at
random into one control group and six treatment groups, and provided
with food and water ad libitum. Animals were subjected to 12 h light/
dark cycle with a maintained relative humidity of 60% and a
temperature at 25 °C (Protocol complied with guidelines described in
the “Animal Protection Law”, amended on Jan. 17, 2001 Hua-Zong-
(1)-Yi-Tzi-9000007530, Council of Agriculture, Executive Yuan,
Taiwan, ROC). Animals were divided into 6 groups, including (a)
control, (b) MG (60 mg/kg bw), (c) MG + monascin (10 mg/kg bw),
(d) MG + rosiglitazone (10 mg/kg bw), (e) MG + AITC (10 mg/kg
bw), (f) MG + NAC (200 mg/kg bw). MG, monascin, rosiglitazone,
AITC, and NAC were administered by intraperitoneal injection for
continuous 28 days.

Oral Glucose Tolerance Test (OGTT). OGTT was performed at
day 28."> After overnight fasting, an OGTT was performed. Briefly,
rats were anesthetized, a basal blood sample was collected, and an oral
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Figure 2. (A) Effect of monascin on PDX-1 of RINmSF cells in dosage- and time-dependent manners. (B) Improvement of insulin mRNA level in
RINmSF cells by monascin (10 M) treatment for various times (3—24 h). PPARy agonists (monascin and rosiglitazone) treatment for 24 h
elevated (C) insulin and (D) GCK mRNA levels in RINmSF cells. (E) Effect of monascin, rosiglitazone, and allyl isothiocyanate (AITC) on Nrf2
luciferase activity in RINmSF cells. (F) Promotion of monascin on nuclear translocation of Nrf2 and PPARy. Data are shown as mean + SD (n = 3).
*Significantly different from the control group p < 0.05. **Significantly different from the control group p < 0.01. MS: monascin. Rosi: rosiglitazone.

glucose load (2 g/kg bw) was given with a oral administration.
Subsequently, blood was collected (0—120 min), blood glucose levels
were determined using a glucose assay kit (BioAssay Systems,
Hayward, CA, USA), and insulin levels were measured with a rat
insulin ELISA assay kit (Mercodia, Winston Salem, NC, USA).

Western Immunoblotting. Protein was resolved on 10% SDS-
PAGE gel and transferred to polyvinyldiene fluoride membrane. The
membranes were blocked with 5% nonfat dry milk solution for 1 h and
incubated overnight with primary antibodies for 4 h. Subsequently, the
membrane was washed three times each for 5 min in PBST and shaken
in a solution of HRP-linked secondary antibody for 1 h, and the
expressions of proteins were detected by enhanced chemiluminescent
reagent (Millipore, Billerica, MA, USA).

Immunoprecipitation (IP). Pancreatic tissue of mice was washed
twice with ice-cold Hank’s balanced salt solution (HBSS) and lysed in
the lysis buffer on ice. After centrifugation at 12,000g, the pellet was
discarded, and 1 mg of protein was reacted with 1 ug of various
antibodies at 4 °C for 16 h. The immunoprecipitates were mixed with
30 uL of protein A-Sepharose beads at 4 °C for 1 h. The beads were
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then washed three times with the lysis buffer and added with SX
sample buffer. The mixture was then boiled at 100 °C for S min. The
supernatant was subjected to SDS-PAGE.

Real-Time PCR. cDNA from 3 pg of RNA was generated using
SuperScript III First-Strand Synthesis System for RT-PCR (Life
Technologies) according to the manufacturer’s instructions. The
reverse-transcription product was diluted in water, and a volume
corresponding to 30 ng of original RNA was used for real-time PCR
according to the manufacturer’s protocol. Primers: rat GAPDH sense,
S’-ACT CCC ATT CCT CCA CCT TT-3, and antisense, S'-TTA
CTC CTT GGA GGC CAT GT-3’; rat GCK sense, 5'-GCT TCA
CCT TCT CCT TCC C-3/, and antisense, 5'-CCC ATA TAC TTC
CCA CCG A-3’; rat insulin sense, 5'-TTC TTC TAC ACA CCC
AAG AC-3’, and antisense, 5'-CTA GTT GCA GTA GTT CTC CA-
3’; rat HO-1 sense, 5'-TCT ATC GTG CTC GCA TGA AC-3/, and
antisense, 5'-CAG CTC CTC AAA CAG CTC AA-3'.

