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Deoxyactein protects pancreatic p-cells against
methylglyoxal-induced oxidative cell damage by
the upregulation of mitochondrial biogenesis
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Abstract. Methylglyoxal (MG) is one of the major precursors
of advanced glycation end products (AGEs), which are consid-
ered to be one of the causes of diabetes and its complications.
The root and rhizomes of black cohosh (Cimicifuga racemosa)
have long been used medicinally, and deoxyactein is one of its
major constituents. In the present study, the protective effects
of deoxyactein against MG-induced oxidative cell damage
were investigated in insulin-producing pancreatic -cells. We
found that deoxyactein protected the pancreatic -cells against
MG-induced cell death. Pre-treatment with deoxyactein
significantly reduced the levels of intracellular reactive oxygen
species (ROS), interleukin-13 (IL-1f), cardiolipin peroxidation,
and protein adduct accumulation induced by MG. Pre-treatment
of the cells with deoxyactein restored glyoxalase I activity and
insulin secretion which were reduced by MG, and increased
the mRNA expression of insulin 2 (INS2) and pancreatic and
duodenal homeobox protein-1 (PDX-1). It also increased the
levels of endogenous antioxidant enzymes, including super-
oxide dismutase (SOD) and glutathione peroxidase (GPX).
Furthermore, treatment with deoxyactein increased the levels
of sirtuin 1 (SIRT1) and peroxisome proliferator-activated
receptor-y co-activator-la (PGC-1a). These findings indicate
that deoxyactein may exert beneficial effects on pancreatic
[3-cells via the upregulation of mitochondrial biogenesis. Taken
together, these results suggest that deoxyactein may be used for
the prevention of pancreatic -cell damage.
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Introduction

Diabetes is a metabolic disorder characterized by hypergly-
cemia caused by pancreatic -cells failing to produce sufficient
amounts of insulin to meet the body's needs, or receptor insen-
sitivity to endogenous insulin (1). Persistent hyperglycemia
can lead to the accumulation of methylglyoxal (MG), a reac-
tive dicarbonyl species, which has been implicated in various
diabetic complications (2).

MG is a highly reactive dicarbonyl metabolite produced
during glucose metabolism and is a major precursor of advanced
glycated end products (AGEs), which are involved in the patho-
genesis of diabetes and inflammation (3). It has been suggested
that AGEs and MG can generate pro-inflammatory cytokines
through the activation of receptor for AGE (RAGE), and that
this is related to the modulation of inflammatory molecules
through oxidative stress (3). AGEs also decrease insulin
synthesis in pancreatic [3-cells by repressing the protein expres-
sion of pancreatic duodenal homeobox-1 (PDX-1), which plays
a significant role in both pancreatic development and the main-
tenance of B-cell functions (4). Under physiological conditions,
MG is degraded into D-lactate by the glyoxalase system (5).

Glucotoxicity-induced oxidative stress is one of many classic
risk factors (6), and damages the function of pancreatic islets
and reduces insulin secretion via the overproduction of reactive
oxygen species (ROS) (7). It has been suggested that oxidative
stress plays a key role in the onset of type 2 diabetes (8). In
addition, pancreatic B-cells express low physiological levels
of antioxidant enzymes, such as superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GPX) (9,10).
Therefore, the maintenance of pancreatic f-cell function and
preventing expanding cell mass represent the most feasible
therapeutic strategies to control hyperglycemia in pathophysi-
ological states of nutrient excess (11,12).

Insulin is used in the treatment of type 1 diabetes, and many
oral hypoglycemic agents are used in the treatment of type 2
diabetes (13). Due to their adverse side-effects and alleviation
of symptoms while not targeting the cause, there have been
persistent efforts to identify compounds that could potentially
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cure diabetes, for example by stimulating [3-cell regeneration
and preventing apoptosis, leading to a return of the endogenous
control of glucose homeostasis. Studies on supplementation
with natural products have demonstrated effects of reducing the
hyperglycemic status by preserving the functions of pancreatic
B-cells (14,15). Naturally occurring plant compounds are
attractive candidates as they are abundantly found in nature,
inexpensive to produce, and may have fewer side-effects than
currently used pharmaceutical compounds. Flavonoids have
been shown to regulate carbohydrate digestion, insulin secre-
tion, insulin signaling and glucose uptake in insulin-sensitive
tissues through various intracellular signaling pathways (16).
Flavonoids exert their effects by influencing pancreatic 3-cell
mass and function, as well as energy metabolism and insulin
sensitivity in peripheral tissues. The anti-diabetic effects of
flavonoids may be due to antioxidant, enzyme inhibitory, or
receptor agonist or antagonist activity, or due to novel mecha-
nisms which have yet to be elucidated (17).

Black cohosh (Cimicifuga racemosa) has a long history
of medicinal use dating back to Native North American
indigenous groups (18). It is used to reduce the frequency and
intensity of hot flashes and it has been reported that there is an
improvement in psychological complaints among users (18). To
date,>20 of these triterpene glycosides have been isolated from
this plant, of which 23-epi-26-deoxyactein (27-deoxyactein) is
one of the major constituents.

