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Padina arborescens extract protects high glucose-induced apoptosis
in pancreatic S cells by reducing oxidative stress
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BACKGROUND/OBIJECTIVES: This study investigated whether Padina arborescens extract (PAE) protects INS-1 pancreatic 3 cells
against glucotoxicity-induced apoptosis.

MATERIALS/METHODS: Assays, including cell viability, lipid peroxidation, generation of intracellular ROS, NO production, antioxidant
enzyme activity and insulin secretion, were conducted. The expressions of Bax, Bcl-2, and caspase-3 proteins in INS-1 cells
were evaluated by western blot analysis, and apoptosis/necrosis induced by high glucose was determined by analysis of FITC-Annexin
V/PI staining.

RESULTS: Treatment with high concentrations of glucose induced INS-1 cell death, but PAE at concentrations of 25, 50 or
100 pg/ml significantly increased cell viability. The treatment with PAE dose dependently reduced the lipid peroxidation and
increased the activities of antioxidant enzymes reduced by 30 mM glucose, while intracellular ROS levels increased under conditions
of 30 mM glucose. PAE treatment improved the secretory responsiveness following stimulation with glucose. The results also
demonstrated that glucotoxicity-induced apoptosis is associated with modulation of the Bax/Bcl-2 ratio. When INS-1 cells were
stained with Annexin V/Pl, we found that PAE reduced apoptosis by glucotoxicity.

CONCLUSIONS: In conclusion, the present study indicates that PAE protects against high glucose-induced apoptosis in pancreatic

B cells by reducing oxidative stress.
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INTRODUCTION

Glucose, in chronic excess causes toxic effects on the structure
and function of organs, including the pancreatic islets [1]. In
addition, the role of oxidative stress in the development of
diabetes has been emphasized with the presence of reactive
oxygen species (ROS) considered as a key factor [2]. Several
studies have demonstrated that chronic exposure of 3 cells to
a high glucose concentration resulted in [3-cell dysfunction and
apoptosis [3]. Dysfunctional and decreasing numbers of
pancreatic 3 cells are determining factors in the development
of type 2 diabetes [4]. In addition, 3 cell death is likely a conse-
quence of intracellular changes caused by chronic hypergly-
cemia, specifically the increase in mitochondrial oxidative stress
and the decrease of reactive oxygen species (ROS)-scavenging
enzymes [5]. Therefore, in order to reduce the risk of such
pathological damage caused by diabetes, it is important to find
ways to attenuate the oxidative stress and apoptosis induced
by hyperglycemia.

Although many synthetic compounds that target the regulation

of apoptosis in 3 cells are at different phases of natural products
have been investigated that are claimed to have antiapoptotic
and antioxidative effects. In particular, marine algae are known
to generate an abundance of bioactive compounds with great
potential in the pharmaceuticals, food, and biomedical industries
[6]. Padina arborescens, a type of brown alga popular in Korea
and Japan as a food ingredient and marine herb, contains
biologically active compounds such as phlorotannins [7].

Oxidative stress is considered as one of the important
mechanisms involved in pancreatic [3 cell glucose toxicity [1].
In previous studies, we evaluated the antioxidant properties of
Padina arborescens extract (PAE) [8]. We also evaluated the
effects of PAE on postprandial hyperglycemia by in vivo tests
and showed the prominent effect of PAE in both streptozotocin-
induced diabetic mice and normal mice [9]. However, there is
currently no evidence of a direct involvement of PAE on
pancreatic 3 cell functions and diabetes-related survival.
Therefore, in this study, we investigated the protective effects
of a PAE against high glucose-induced oxidative stress and
apoptosis in INS-1 pancreatic 3 cells.
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MATERIALS AND METHODS

Materials

The brown alga, Padina arborescens (Phylum Ochrophyta,
Class Phaeophyceae, Order Dictyotales, Family Dictyotaceae)
was collected along the coast of Jeju Island, Korea. The sample
was washed three times with tap water to remove the salt,
epiphytes, and sand attached to the surface, then carefully
rinsed with fresh water and maintained in a medical refrigerator
at -20°C. Thereafter, the frozen samples were lyophilized and
homogenized with a grinder prior to extraction. Padina
arborescens was extracted with ten volumes of 80% methanol
for 12 h at room temperature three times. The filtrate was then
evaporated at 40°C to obtain the methanol extract. The PAE
was thoroughly dried for complete removal of solvent and
stored in a deep freezer (-80°C).