Immunohistochemistry (IHC) Stain. Frozen sections of 6 ym in
thickness were cut in a cryostat and thaw mounted onto silane-coated
slides. The sections were incubated with 3% H,O, for 20 min to
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Figure 3. (A) Inhibition of PPARy phosphorylation (serine 82) (6 h), (B) elevated PDX-1 and reduced CEBP/f (24 h), (C) insulin mRNA
expression (24 h), and (D) GCK mRNA (24 h) expression in MG-treated pancreatic RINmSF cells by monascin, rosiglitazone, AITC, NAC, or
Go6983 treatment. Data are shown as mean + SD (n = 3). *Significantly different from the control group p < 0.0S. **Significantly different from the
control group p < 0.01. *Significantly different from the MG group p < 0.05. *Significantly different from the MG group p < 0.01. MG:
methylglyoxal. MS: monascin. Rosi: rosiglitazone. AITC: allyl isothiocyanate. NAC: N-acetylcysteine. Go6983: PKC inhibitor.

quench the endogenous peroxidase activity. After being rinsed twice
with PBS, the sections were incubated with skim milk (%) for 1 h and
primary monoclonal antibody for 12 h at 4 °C. After being washed in
PBS, the sections were incubated with the secondary antibody (1:200)
in PBS for 1 h. After the sections were rinsed twice with PBS,
immunoreactions were visualized by incubation with 3,3’-diamino-
benzidine tetrahydrochloride for 10 min. The sections were counter-
stained with hematoxylin.

Statistical Analysis. Experimental results were averaged triplicate
analyses. The data were recorded as mean + SD and analysis by
statistical analysis system (SAS Inc, Cary, NC, USA). One-way
analysis of variance was performed by ANOVA procedures. Significant
differences between means were determined by Duncan’s multiple
range tests. Results were considered statistically significant at p < 0.0S.

B RESULTS

MG-Induced PPARy Phosphorylation in RINm5F Cells.
To determine whether the generation of reactive oxygen
species (ROS) results in pancreatic dysfunction, we used
RINmSF pancreatic cells as a model. We found that treatment
with 100 uM MG did not induce oxidative stress (data not
shown); however, treatment with 200 uM MG for 3 h
significantly increased ROS generation (Figure 1A). Similarly,
after 3 h of MG treatment, PKC phosphorylation markedly
increased (Figure 1B). PPARYy is reported to be phosphorylated
at serine 82 by PKC, thereby resulting in its degradation or
dysfunction.”>*® We investigated the effects of MG on PPARy
phosphorylation with MG treatment. As shown in Figure 1C, p-
PPARy levels were enhanced in RINmSF cells treated with MG
for 3—6 h, and PPARYy levels decreased in MG-treated RINmSF
pancreatic cells treated for 6—24 h. CEBP/f is a negative
regulator for PDX-1, and studies have shown that MG
induction results in CEBP/f elevation in the pancreas.m’15
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The results of the current showed that MG treatment for 18 h
significantly increased CEBP/f, while PDX-1 decreased with
12-h treatment (Figure 1D).

Effects of Monascin on Pancreatic Function. As shown
in Figure 2A, monascin (10 M and 20 4M) treatment for 24 h
markedly increased the PDX-1 levels in RINmSF pancreatic
cells in a time-dependent manner. Moreover, monascin also
increased insulin mRNA expression, similar to the results for
rosiglitazone (PPARy agonist) treatment (Figure 2B and C).
To test pancreatic function, we employed glucokinase (GCK)
as a glucose sensor. GCK is a regulator of glucose uptake in
pancreatic cells and a diabetes mellitus candidate gene that is a
critical determinant of pancreatic beta cell intermediary
metabolism.”” Interestingly, PPARy activation has been found
to upregulate GCK gene expression,”” and rosiglitazone has
been used to stimulate insulin synthesis and release by
enhancing GCK.>® In the current study, the monascin and
rosiglitazone treatment enhanced GCK mRNA levels in
RINmSF pancreatic cells (Figure 2D). Recently, apart from
acting as a PPARy agonist, monascin has been shown to
promote Nrf2 activity, thereby attenuating inflammation and
oxidative stress.° Therefore, we investigated whether monascin
caused Nrf2 and PPARy activation. The results indicated that
monascin and allyl isothiocyanate (AITC, Nrf2 activator) both
increased Nrf2 luciferase activity in a time-dependent manner,
but rosiglitazone did not have this effect (Figure 2E).
Additionally, monascin also promoted Nrf2 and PPARy
translocation from the cytoplasm into the nucleolus in a
time-dependent manner in RINmSF pancreatic cells (Figure
2F). These findings indicate that Nrf2 and PPARy were both
activated by monascin treatment.

dx.doi.org/10.1021/jf401197r | J. Agric. Food Chem. 2013, 61, 5996—6006
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Figure 4. Effects of (A) Nrf2 luciferase activity, (B) HO-1 mRNA expression, and (C) ROS level in MG-treated pancreatic RINmSF cells treated by
monascin, rosiglitazone, AITC, NAC, or Go6983 treatment for 24 h. Data are shown as mean + SD (n = 3). *Significantly different from the control
group p < 0.05. **Significantly different from the control group p < 0.01. *Significantly different from the MG group p < 0.05. *Significantly
different from the MG group p < 0.01. MG: methylglyoxal. MS: monascin. Rosi: rosiglitazone. AITC: allyl isothiocyanate. NAC: N-acetylcysteine.