In our previous studies, we reported that deoxyactein
isolated from black cohosh promoted the function of osteo-
blastic MC3T3-El1 cells and reduced antimycin A-induced cell
damage by preventing mitochondrial dysfunction and oxidative
stress (19,20). Model studies using RIN-mS5F cells, a lineage
of pancreatic (3-cells, challenged with MG (21) and hydrogen
peroxide (22), have begun to shed some light on the molecular
mechanisms implicated in MG- and hydrogen peroxide-induced
cytotoxicity. Given the mounting evidence for a major role of
pancreatic B-cells in the pathogenesis of type 2 diabetes, in
this study, we investigated the effects of deoxyactein on the
MGe-induced oxidative cell damage of pancreatic $-cells and
the underlying mechanisms.

Materials and methods

Reagents. Deoxyactein, isolated from black cohosh (Cimicifuga
racemosa), was purchased from ChromaDex Inc. (Irvine,
CA, USA). This was dissolved in dimethyl sulfoxide (DMSO)
and then diluted with culture medium [final DMSO
concentration <0.05% (v/v)]. a-modified minimal essential
medium (a-MEM) and fetal bovine serum (FBS) were purchased
from Gibco-BRL (Grand Island, NY, USA). Other reagents were
purchased from Sigma Chemical (St. Louis, MO, USA).

Cell culture. RIN-m5F cells derived from rat pancreatic
B-cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). RIN-m5F cells were
maintained in RPMI-1640 supplemented with 10% FBS and
1% penicillin/streptomycin solution under conditions of satu-
rated humidity in an atmosphere containing 5% CO, at 37°C.
The medium was renewed every 3 days. Forty-eight hours
after seeding, the cells were pre-incubated for 1 h in medium
containing 0.1% FBS and deoxyactein (0.01-10 mM) prior to

SUH et al: DEOXYACTEIN PROTECTS PANCREATIC -CELLS AGAINST MG-INDUCED DAMAGE

exposure to MG (30-500 mM) for 48 h. Aminoguanidine (AG,
400 yM), a carbonyl scavenger, was used as a positive control in
our experiments.

Cell viability. The cells were seeded in 24-well culture plates at a
density of 2x10* cells/well. After 48 h of seeding, the cells were
incubated for 1 h with deoxyactein prior to treatment with MG for
48 h. Cell viability was assessed by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT)method. A total of
20 pl of MTT in phosphate-buffered salt solution, pH 7.4 (5 mg/
ml), was added to each well, and the plates were incubated for
an additional 2 h. After the removal of solution from the well,
DMSO was added to dissolve the formazan products, and the
plates were shaken for 5 min. The absorbance was measured with
a Zenyth 3100 multimode detector (Anthos Labtec Instruments,
Wals/Salzburg, Austria) at 570 nm. The cells incubated with
culture medium alone were used to define 100% viability and
were included as a control in all experiments to allow for the
estimation of the percentage viability of the cell samples.

Measurements of insulin secretion. The cells were seeded
in 24-well culture plates at a density of 2x10* cells/well. The
culture conditions were the same as those described for the cell
viability assay. Supernatants were collected for the measurement
of secreted insulin using a high-range rat insulin enzyme-linked
immunosorbent assay (ELISA) kit (Mercodia Inc., Uppsala,
Sweden) according to the manufacturer's instructions. Protein
concentrations were determined using Bio-Rad protein assay
reagent.

RNA isolation and reverse transcription-quantitative
PCR (RT-qPCR). The cells were seeded in 100-mm culture
dishes at a density of 5x10° cells/dish. The culture condi-
tions were the same as those described for the cell viability
assay. Total RNA was extracted from each well of RIN-m5F
cells using an RNeasy mini kit (Qiagen NV, Venlo, The
Netherlands), and complementary DNA (cDNA) was synthe-
sized using a PrimeScript First Strand DNA Synthesis
kit (Takara Biotech, Otsu, Japan) according to the manufac-
turer's instructions. Quantitative PCR (qPCR) was performed
using a SYBR Premix ExTaq kit (Takara Biotech, Dalian,
China) and the ABI Prism 7500 sequence detection system
(Applied Biosystems, Foster City, CA, USA) to determine the
gene expression levels. Each PCR reaction was performed in a
20 pl solution containing 0.8 ul (10 #M) of each pair of forward
and reverse primers, 10 ul of Premix Ex Taq DNA polymerase,
0.4 ul of ROX reference dye, 6 ul of dH,0, and 2 pl of reverse
transcription reaction products. The qRT-PCR primers used
in the experiment are lissted in Table I. All experiments were
performed in quadruplicate. Relative expression was deter-
mined using the 2224 method using the housekeeping gene,
glucose 6-phosphate dehydrogenase (G6PD), as the internal
control, and the fold change was calculated in comparison with
the corresponding control group.