Cell culture

Rat insulinoma cell line INS-1 was cultured in an RPMI 1640
medium (Gibco, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS), streptomycin (100 pg/ml), and penicillin
(100 units/ml) at 37°C in a humidified atmosphere containing
5% CO,. The cells were passaged weekly after they had been
detached with trypsin-ethylenediaminetetraacetic acid (trypsin-
EDTA). All the studies were performed on INS-1 cells that were
between passages 20 and 30.

Assay of cell viability

Cell viability was assessed by a colorimetric 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay,
which is based on the conversion of MTT to MTT-formazan by
mitochondrial enzymes, as described previously [10]. Cells (2
x 10* cells/well) in the wells of a 96-well plate were preincu-
bated with glucose (5.5 or 30 mM) for 48 h and then incubated
with or without the indicated concentrations of PAE for 48 h.
Next, 100 pl of MTT solution (Sigma-Aldrich Co., St. Louis, MO,
USA) was added to each well of the 96-well culture plate and
incubated for 4 h at 37°C, before the medium containing MTT
was removed. The incorporated formazan crystals in the viable
cells were rendered soluble with 100 pl of dimethyl sulfoxide
(Bio Basic Inc,, NY, USA), and the absorbance at 540 nm of each
well was read using a microplate reader.

Assay of the intracellular ROS level

The intracellular ROS level was measured using a dichloro-
fluorescein assay [11]. 2,7-dichlorodihydrofluorescein diacetate
(DCF-DA) can be deacetylated in cells by reacting it quantita-
tively with intracellular radicals to convert in to its fluorescent
product, DCF, which is retained within the cells. Therefore,
DCF-DA was used to evaluate the generation of ROS in oxidative
damage. Cells (2 x 10" cells/well) were seeded in 96-well black
plates and pre-incubated with glucose (5.5 and 30 mM) in a
humidified atmosphere containing 5% CO, at 37°C for 48 h.
After 48 h of incubation, the cells were treated with various
concentrations (25, 50, and 100 pg/ml) of PAE and further
incubated for 48 h. Thereafter, the medium was removed and
the cells were washed twice with phosphate-buffered saline
(PBS, pH 7.4) and incubated with 100 uM DCF-DA for 90 min

at room temperature. Fluorescence was measured using a
fluorescence plate reader (BMG LABTECH GmbH, Offenburg,
Germany).

Assay of lipid peroxidation

Lipid peroxidation was measured by the production of
thiobarbituric acid reactive substances (TBARS). Cells (2 x 10*
cells/well) were seeded in 96-well plates and pre-incubated with
glucose (5.5 and 30 mM) in a humidified atmosphere containing
5% CO, at 37°C for 48 h. After 48 h of incubation, the cells
were treated with various concentrations (25, 50, and 100
pg/ml) of PAE and further incubated for 48 h. A 200 pl sample
of each medium supernatant was mixed with 400 pl of TBARS
solution and then boiled at 95°C for 20 min. The absorbance
at 532 nm was measured and TBARS concentrations were
extrapolated from the 1,1,3,3-tetraethoxypropane serial dilution
standard curve. Thiobarbituric acid reactive substances values
were then expressed as equivalent nanomoles of malondial-
dehyde (MDA) [12].

Assay of the nitric oxide (NO) level

The amount of nitrite accumulation, the end-product of NO
generation, was assessed by the Griess reaction [13]. Cells (2
x 10* cells/well) were seeded in 96-well plates and pre-incubated
with glucose (5.5 and 30 mM) in a humidified atmosphere
containing 5% CO, at 37°C for 48 h. After 48 h of incubation,
the cells were treated with various concentrations (25, 50, and
100 pg/ml) of PAE and further incubated for 48 h. Thereafter,
each 50 pl of culture supernatant was mixed with an equal
volume of Griess reagent [0.1% N-(1-naphthyl)-ethylenediamine,
1% sulfanilamide in 5% phosphoric acid] and incubated at room
temperature for 10 min. The absorbance at 550 nm was measured
in a microplate absorbance reader, and a series of known
concentrations of sodium nitrite was used as the standard curve.