G06983: PKC inhibitor.

Anti-PPARy Phosphorylation and Antipancreatic
Dysfunctions. As shown in Figure 3A, RINmSF pancreatic
cells that were treated with MG for 6 h exhibited significantly
elevated PPARy phosphorylation (serine 82) levels while
nonphosphorylated PPARy was reduced. These results may
be due to the degradation of p-PPARy, thus leading to a
reduction in PPARy as a result of MG treatment. However,
monascin, rosiglitazone, AITC, Go6983 (PKC inhibitor), and
NAC (antioxidant) markedly inhibited PPARy phosphoryla-
tion. These data suggest that MG treatment increases ROS
levels and activates PKC, which phosphorylates PPARy.
Rosiglitazone and PKC inhibitors have been reported to
prevent PPARy phosphorylation,>** and studies involving
Ni1f2 activation or NAC treatment have shown that reducing
oxidative stress also suppresses PKC activation, thereby
preventing PPARy phosphorylation.”**"** Moreover, the
inhibition of PPARy phosphorylation by AITC was attenuated
by knockdown of N1f2 in MG-treated RINmSF cells. Similarly,
Nif2 silencing also resulted in PPARy phosphorylation,
suggesting that Nrf2 protects PPARy from phosphorylation.
Importantly, monascin markedly attenuates PPARy phosphor-
ylation in Nrf2 knockdown-MG-treated RINmSF cells
(Supplemental Figure 1). These findings showed that monascin
suppresses p-PPARy via agonist activity.

The level of the downstream molecule of PPARy, that is,
PDX-1, was reduced by MG treatment for 24 h, but monascin,
rosiglitazone, AITC, Go6983, and NAC clearly rescued PDX-1

6000

levels and reduced CEBP/f levels in MG-treated RINmSF
pancreatic cells (Figure 3B). Therefore, the monascin- and
rosiglitazone-mediated PPARy activation regulated PDX-1 and
insulin expression (Figure 3C). Another downstream molecule
of PPARy, GCK, was also markedly rescued by monascin and
rosiglitazone treatments, and these effects were greater than
those seen with AITC, Go6983, and NAC treatment (Figure
3D).

Elevation of Nrf2 by Monascin in MG-Treated RINm5F
Pancreatic Cells. To confirm if the inhibition of oxidative
stress by monascin was through an Nrf2-related mechanism, we
investigated Nrf2 luciferase activity in MG-treated RINmSF
pancreatic cells. As shown in Figure 4A, monascin and AITC
markedly increased Nrf2 luciferase activity with 24 h treatment,
but rosiglitazone, Go6983, and NAC treatment did not show
this effect. Moreover, a downstream target of Nrf2, heme
oxygenase-1 (HO-1) mRNA, also increased on 24-h monascin
and AITC treatment (Figure 4B), thereby suppressing MG-
induced ROS generation (Figure 4C).