Measurement of interleukin (IL)-18 levels. The cells were
seeded in a 24-well plate at a density of 2x10* cells/well
in culture medium. After 48 h, the cells were exposed to
deoxyactein or AG prior to exposure to 300 uM MG for 48 h.
Cellular IL-1p contents were measured using an enzyme
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Table I. Primer sequences used in this study.
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Gene Accession no. Forward primer Reverse primer

Insulin-2 NM_019130.2 5'-CGA AGT GGA GGA CCC ACA-3' 5'-TGC TGG TGC AGC ACT GAT-3'
PDX-1 NM_022852.3 5'-ACC CGT ACA GCC TAC ACT CG-3' 5'-GCC GGG AGATGT ATT TGT TAA A-3'
SOD1 NM_017050.1 5'-TAA GAA ACA TGGCGGTCC A-3' 5'-TGG ACA CAT TGG CCA CAC-3'

GPX1 NM_030826.3 5'-AGA AGG CTC ACC CGC TCT-3' 5'-GGA TCG TCA CTG GGT GCT-3'

G6PD NM_017006.2 5'-TGC AGC AGC TGT CCT CTA TG-3' 5-ACT TCA GCT TTG CGC TCATT-3'

PDX-1, pancreatic and duodenal homeobox protein-1; SOD1, superoxide dismutase 1; GPX1, glutathione peroxidase 1; G6PD, glucose 6-phos-

phate dehydrogenase.

immunoassay system (R&D Systems Inc., Minneapolis,
MN, USA) according to the manufacturer's instructions. In
brief, IL-6 present was bound by immobilized antibody pre-
coated onto a microplate. After washing away any unbound
substances, an enzyme linked polyclonal antibody specific for
IL-1p was added to the well. Following a wash to remove any
unbound antibody-enzyme reagent, a substrate solution was
added to the wells. The enzyme reaction yielded a blue product
that turned yellow when stop solution was added. The inten-
sity of the color measured was in proportion to the amount of
IL-1p bound. Cellular IL-1f contents were measured using an
enzyme immunoassay system (R&D Systems Inc.) according
to the manufacturer's instructions.

Measurement of intracellular ROS levels. The cells were
seeded in 24-well culture plates at a density of 2x10* cells/
well. The culture conditions were the same as those described
for the cell viability assay. Formation of intracellular ROS
was measured using 2',7'-dichlorodihydrofluorescin diace-
tate (H,DCFDA) (23). Viable cells can deacetylate H,DCFDA
to the non-fluorescent derivative, 2',7'-dichlorofluorescin (DCF),
which reacts with oxygen species and can be measured to
provide an index of intracellular oxidant production. In order
to load the cells with the fluorescent dye, the cells were incu-
bated with H,DCFDA (Sigma Chemical) in Hank's solution
at a final concentration of 10 M for 45 min at 37°C in the
dark. Following washing with DPBS, the fluorescence intensity
was measured (excitation 485 nm, emission 515 nm) using a
Zenyth 3100 multimode detector (Anthos Labtec Instruments).

Measurement of cardiolipin peroxidation. The cells were seeded
in 24-well culture plates at a density of 2x10* cells/well. The
culture conditions were the same as those described for the cell
viability assay. 10-N-nonyl-acridine orange (NAO; Molecular
Probes, Inc., Eugene, OR, USA), which binds to mitochondrial
cardiolipin, was used for the measurement of cardiolipin.
Decreases in the fluorescence of NAO in cells reflect the peroxi-
dation of intracellular cardiolipin as the fluorochrome loses
its affinity for peroxidised cardiolipin. The cells were labeled
with 5 uM NAO for 20 min. After washing, fluorescence was
measured at an excitation wavelength of 485 nm and an emission
wavelength of 530 nm using a Zenyth 3100 multimode detector.

Measurementofphosphorylatedsirtuin 1 (SIRT1) andperoxisome
proliferator-activated receptor-y co-activator-lo. (PGC-la).

The cells were seeded in 24-well culture plates at a density of
2x10* cells/well. The culture conditions were the same as those
described for the cell viability assay. The cells were rinsed in
ice-cold DPBS and homogenized in DPBS with a glass Dounce
homogenizer (Taylor Scientific, USA) on ice. The resulting
suspension was subjected to two freeze-thaw cycles to further
break the cell membranes. Cell homogenates were centrifuged
at 13,000 x g for 15 min at 4°C and the supernatant was used
for ELISA and protein content measurement. SIRT1 was
measured using a Sirtuin 1 ELISA kit (Cloud-Clone, Houston,
TX, USA). PGC-la was measured using a mouse peroxisome
proliferator activated receptor-y coactivator-la (PGC-1a) ELISA
kit (MyBioSource, San Diego, CA, USA). The kits were used
according to the manufacturers' instructions.