Antioxidative enzyme assay

Cells (2 x 10° cells/dish) in a 10-mm dish were preincubated
with glucose (5.5 or 30 mM) for 48 h, and then incubated with
or without the indicated concentrations of PAE for 48 h. The
medium was removed and the cells were washed twice with
PBS. One milliliter of 50 uM potassium phosphate buffer with
1 mM EDTA (pH 7.0) was added, and the cells were scraped
off. Each cell suspension was sonicated three times for 5 s on
ice each time, and then the sonicated cells were centrifuged
at 10,000 g for 20 min at 4°C. The cell supernatant was used
to assess the antioxidative enzyme activities. The protein
concentration was measured by the method of Bradford, using
bovine serum albumin (BSA) as the standard. Superoxide
dismutase (SOD) activity was determined by monitoring the
auto-oxidation of pyrogallol, one unit of SOD activity being
defined as the amount of an enzyme that inhibited the rate
of oxidation of pyrogallol [14]. Catalase (CAT) activity was
measured according to the method of Aebi [15] by following
the decreased absorbance of H,O, the decrease in the
absorbance at 240 nm being measured for 2 min, standards
containing 0, 0.2, 0.5, 1 and 2 mM of H,O, were used to
construct the standard curve. Glutathione peroxidase (GSH-px)
activity was measured by the method of Lawrence and Burk
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[16] one unit of GSH-px activity being defined as the amount
of enzyme that oxidized 1 nM nicotinamide adenine dinucleo-
tide phosphate (NADPH) consumed per minute.

Glucose stimulated insulin secretion (GSIS)

Cells (2% 10° cells/well) in 6-well plates were preincubated
with glucose (5.5 or 30 mM) for 48 h, and then incubated
without or with the indicated concentrations of PAE for 48 h.
Thereafter, the medium was carefully removed and the cells
were washed with PBS, and replaced with fresh medium
containing 3 mM glucose and 2% FBS. After 5 h of incubation,
the cells were stimulated with Krebs-Ringer buffer [119 mM
NaCl, 475 mM Kdl, 2.54 mM CaCl, 1.2 mM MgSOs 1.2 mM
KH,PO,, 5 mM NaHCOs;, and 20 mM HEPES, pH 7.4] containing
5 or 25 mM glucose for 60 min at 37°C, and then the medium
was collected for detection of insulin secretion using methods
previously described [17]. Insulin secretion was determined by
Rat/Mouse Insulin enzyme-linked immunosorbent assay (ELISA)
kit (Lingo Research, Lingo, MO, USA).

Immunoblotting

Cells were homogenized with ice-cold lysis buffer containing
250 mM NaCl, 25 mM Tris-HCI (pH 7.5), 1% v/v NP-40, 1 mM
dithiothreitol (DTT), 1T mM phenylmethylsulfonyl fluoride (PMSF),
and protein inhibitor cocktail (10 pg/ml aprotinin, 1 pg/ml
leupeptin). The cells were then centrifuged at 20,000 g for 15
min at 4°C. The supernatants were used as total protein extracts
[18]. The total and nuclear protein contents were determined
by the Bio-Rad protein kit with BSA as the standard. The lysate
containing 20 pg of protein was subjected to electrophoresis
on 10% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE).
Separated proteins were transferred electrophoretically to a
pure nitrocellulose membrane, blocked with 5% skimmed milk
solution for 1 h, and then incubated with primary antibodies
(Abcam, Cambridge, UK; 1:1000) overnight at 4°C. After washing,
the blots were incubated with goat anti-rabbit or goat anti-
mouse IgG horseradish peroxidase-conjugated (HRP-conjugated)
secondary antibody for 1 h at room temperature. Each antigen-
antibody complex was visualized using ECL Western Blotting
Detection Reagents and detected by chemiluminescence with
LAS-1000 plus (FUJIFLIM, Tokyo, Japan). Band densities were
determined by an image analyzer (Multi Gauge V3.1, FUJIFILM
Corporation, Valhalla, NY, USA) and normalized to [(3-actin for
total protein and nuclear protein.