Antidiabetic Effects of Monascin in MG-Treated Balb/
C Mice. MG injection at a dose of 60 mg/kg bw has been
shown to induce pancreatic damage and dysfunction;"
therefore, we used this dosage of MG to induce pancreas
impairment by intraperitoneal injection for 28 d. The results
indicated that monascin, rosiglitazone, AITC, and NAC
significantly improved OGTT (0—120 min) in MG-injected
mice (Figure SA). This hypoglycemic effect was dependent on
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monascin, rosiglitazone, AITC, and NAC promoting insulin
secretion from the pancreas into the plasma (Figure SB).
Following overnight fasting, the animals were sacrificed, and the
plasma insulin was measured using an insulin ELISA kit. The
results demonstrated that the plasma insulin level in MG-
injected mice was lower than in the control group, but this
reduction was recovered by monascin, rosiglitazone, AITC, or
NAC treatment (Figure SC). These findings indicate that MG
injection induced pancreatic damage that led to hyperglycemia.
Interestingly, monascin and rosiglitazone rescued MG-induced
damage to levels greater than those seen with AITC and NAC
treatment (Figure SD). These results are likely due to the fact
that monascin and rosiglitazone effectively activate PPARy.
Moreover, blood glucose was downregulated by the ITT assay
in MG-injected mice, suggesting that MG did not impair the
insulin sensitivity in each group (Supplemental Figure 2).
Monascin-Induced Upregulation of Nrf2 Reduces the
Generation of AGEs in the Pancreas of MG-Injected
Mice. Nrf2 has been found to suppress oxidative stress, thereby
protecting pancreatic damage caused by MG treatment.'” >
Interestingly, glyoxalase-1 is a downstream target of Nrf2.
Glyoxalase-1 catalyzes the conversion of MG to S-b-
lactoylglutathione, while glyoxalase-2 hydrolyses this gluta-
thione thiolester to D-lactic acid and glutathione, thereby
reducing the generation of AGEs.>>** We found that monascin
and AITC significantly increase Nrf2 activation (serine 40
phosphorylation) by using IHC staining for p-Nrf2 in the
pancreas of MG-injected mice, and this effect was found to be
stronger than that obtained using rosiglitazone and NAC
treatment (Figure 6). Since MG interacts with this protein, it
results in the production and accumulation of AGEs in the
organs. Therefore, we evaluated AGE generation by IHC
staining (Figure 7) and found that monascin, AITC, and NAC
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markedly reduced AGE levels in the pancreas of MG-injected
mice.

Effect of Monascin Regulation on Insulin Expression
and a Potential Mechanism. Nrf2 activation and AGE
reduction were seen in the pancreas of MG-injected mice
treated with monascin; hence, the product of lipid peroxidation
was also suppressed by monascin, rosiglitazone, AITC, or NAC
treatment (Figure 8A). Similarly, MG-induced PKC phosphor-
ylation (oxidative stress signal) was also inhibited by monascin,
rosiglitazone, AITC, or NAC treatment (Figure 8B). The
enhanced CEBPJ levels in the pancreas of MG-injected mice
were also markedly reduced by monascin and rosiglitazone
treatment as compared to that for the AITC and NAC groups,
suggesting that PPARy is an antagonist of CEBPf (Figure 8C).
In contrast, GCK mRNA and PDX-1 levels in the pancreas of
MG-injected mice were rescued with monascin and rosiglita-
zone treatments, and this effect was greater than those observed
with AITC and NAC treatments (Figure 8D and E). MG-
induced phosphorylation of pancreatic PPARy (serine 82) was
inhibited and rescued by monascin, rosiglitazone, AITC, or
NAC treatment (Figure 8F) and promoted insulin expression
(Figure 9).

B DISCUSSION

PPARy is expressed in islet beta cells®® and is important for a
variety of pancreatic functions, including beta cell survival,*
PDX-1 and GCK regulation,15’16’28’37 and glucose-stimulated
insulin secretion.”®>” PPARy is regulated at the protein level by
several mechanisms, including phosphorylation (serine 82,
serine, 84, serine 110, serine 112, or serine 273) and reduced
PPARy activity, leading to this transcription factor being
degraded via the ubiquitination pathway; however, a PPARy
agonist may prevent PPARy phosphorylation.>"** Serine 82
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Figure 6. Elevation by monascin, rosiglitazone, AITC, or NAC
treatment of pancreatic p-Nrf2 (serine 40) level in MG-injected Balb/
C mice stained by IHC. Data are shown as mean + SEM (n = 6).
#Significantly different from the MG group p < 0.05. MG:
methylglyoxal. MS: monascin. Rosi: rosiglitazone. AITC: allyl
isothiocyanate. NAC: N-acetylcysteine.

phosphorylation of PPARy by PKC has been shown to
negatively regulate PPARy activity.”” In addition to rosiglita-
zone, monascin may act as a PPARy agonist to inhibit PPARy
phosphorylation. Importantly, our results showed that Nrf2
activation attenuated MG-induced PPARy phosphorylation
(Figures 1, 3, 8), thereby protecting PPARy degradation and
increasing Nrf2 (Figures 2, 6). These findings suggested that
monascin, rosiglitazone, and AITC might affect pancreatic
functions.