Quantification of MG-modified proteins (adducts). The
quantification of MG-modified proteins (MG-protein adducts)
was determined using an ELISA kit purchased from Cell
BioLabs, Inc. (San Diego, CA, USA). The MG protein adducts
present in the sample or standard were probed with an anti-MG
specific monoclonal antibody, followed by a horseradish perox-
idase (HRP) conjugated secondary antibody (both contained in
the ELISA kit, cat. no. STA-811). The quantity of MG adducts
in the protein samples was determined by comparing their
absorbances with that of a known MG-BSA standard curve.

Glyoxalase I activity. The cells were rinsed in ice-cold DPBS
and homogenized them in DPBS with a glass Dounce homog-
enizer (Taylor Scientific) on ice. The resulting suspension was
subjected to two freeze-thaw cycles to further break the cell
membranes. Cell homogenates were centrifuged at 13,000 x g
for 15 min at 4°C and the supernatant was used for glyoxalase I
activity assay and protein content measurement. Glyoxalase I
activity was measured using a modification of a previously
published method (24). To measure glyoxalase I activity,
50 ul of sample was loaded onto a UV microplate (Microtiter;
Thermo Fisher Scientific, Waltham, MA, USA) and 200 ul
of reaction mix were added. The reaction mix consisted of
60 mm sodium phosphate buffer, pH 6.6, containing 4 mm
GSH and 4 mm MG, and was pre-incubated for 10 min at 37°C.
S-Lactoylglutathione synthesis was followed by the measure-
ment of the absorbance at 240 nm for 5 min at 25°C.

Statistical analysis. The results are expressed as the
means + SEM. Statistical significance was determined by
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Figure 1. Effect of methylglyoxal (MG) and/or deoxyactein (DA) on the
viability of RIN-mS5F cells. (A) The cells were exposed to various concentra-
tions of MG and cell viability was assessed by MTT assay. (B) The RIN-m5F
cells were treated with DA or 400 xM aminoguanidine (AG) in the absence or
presence of 300 #M MG for 48 h, and cell viability was then assessed by MTT
assay. Data are expressed as a percentage of the control group levels. "P<0.05
compared with the controls.

analysis of variance and subsequently applying Dunnett's t-test.
A value of P<0.05 was considered to indicate a statistically
significant difference.

Results

Effects of deoxyactein on the viability of RIN-m5F cells.
RIN-mS5F cells were exposed to MG at concentrations ranging
from 30 to 500 M for 48 h. Thereafter, cell viability was
measured by MTT assay. Our results revealed that MG at
concentrations of <100 #M had no effect on the viability of
RIN-mS5F cells; however, it decreased their viability at concen-
trations of =200 yM. At 300 M, MG decreased cell viability
by ~50% (Fig. 1A). To determine whether deoxyactein exerts
a protective effect against MG-induced cytotoxicity, the cells
were pre-incubated with deoxyactein for 1 h and then cultured
with 300 #uM MG for 48 h. Deoxyactein at concentrations of
<10 M had no effect on the viability of RIN-mS5F cells in
the absence of MG (Fig. 1B). However, pre-treatment with
deoxyactein (0.01-10 M) inhibited MG-induced cytotoxicity
significantly. AG (400 pM), a carbonyl scavenger, also inhib-
ited the cytotoxicity induced by MG.

Deoxyactein relieves MG-abrogated insulin secretion and
increases the gene expression of INS2 and PDX-1.Insulin secre-
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Figure 2. Effect of deoxyactein (DA) on insulin secretion and related gene
expression in methylglyoxal (MG)-exposed cells. The RIN-mS5F cells were
incubated with DA or 400 M aminoguanidine (AG) prior to exposure to
300 #uM MG for 48 h. (A) Insulin secretion was then measured using an ELISA
kit. (B) Gene expression was measured by RT-qPCR. “P<0.05 compared with
untreated cells; "P<0.05 compared with cells exposed to MG (300 M) alone.

tion was evaluated in order to examine the protective effects
of deoxyactein on B-cell functionality. Exposure to 300 uM
MG resulted in a marked decrease in insulin secretion by the
RIN-mS5F cells (Fig. 2A), indicating a stress-induced loss of
insulin functionality. Most interestingly, insulin secretion by the
RIN-mSF cells exposed to MG was completely restored when
these cells were pre-treated with deoxyactein (0.01-0.1 yM)
or AG. These results indicated that deoxyactein preserved
not only RIN-m5F cell viability, but also the most important
[-cell function, insulin secretion. Alterations in insulin signal
transduction can lead to 3-cell dysfunction, contributing to
the pathogenesis of type 2 diabetes (25). Thus, to investigate
whether deoxyactein modulates the expression profile of
different genes important for (3-cell functioning, we compared
the gene expression levels of a series of regulators of insulin
secretion processes in pancreatic $-cells. As shown in Fig. 2B,
the results of RT-qPCR revealed that MG significantly down-
regulated the transcription level of the INS2 gene compred to
that in the control cells (P<0.05). Pre-treatment with 0.1 xM
deoxyactein significantly mitigated the decrease in the gene
expression of INS2 induced by exposure to MG. In addition
deoxyactein increased the expression of PDX1 in the cells.