Flow cytometric assessment of apoptosis

Cell death by apoptosis was quantified in 5.5 mM and 30
mM glucose with or without PAE- treated cells by Annexin V-
fluorescein isothiocyanate (FITC)/propidium iodide (Pl) double
staining. Annexin V-FITC/PI double staining of the cells was
measured using the Annexin V-FITC kit (Merck bioscience,
Darmstadt, Germany). Thereafter, 100 pl of the cell suspension
was incubated with 5 pl of Annexin V and 5 pl of Pl. The cells
were kept in the darkness for 15 min in an ice bath, before
400 pl of a binding buffer was added to the cell suspension,
and flow cytometry was promptly read by FACScan flow
cytometer. Cells in the Annexin V-FITC-/Pl-population were
regarded as normal healthy cells, while Annexin V-FITC+/PI-

status was considered as the measure of early apoptosis,
Annexin V-FITC+/Pl+ as late apoptosis, and Annexin V-FITC-/Pl+
as necrosis. The apoptotic cells are expressed as a percentage
of the total number of cells.

Statistical analyses

Each experiment was performed in triplicate. The results were
expressed as the mean + SD. Statistical analysis, including analysis
of variance, was performed using SAS 9.1 software. Significant
differences (P < 0.05) between the means were determined by
Duncan’s multiple range tests.

RESULTS

Cell viability

The effect of PAE on cell viability in INS-1 pancreatic 3 cells
was examined using the MTT assay. When INS-1 cells were
treated with 30 mM glucose for 48 h, cell viability was reduced
significantly. As shown in Fig. 1, the viability of INS-1 cells
exposed to PAE was significantly increased compared with 30
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Fig. 1. Effect of PAE on the viability of high glucose treated INS-1 pancreatic
B cells. Cells in wells of 96-well plates (2 x 10° cells/well) were preincubated with 5.5
mM or 30 mM glucose for 48 h, and subsequently incubated for 48 h in the presence
or absence of 25, 50, or 100 ug/mL PAE, The use of 5.5 mM glucose was representative
of normal glucose conditions and the 30 mM glucose treatments represent high glucose
conditions, Each value is expressed as mean + SD (n=3). **Values with different
alphabets differ significantly at £< 0,05 as analyzed via Duncan’s multiple range test,
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Fig. 2. Effect of PAE on intracellular ROS generation in the high glucose treated
INS-1 pancreatic B cells. Cells in wells of 96-well plates (2 x 10° cells/wel) were
preincubated with glucose and incubated in the absence or presence of PAE as described
in the legend to Fig. 1. Each value is expressed as mean + SD (n=3), **Values with
different alphabets differ significantly at ~< 0,05 as analyzed via Duncan’s multiple range
test,
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mM glucose treatment. In particular, treatment with 100 ug/ml
of PAE along with high glucose treatment resulted in a
significant increase in cell viability, to 83.03%.

Intracellular ROS generation

High glucose has been shown to increase ROS in many cell
types in patients with diabetes owing to a combination of
increased production of ROS along with decreased antioxidant
function [19,20]. As shown in Fig. 2, the generation of intra-
cellular ROS in INS-1 cells was elevated significantly after
treatment with 30 mM glucose as compared with that in cell
treated with 5.5 mM normal glucose. However, PAE treatment
dose-dependently reduced the levels of ROS in the cells induced
by treatment with 30 mM.

Lipid peroxidation

Fig. 3 shows the effect of PAE on lipid peroxidation in the
high glucose treated INS-1 cells by measuring TBARS, a lipid
peroxidation. The TBARS level of the normal glucose treated
cells (5.5 mM glucose) was recorded as 0.12 nmol MDA, whereas
that of the high glucose-treated cells was recorded as 0.27 nmol
MDA. However, treatment with PAE together with high glucose
significantly inhibited TBARS formation, indicating protection
against lipid peroxidation.

NO level

Fig. 4 shows that the level of NO in INS-1 cells was significantly
increased by the 30 mM glucose treatment as compared with
the cells treated with 5.5 mM normal glucose. However, the
high glucose-induced NO level was significantly suppressed by
treatment with PAE. The level of NO in the INS-1 cells treated
with 30 mM glucose was 204.38%, but treatment with 100 pg/ml
of PAE in conjunction with high glucose exposure resulted in
a significantly lower NO level of 88.8%. Thus, the PAE was able
to prevent NO production stimulated by high glucose.