Nrf2 is a transcription factor for antioxidant enzyme'’” and
glyoxalase41 expression. A positive correlation between
oxidative stress and hyperglycemia has been confirmed.** In
addition, MG induction results in oxidative stress,">'>* but
this effect is attenuated by Nrf2-mediated upregulation of
glyoxalase, which counters dicarbonyl glycation.** Glyoxalase
converts MG to D-lactic acid, thereby reducing the generation
of AGEs.*""* For pancreatic functions, Nrf2 has been found to
protect against pancreatic beta cell apoptosis through the
upregulation of several antioxidants.**~*” In addition, Nrf2
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Figure 7. Suppression by monascin, rosiglitazone, AITC, or NAC
treatment of pancreatic AGEs accumulation in MG-injected Balb/C
mice stained by IHC. Data are shown as mean + SEM (n = 6).
*Significantly different from the control group p < 0.05. *Significantly
different from the MG group p < 0.05. MG: methylglyoxal. MS:
monascin. Rosi: rosiglitazone. AITC: allyl isothiocyanate. NAC: N-
acetylcysteine.

deletion results in impaired glucose tolerance and exacerbates
hyperglycemia in vivo,*® suggesting that Nrf2 plays an
important role in pancreatic function. The relationship between
Nrf2 and PPARy expression remains unclear. In previous
studies, Nrf2 elevated PPARy expression,49 and Nrf2 knockout
also decreased PPARy expression.’® Conversely, PPARy
knockout decreases Nrf2 expression.”’ Recently, we found
that ankaflavin, isolated from Monascus-fermented rice,
markedly increased Nrf2 and PPARy to metabolize MG to D-
lactic acid, thereby attenuating MG toxicity and the develop-
ment of diabetes in vivo.’® Currently, the relationship between
MG and PPARy is still poorly defined. We found that monascin
administration significantly increased Nrf2 activation, inhibited
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Figure 8. Effects of monascin, rosiglitazone, AITC, or NAC on (A) MDA level (lipid peroxidation product), (B) PKC phosphorylation, (C) CEBP/
B level, (D) GCK mRNA, (E) PDX-1 level, and (F) PPARy phosphorylation in pancreas of MG-injected Balb/C mice. Data are shown as mean +
SEM (n = 6). *Significantly different from the control group p < 0.05. **Significantly different from the control group p < 0.01. *Significantly
different from the MG group p < 0.05. #Significantly different from the MG group p < 0.01. MG: methylglyoxal. MS: monascin. Rosi: rosiglitazone.

AITC: allyl isothiocyanate. NAC: N-acetylcysteine.

AGE generation, and attenuated PPARy phosphorylation
(Figures 6, 7).

MG may react with proteins to generate AGEs in diabetic
patients, and these products might result in inflammation
caused by the AGE receptors." MG can change insulin structure
and modulate beta cell function.*’ MG also induces oxidative
stress and inhibits glucose-stimulated insulin secretion.’ A
recent acute study suggested that AGE injection can initiate
beta cell dysfunction and demonstrated that dietary restriction
of AGEs significantly improves insulin sensitivity.”” AGEs also
decrease insulin synthesis in pancreatic beta cells by repressing
PDX-1 protein expression and inhibiting glucose-stimulated
insulin secretion.”>>* PDX-1 plays a significant role in both
pancreatic development and maintenance of beta cell

6003

function,® but the inhibition of beta cell function caused by
AGEs was improved by pioglitazone (PPARy agonist)
activating PPARy.>® Several lines of evidence indicate that
PDX-1 binds to insulin and GCK and that GCK catalyzes the
first step of glycolysis to regulate glucose responsiveness for
insulin release.

Taken together, these data strongly indicate that toxic
reactive aldehydes, MG, negatively affect Nrf2 and PPARy
activation. Therefore, insulin, GCK, and PDX-1 expression in
pancreatic-RINmSF cells is negatively regulated. However,
monascin (novel PPARy and Nrf2 activator), rosiglitazone
(PPARy agonist), and AITC (Nrf2 activator) clearly prevent
PPARy phosphorylation and improve pancreatic function
(Figure 10).
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Figure 9. Effects of monascin, rosiglitazone, AITC, or NAC treatment
on pancreatic insulin level of MG-injected Balb/C mice stained by
IHC. Data are shown as mean + SEM (n = 6). *Significantly different
from the control group p < 0.05. *Significantly different from the MG
group p < 0.05. MG: methylglyoxal. MS: monascin. Rosi: rosiglitazone.
AITC: allyl isothiocyanate. NAC: N-acetylcysteine.
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Figure 10. Potential protective mechanism of pancreatic function by
PPARy and Nrf2 activators.

Monascin is reported to show anti-inflammatory activities.””
We previously demonstrated monascin can suppress E-selectin
expression caused by TNF-a treatment in human umbilical vein
endothelial cells (HUVECs).*® Monascin also exerts antiox-
idant activity that attenuates oxidative stress and protects
against pancreatic damage in streptozotocin-induced rats.* In
conclusion, the development of new strategies to improve
insulin secretion in beta cell function in type 2 diabetic patients
suffering from decreased circulating levels of MG or AGEs due
to chronic hyperglycaemia.
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