Deoxyactein decreases the production of IL-18 in MG-exposed
RIN-mS5F cells. MG promotes the formation of pro-inflam-
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Figure 3. Effect of deoxyactein (DA) on the levels of interleukin-1f (IL-1f) in
methylglyoxal (MG)-exposed cells. The RIN-mS5F cells were incubated with
DA or 400 M aminoguanidine (AG) prior to exposure to 300 xM MG for 48 h.
The control value for IL-1B was 47.61+22.32 pg/mg. *P<0.05 compared with
untreated cells; "P<0.05 compared with cells exposed to MG (300 M) alone.

matory cytokines in various cell types (26-28). Thus, we also
investigated whether deoxyactein modulates the production of
IL-1p in MG-exposed cells (Fig. 3). When 300 uM MG was
added to the cell medium, the production of IL-1f increased
significantly. However, the MG-induced production of IL-1$
was significantly inhibited by pre-treatment with deoxyactein
at concentrations of 0.01-0.1 M. AG also decreased the
MGe-induced production of IL-1f.

Deoxyactein decreases ROS production and increases the gene
expression of SOD and GPX in MG-exposed cells. Intracellular
ROS levels were measured using the oxidation-sensitive probe,
DCFH-DA. As shown in Fig. 4A, exposure to 300 uM MG
significantly increased the ROS levels compared with those
in the control cells (P<0.05). Under conditions of MG toxicity,
deoxyactein (0.1 uM) or AG suppressed the increase of ROS
significantly (P<0.05), suggesting that the cytoprotective effects
of deoxyactein are partly attributable to its regulation of ROS
production. To obtain further evidence for oxidative stress within
the mitochondria, we assessed the oxidation of cardiolipin, as
this phospholipid exists in association with cytochrome ¢ on
the outer surface of the inner mitochondrial membrane (29). As
the fluorescent dye, NAO, binds to the non-oxidized form, but
not to the oxidized form of cardiolipin, measurements of NAO
fluorescence allow us to monitor the oxidation of cardiolipin
in the mitochondria (30). The results revealed that exposure
to 300 uM MG decreased NAO fluorescence, indicating the
induction of cardiolipin peroxidation (Fig. 4B). However,
deoxyactein (0.1 uM) or AG reduced cardiolipin peroxidation
induced by MG. These data indicated that deoxyactein reduced
MG-induced ROS generation and oxidative stress within the
mitochondria. The effects of deoxyactein on the expression
of the SOD and GPX genes in the RIN-MS5F [-cells were
also examined. As shown in Fig. 4C, the mRNA expression
level of SOD decreased in the RIN-MSF f-cells exposed
to MG cells compared to that in the control cells. However,
pre-treatment with deoxyactein (0.1 M) significantly miti-
gated the decreased gene expression of SOD observed in the
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Figure 4. Effect of deoxyactein (DA) on oxidative stress and antioxidant
enzyme expression in methylglyoxal (MG)-exposed cells. The RIN-mS5F cells
were incubated with DA or 400 #M aminoguanidine (AG) prior to exposure to
300 #uM MG for 48 h. (A) The generation of reactive oxygen species (ROS) was
measured using the oxidation-sensitive probe, DCFH-DA. (B) Cardiolipin per-
oxidation was determined by 10-N-nonyl-acridine orange (NAO) fluorescence.
Note that MG exposure led to a decrease in NAO binding, which is related to
cardiolipin peroxidation. (C) The expression of the antioxidant genes, super-
oxide dismutase 1 (SODI) and glutathione peroxidase 1 (GPX1) was measured
by RT-qPCR. P<0.05 compared with untreated cells; "P<0.05 compared with
cells exposed to MG (300 #M) alone.

MG-exposed cells. We found also that the expression of GPX
increased significantly in the MG-exposed cells compared
to the control cells (Fig. 4C). Pre-treatment of the RIN-m5F
B-cells with deoxyactein (0.1 pM) further increased the gene
expression of GPX compared to the MG-exposed cells. These
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Figure 5. Effect of deoxyactein (DA) on the levels of (A) sirtuin 1 (SIRT1)
and (B) peroxisome proliferator-activated receptor-y coactivator-lo. (PGC-1a)
in methylglyoxal (MG)-exposed cells. The RIN-mS5F cells were incubated
with DA or 400 uM aminoguanidine (AG) prior to exposure to 300 uM
MG for 48 h. The control values for SIRT1 and PGC-1a were 18.1+3.3 and
96.3+14.98 ng/mg, respectively. “P<0.05 compared with untreated cells;
“P<0.05 compared with cells exposed to MG (300 M) alone.

findings suggest that deoxyactein is capable of enhancing the
antioxidant status by upregulating the mRNA expression of
SOD and GPX in MG-exposed RIN-MS5F p-cells.