Antioxidative enzyme assays

Overexpression of antioxidant enzymes (i.e. SOD, CAT, GSH-px)
in 3 cell lines provide protection against pro-oxidants [21]. The
effects of PAE on antioxidant enzyme activities in high glucose-
treated INS-1 cells are shown in Table 1. The 30 mM glucose
treatment reduced SOD activity compared with that measured
in the cells treated with 5.5 mM normal glucose. Treating the
30 mM glucose-treated INS-1 cells with PAE increased the SOD
activity, as shown by a SOD activity of 39.04 unit/mg of protein
at a dosage of 100 pg/ml. In addition, treatment for 48 h with
30 mM glucose significantly attenuated the CAT activity of INS-1
cells compared that seen in the cells pretreated with 5.5 mM
glucose. PAE treatment increased CAT activity in a dose-
dependent manner. In addition, GSH-px activity in INS-1 cells
treated with high glucose was reduced significantly in compa-
rison to the 5.5 mM normal glucose. After the cells were treated
with 100 pg/ml of PAE, GSH-px activity was increased significantly,
to 2.32 unit/mg of protein.

Glucose stimulated insulin secretion (GSIS)
As shown in Fig. 5, glucose-stimulated insulin secretion in
INS-1 cells was reduced significantly as the result of 30 mM
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Fig. 3. Effect of PAE on TBRAS generation in the high glucose treated INS-1
pancreatic 3 cells. Cells in wells of 96-well plates (2 x 10* cells/well) were preincubated
with glucose and incubated in the absence or presence of PAE as described in the legend
to Fig, 1. Each value is expressed as mean + SD (n=3), *yglues with different alphabets
differ significantly at 2<0.05 as analyzed via Duncan’s multiple range test,
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Fig. 4. Effect of PAE on NO level in high glucose treated INS-1 pancreatic 3
cells. Cells in wells of 96-well plates (2 x 10* cells/well) were preincubated with glucose
and incubated in the absence or presence of PAE as described in the legend to Fig.
1. Each value is expressed as mean + SD (n = 3), “Values with different alphabets differ
significantly at 2<0.05 as analyzed via Duncan’s multiple range test,
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Fig. 5. Effects of PAE on insulin secretion in high glucose-treated INS-1
pancreatic B cells. Cells in wells of 6-well plates (2 x 10° cells/well) were preincubated
with glucose and incubated in the absence or presence of PAE as described in the legend
to Fig, 1. Each value is expressed as mean + SD (0 =3), **Values with different alphabets
differ significantly at £<0.05 as analyzed via Duncan’s multiple range test,

glucose treatment as compared with 5.5 mM normal glucose
treatment. In addition, after culturing with high glucose, stimula-
tion with 25 mM glucose resulted in a 2-fold increase in insulin
secretion as compared with 5 mM glucose treatment. Treatment
with PAE increased insulin secretion in the cells stimulated with
5 and 25 mM glucose under high glucose conditions.
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Fig. 6. Effects of PAE on the expression of Caspase-3, Bax and Bcl-2 (A) and
Caspase-3, Bax and Bcl-2 ratio (B) in INS-1 pancreatic [3 cells. Relative expression
was quantified by densitometry using the Multi Gauge V3,1 and calculated according to
the reference bands of B-actin (mean, n=23). “Values with different alphabets differ
significantly at ~<0,05 as analyzed via Duncan’s multiple range test,
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Fig. 7. Identification of the type of cell death by Annexin V-FITC/PI staining. The
status of cell death was determined by counting the cells stained with Annexin V-FITC/PI
using glow cytometer, Cells were preincubated with glucose and incubated in the absence
or presence of PAE as described in the legend to Fig. 1. A: 55 mM glucose; B: 30 mM
glucose; C: 30 mM glucose + PAE 50 ng/mL; D: 30 mM glucose + PAE 100 pg/mL.,

Caspase-3, Bax and Bcl-2 expressions

To determine whether PAE induces expression of proteins
related to high glucose-induced apoptosis, PAE concentrations
of 50 and 100 pg/ml were added to INS-1 cells (Fig. 6). Exposure
to high glucose resulted in a decrease in Bcl-2 anti-apoptotic

protein expression, whereas expression of Bax pro-apoptotic
protein increased, thereby increasing Bax/Bcl-2 ratios. However,
the cells treated with PAE showed lower Bax expression than
the 30 mM glucose-treated cells. Furthermore, the Bcl-2
expression level following treatment with PAE was markedly
increased. The pro-apoptotic index, the caspase-3 expression,
was augmented by high glucose concentration, and this was
significantly reduced by PAE.