Effects of deoxyactein on mitochondrial metabolic factors in
MG-exposed RIN-M5F cells. SIRT1 likely regulates multiple
pathways involved in mitochondrial biogenesis. As shown
in Fig. 5A, the SIRT-1 levels were increased by treatment
with deoxyactein (0.1 kM) or AG. PGC-1a is also considered
to be a key regulator of mitochondrial biogenesis in multiple
tissues (31). Since SIRT1 may also directly deacetylate PGC-1a
and increase its activity (32), we measured the PGC-1a levels in
the pancreatic B-cells. As shown in Fig. 5B, the level of PGC-1a
was significantly increased by deoxyactein (0.01-0.1 uM) or
AG treatment. These data indicate that deoxyactein enhances
pancreatic f-cell function due to the activation of the
SIRT1-PGC-1a pathway. MG alone did not affect SIRT1 and
PGC-1la protein expression. This may be due to compensatory
mechanisms maintaining the levels of these proteins.

Inhibitory effect of deoxyactein on MG-induced glycation
in RIN-m5F cells. MG reacts with free amino groups and
thiols to form AGE protein adducts, thereby altering protein
function (33). Thus, we investigated whether the incubation
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Figure 6. Effect of deoxyactein (DA) on (A) methylglyoxal (MG)-induced
protein adduct formation and (B) glyoxalase I activity in MG-exposed cells.
The RIN-mS5F cells were incubated with DA or 400 M aminoguanidine (AG)
prior to exposure to 300 uM MG for 48 h. The control values for protein
adduct formation and glyoxalase I activity were 2.603+0.348 and 0.013+0.001
AOD/min/mg, respectively. “P<0.05 compared with untreated cells; "P<0.05
compared with cells exposed to MG (300 xM) alone.

of RIN-m5F B-cells with deoxyactein could reduce the forma-
tion of protein adducts. As shown in Fig. 6A, protein adducts
accumulated in the cells exposed to 300 xuM MG. However,
pre-treatment with deoxyactein (0.1 M) or AG decreased
protein adduct formation induced by MG. These data indicated
that deoxyactein blocked the MG-derived protein glycation
in RIN-m5F f-cells, which may be part of the mechanisms
responsible for its inhibitory effecs on RIN-MSF f-cell death.
MG is detoxified by the glyoxalase system. Thus, we examined
the effect of deoxyactein on the activity of glyoxalase I in
RIN-mS5F p-cells. As shown in Fig. 6B, we found a significant
decrease in the glyoxalase I activity of RIN-m5F 3-cells exposed
to MG (300 uM). However, deoxyactein (0.01-0.1 pM) or AG
recovered the glyoxalase I activity inhibited by MG. These data
demonstrate that deoxyactein decreases MG-induced glycation
in part through an increase in glyoxalase I activity.

Discussion

Pancreatic B-cell dysfunction is the pivotal physiological
disorder in the development of diabetes. Decreased viability of
and damage to B-cells accelerates diabetic pathogenesis, which
is associated with an increased risk of mortality. In the present
study, we investigated the effects of deoxyactein on pancreatic
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[-cells under MG-induced toxic conditions and the underlying
mechanisms. The results revealed that a decrease in cell
viability was detected when the MG concentration exceeded
300 uM. When the cells were pre-treated with deoxyactein,
pancreatic B-cell toxicity was attenuated. This study indi-
cated that incubation with 300 xM MG for 48 h significantly
impaired insulin secretion and the expression of the insulin
gene in RIN-m5F cells. In addition to insulin secretion, insulin
gene transcription is a pancreatic [3-cell-specific function, and
inappropriate insulin biosynthesis may contribute to the patho-
genesis of diabetes mellitus (34). Previous studies have shown
that MG alters insulin secretion (21,35). The present study
on pancreatic B-cells further documents the inhibitory effect
of MG on insulin secretion. Moreover, pre-treatment with
deoxyactein caused a significant increase in insulin secretion
and gene expression under conditions of MG-induced toxicity.
Among several transcription factors binding to the promoter
of the insulin gene, PDX-1 has been shown to be important
for the maintenance of insulin biosynthesis, as well as -cell
mass (36). Mice homozygous for a targeted disruption of the
PDX-1 gene fail to develop a pancreas, and the inactivation of
PDX-1 specifically in B-cells of mice decreases (3-cell mass
and insulin expression (36). It has been shown that insulin
stimulates PDX-1 binding to the insulin promoter via PI3K and
SAPK2/p38 (37). PDX-1 deficiency contributes to impaired
proliferation and enhanced apoptosis via transcriptional mech-
anisms in models of type 2 diabetes (38). In this study, PDX-1
gene expression was significantly increased by treatment with
deoxyactein. Therefore, it may be presumed that deoxyactein
may attenuate the inhibitory effect of MG on insulin secretion
by regulating insulin and PDX-1 gene expression.

In response to acute elevation of glucose and survival factors,
such as insulin, PDX-1 is phosphorylated and translocates to the
nucleus (39). By contrast, stimuli associated with diabetes, such
as oxidative stress (40) and free fatty acids (41), cause nuclear
exclusion of PDX-1 (41). Ardestani et al (42) showed that the
nuclear localization of PDX-1 is essential for functional (3-cells,
which is a novel mechanism of the protective effects of IL-1
receptor antagonist in $-cell survival and function.

Treatment with an IL-1f3 antibody also improves glycemic
control in diet-induced obesity in mice (43). IL-1f is thought
to be a critical mediator of the impaired function of pancre-
atic B-cells during the development of autoimmune type 1
diabetes (44). Furthermore, previous findings have established
the role of IL-1f in B-cell failure in type 2 diabetes (45).
The IL-1B-induced dysfunction of the pancreatic B-cells is
mainly due to the activation of extracellular signal-regulated
kinase (ERK) and nuclear factor-kB (45). The exposure of
pancreatic islets to IL-1f3 decreases the mRNA levels of pro-
insulin-converting enzymes, indicating a decreased pro-insulin
conversion (46). In this study, we demonstrated a profound
inhibitory effect of deoxyactein on MG-induced IL-1f produc-
tion by B-cells. The protective action toward pancreatic 3-cell
function and viability by deoxyactein is likely due to its
inhibition of IL-1p. Therefore, the present study shows that
deoxyactein may protect pancreatic islets against the noxious
effects induced by IL-1p.

MG accumulates in oxidative conditions and may contribute
to oxidant-induced cellular damage (47). Increased MG modi-
fication of proteins is a likely outcome of oxidative stress, and
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increased MG modification of mitochondrial proteins may
also induce oxidative stress (48). Furthermore, oxidative stress
has been implicated in the deterioration of insulin signaling
in diabetes (49), in decreased insulin secretion and in f-cell
death (50). In this study, to evaluate the role of free radicals in
the protective activity of deoxyactein, its effect on MG-induced
ROS generation was analyzed using H,DCFDA assays.
Following pre-treatment with deoxyactein, MG-induced ROS
generation was observed to decline, which may account for the
observed cytoprotective effects of deoxyactein. The increased
generation of ROS accelerates the oxidation of lipids, proteins,
nucleic acids and other molecules. Mitochondrial cardiolipin
molecules are an early target of ROS attack, either due to their
high content of unsaturated fatty acids or because of their loca-
tion in the inner mitochondrial membrane near the site of ROS
production (51). It seems likely that enhanced ROS production
could lead to cardiolipin oxidative damage, which would nega-
tively impact the biochemical function of the mitochondrial
membranes, altering membrane fluidity and ion permeability.
In deoxyactein-pre-treated cells, MG-induced cardiolipin
peroxidation was significantly decreased. The inhibitory effect
of deoxyactein on cardiolipin peroxidation in the mitochondria
can be explained by its ability to inhibit the peroxidation of
linoleic fatty acid constituents of mitochondrial cardiolipin
molecules. These data strongly indicate that deoxyactein
modulates ROS generation via the reduction of MG-induced
mitochondrial membrane lipid peroxidation.

Overabundant ROS are scavenged by endogenous anti-
oxidant enzymes. In cells, SOD catalyzes the conversion of
superoxide to hydrogen peroxide, which is further reduced to
H,O by the activity of CAT or GPX. In the present study, MG
significantly decreased the expression of SOD and increased
that of GPX in pancreatic (3-cells. Antioxidant defenses are
affected by oxidative challenge, evoking a marked increase in
GPX activity to cope with elevated ROS. The induction of GPX
is an essential mechanism of the cell defense against oxidative
insults and consequently plays a major role in overcoming ROS
production (52). In the study, pre-treatment with deoxyactein
increased the gene expression of these antioxidant enzymes in
MG-exposed pancreatic -cells, indicating that deoxyactein
is able to reduce MG-induced oxidative stress. This finding
should be relevant to therapies directed toward pancreatic
[B-cells due to the low antioxidant enzyme gene expression in
pancreatic tissue compared to other tissues (53). Our results
mentioned above indicate that the treatment of pancreatic
B-cells with deoxyactein creates conditions favorable for
combating the increased generation of ROS induced by MG,
and consequently the maintenance of cell function and viability.
Muscogiuri et al (54) reported that the genetic ablation of SOD
caused glucose intolerance, which was associated with reduced
in vivo insulin secretion by pancreatic 3-cells and decreased
[B-cell volume, which suggests that oxidative stress caused by
SOD ablation leads to glucose intolerance secondary to -cell
dysfunction. Studies have reported that the overexpression of
SOD provides a protective effect to insulin-secreting cells (55)
and against streptozotocin-induced diabetes (56). In addition,
the overexpression of GPX has been shown to confer a protec-
tive effect against ROS-induced oxidative stress by increasing
the activity of SOD (57). Therefore, the deoxyactein-induced
increase in the activities of GPX and SOD, which participate
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in the defense against hydrogen peroxides and superoxides, is
essential to prevent ROS cytotoxicity induced by MG.