Protective effects of apoptosis

Fig. 7 shows the results of a flow cytometric analysis with
Annexin V/PI double staining. When INS-1 cells were treated
with 30 mM glucose, the level of apoptosis was higher than
that in the cells treated with 5.5 mM normal glucose. However,
flow cytometric analysis demonstrated that treatment of cells
with PAE increased the number of normal cells (Annexin
V-FITC-/PI-) in a dose-dependent manner. The apoptotic cells
including early apoptotic (Annexin V-FITC+/Pl-) and late
apoptotic cells (Annexin V-FITC+/Pl+) that were reduced in a
dose-dependent manner.

DISCUSSION

In this study, we investigated the anti-apoptotic effects of
Padina arborescens extract (PAE) using high glucose treated
INS-1 pancreatic [3 cells. In using this diabetic experimental cell
model, we have determined that PAE derives its anti-apoptotic
properties through reducing oxidative stress. Treatment with
high glucose concentrations for a long period inflicts gluco-
toxicity on vulnerable cell types such as pancreatic 3 cells.
Glucotoxicity is thought to play a major role, at least in
significant part by increasing oxidative stress, in the apoptosis
of pancreatic B3 cells [1,20]. In addition, oxidative stress leads
to cellular damage, which plays a central role in the development
of B cell dysfunction, insulin resistance, and diabetic complica-
tions [21,22]. Pancreatic 3 cell dysfunction plays a key role in
the pathogenesis of type 2 diabetes. Therefore, in order to
reduce the risk of such pathological damage, it is important
to find ways to attenuate the oxidative stress and apoptosis
induced by glucotoxicity.

Recently, there has been some focus on the toxic effects of
fluctuating high glucose on islet 3 cell functions and survival
[23]. In this study, the exposure of INS-1 cells to a high level
of glucose resulted in significantly reduced cell viability (Fig.
1). However, PAE treatment was shown to inhibit cell death.
Therefore, this study demonstrated that PAE protects INS-1 cells
against high-glucose-induced cytotoxicity.

On the other hand, the evidence for accumulation of ROS
leading to [3 cell dysfunction and apoptosis has been reviewed
recently [24]. Our results demonstrated that the treatment of
INS-1 cells with 30 mM glucose significantly increased intracellular
ROS levels. However, PAE inhibited high glucose-induced ROS
production (Fig. 2). Excessive ROS production causes damage
to cellular components; RNA is especially vulnerable, potentially
leading to gene expression changes [25]. Therefore, our results
revealed that PAE could prevent high glucose-induced pan-
creatic B cell damage through the reduction of ROS generation.

ROS are also known to cause lipid peroxidation and reactive
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Table 1. Effects of PAE on antioxidative enzyme activities in high glucose treated INS-1 pancreatic 3 cells

PAE (ug/mL) +30 mM glucose

5.5 mM glucose

0 25 50 100
SOD (unit/mg of protein) 3327 £1.04° 15.20 + 1.43¢ 2334+ 2.16° 30.40 + 1.80° 39.04 + 1.58°
CAT (umol/mg of protein) 1.21+0.02° 0.21+0.07° 052 +0.10" 0.76 +0.11° 0.96 +0.03°
GSH-px (unit/mg of protein) 294 +0.25° 0.56 + 0.08 1.27 £0.32° 1.61+0.10° 232+028°

Cells in wells of 10mm dishes (1 x 10° cells/dish) were preincubated with glucose and incubated in the absence or presence of PAE as described in the legend to Fig.
1. Each value is expressed as mean + SD (n=3), *Yalues with different alphabets differ significantly at ~< 0,05 as analyzed via Duncan’s multiple range test, SOD: Super
oxide dismutase activity; CAT: Catalase activity; GSH-px: Glutathione peroxidase activity.

lipid aldehyde formation, which contribute to progressive
deterioration of (3 cell function in type 2 diabetes. Moreover,
the lipid peroxidation can lead to cell apoptosis, and it is
considered to be implicated in a number of pathophysiological
conditions [26]. In this study, a high glucose treatment induced
lipid peroxidation in INS-1 cells, and PAE was found to
effectively inhibit TBARS formation (Fig. 3). The protective action
of PAE on TBARS formation can be attributed to its antiper-
oxidative effects.

High glucose treatment leads to overproduction of NO [27].
Nitric oxide induces cell death through the activation of the
intrinsic apoptotic pathway [28]. In addition, NO production
appears to be involved in 3 cell damage, dysfunction, and death
and the pathogenesis of diabetes [29]. As shown in Fig. 4, the
level of NO in INS-1 cells was significantly elevated as the result
of 30 mM glucose treatment as compared with the cells treated
with 5.5 mM normal glucose. However, NO levels in the
PAE-treated cells were reduced significantly, and this effect was
concentration dependent. These findings suggest that PAE
might confer important protection against the 3 cell damage
induced by hyperglycemia.

The link between oxidative stress and glucotoxicity has been
suggested in earlier studies on B cell lines, isolated islets, and
diabetic animal models showing that antioxidants can protect
B cells against the deleterious effects of high glucose levels
on insulin secretion, insulin gene expression, islet insulin
content and survival [30,31]. In the present study we observed
that the application of a high-glucose pretreatment to INS-1
cells with PAE resulted in increased antioxidant enzyme
activities (Table 1). Considering these results, PAE may increase
the level of antioxidative enzymes in INS-1 cells. In pancreatic
B3 cells, Grankvist et al. demonstrated that treatment with SOD
prevented alloxan-induced diabetes in mice [32]. Catalase
overexpression protects islets against oxidative stress [33].
Furthermore, GSH-px seems to be the most important tool to
protect the cells against oxidative damage [34]. As pancreatic
B cells express a low level of antioxidants [35], the increased
ROS production probably results in an oxidative stress that may
affect the survival of 3 cells. Taken together, these effects are
mediated by reducing the oxidative stress, being associated
with reduced ROS generation and increased cell survival. In
addition, as shown in Fig. 5, PAE treatment improved the
secretory responsiveness following stimulation with glucose. In
this study, the results demonstrate that PAE increases insulin
secretion in 3 cells under high glucose conditions and the
mechanisms may be involved in the protection of insulin-
secreting cells by reducing oxidative stress and increasing cell

function.

Toxic oxidative stress is also an important reason for
pancreatic 3 cell apoptosis [36]. The imbalance of expression
of anti- and proapoptotic protein after the stimulus is one of
the major mechanisms underlying the ultimate fate of cells in
the apoptotic process. It is well-known that the proteins of the
Bcl-2 family play a pivotal role in cells undergoing apoptosis
by interfering with the caspases [37]. In addition, caspase-3 is
a member of the caspase family that has been shown to play
an essential role in apoptosis induced by a variety of stimuli
[38]. In this study, PAE can modulate the process of apoptosis
in INS-1 cells through caspase-3 decrease, an increase of Bcl-2
expression, and a reduction in Bax expression (Fig. 6). These
effects were mediated by suppressing apoptosis and were
associated with an increase in anti-apoptotic Bcl-2 expression
and a reduction pro-apoptotic Bax and caspase-3 expression.
In addition, the exposure of INS-1 cells to high levels of glucose
resulted in increases in cell apoptosis rate (Fig. 7). It has been
indicated that activation of the apoptosis pathway, which is
mediated by oxidative stress, is involved in the progression of
B cell death. However, on treating high glucose-stressed INS-1
cells with PAE, the apoptotic population was significantly
decreased. The treatment with PAE was found to be most
effective in ameliorating mitochondria-mediated apoptosis
caused by high glucose stress in INS-1 cells.

To conclude, pancreatic INS-1 3 cell damage occurred
because of high glucose-induced overproduction of ROS, lipid
peroxidation and NO production. High glucose treatments
reduced antioxidant enzyme activities and the increased
apoptosis in INS-1 cells, while PAE protects cell damage in INS-1
cells under high glucose conditions by reducing oxidative stress
and apoptosis. These findings demonstrate that PAE might be
employed as a potential nutraceutical agent to protect against
the glucotoxicity caused by high glucose-induced oxidative
stress and apoptosis.
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