The main source of ROS in diabetes is most probably altered
mitochondrial metabolism, which results in the overproduction
of superoxide by the electron transport chain (58). The tran-
scriptional co-activator, PGC-1a, and the NAD*-dependent
deacetylase, SIRT1, are considered important inducers of
mitochondrial biogenesis as they regulate the transcription of
nucleus-encoded mitochondrial genes (59). SIRT1 acts as an
important regulator of metabolism by controlling the activity
of key transcription factors, such as PGC-1a, forkhead box
protein O1 (FOXO1) and p53 (60,61). PGC-1a functions as
an upstream inducer of genes of mitochondrial metabolism
by positively affecting the activity of some hormone nuclear
receptors and nuclear transcription factors (e.g., NRF-1
and -2) (62). Additionally, NRF-1 regulates the activation of
the Tfam, Tfblm and Tfb2m promoters and indirectly affects
the expression of Cox genes, Glut4 and PGC-la itself (63). Our
data revealed that deoxyactein increased the levels of SIRT1
and PGC-1a. Therefore, the beneficial effect of deoxyactein is
mediated by enhanced mitochondrial biogenesis via the activa-
tion of the SIRT1-PGC-1a pathway.

The MG-induced formation of protein adducts with cell
surface or intracellular targets has been shown to initiate tyro-
sine kinase signaling (64), mitochondrial dysfunction (65) and
the activation of the caspase cascade (66). MG-protein adducts
are generated by irreversible nonenzymatic modification of
free amino groups of proteins, and carbonyl stress results
from an imbalance between reactive carbonyl species levels,
the efficiency of scavenger and detoxification pathways, and
accumulation of MG-protein adducts (67). The modification
of proteins and DNA by MG has emerged as an important
endogenous threat to the functional integrity of the proteome
and genome. Moreover, the crosslinking reaction that occurs
during MG amino acid glycation has been shown to yield the
superoxide radical anion (68). Protein modification by MG is
directed to functional sites where it is associated with metabolic,
structural and functional abnormalities: for example, mito-
chondrial dysfunction with increased formation of ROS (66),
cell detachment from the extracellular matrix by decreased
integrin binding to MG-modified extracellular matrix proteins
and anoikis (69), and the induction of accelerated cell senes-
cence (70). In the present study, the exposure of pancreatic
B-cells to MG increased the formation of protein adducts to
levels above those observed in the controls. However, pre-
treatment of the MG-exposed cells with 0.1 xM deoxyactein
decreased the formation of protein adducts significantly. The
present data indicate that deoxyactein may block MG-derived
protein adduct formation in pancreatic f-cells, which may be
involved in the mechanism protecting them against cell death.
Therefore, deoxyactein may help prevent the development of
diabetic complications by blocking the MG-mediated intracel-
lular glycation system.

Under physiological conditions the glyoxalase system,
in which the enzyme glyoxalase I is the rate-limiting step,
efficiently detoxifies highly reactive carbonyls and the AGE
precursor MG to D-lactate and thereby inhibits the formation
of AGEs (5). We demonstrated that the activity of glyoxalase I
was markedly increased by deoxyactein under conditions of
MG-induced toxicity. Glyoxalase I is ubiquitously distributed
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in cells and plays an important role in the regulation of signals
related to oxidative stress and AGE formation (71). The overex-
pression of glyoxalase I inhibits intracellular AGE formation in
bovine endothelial cells and prevents hyperglycemia-induced
increases in macromolecular endocytosis (72). By contrast,
glyoxalase I deficiency is associated with increased levels of
AGE:s (73). The overexpression of glyoxalase I exerts protective
effects in renal ischemia-reperfusion injury via the reduc-
tion of MG accumulation in tubular cells (74). As excessive
ROS production has been implicated in the pathogenesis of
diabetes (75), pharmacologic agents that increase glyoxalase
activity may have unique clinical efficacy in the prevention and
treatment of these conditions. In this study, we demonstrated
that deoxyactein significantly prevented the damage to pancre-
atic p-cell function induced by MG, by preventing oxidative
stress or enhancing the MG-detoxifying system. Therefore,
deoxyactein may be employed to protect against diseases, such
as diabetes, in which excess the production of ROS has been
implicated as a causal or contributory factor.

In conclusion, the present study indicates that MG negatively
affects p-cell function, and that deoxyactein may ameliorate
MGe-induced pancreatic (3-cell damage. The mechanisms of of
action of deoxyactein likely involve the potentiation of SIRT-1/
PGC-1a signaling, the increased activity of glyoxalase I, the
elevated gene expression of PDX-1, INS2, SOD and GPX
and protection against detrimental oxidative and inflamma-
tory damage. Deoxyactein may allow the preservation and/or
improvement of B-cell function in diabetics associated with
elevated circulating levels of toxic aldehydes due to chronic
hyperglycemia.
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