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observed under OPA. A, Control; B, 10 mM STZ; C, 12.5 pg/ml OPA + STZ; D, 25
ug/ml OPA + STZ; E, 50 ug/ml OPA + STZ. Experiments were performed in triplicate
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incubated with STZ for 24 h. (A) The cells were stained with PI and analyzed by flow
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observed under a fluorescent microscop using a blue filter. A, Control; B, 10 mM STZ; C,
12.5 ug/ml OPA + STZ; D, 25 pg/ml OPA + STZ; E, 50 ug/ml OPA + STZ. Each value is
expressed as mean+S.E. “* Values with different alphabets differ significantly at p < 0.05
as analyzed via Duncan's multiple range test.

Fig. 4-7. OPA modulated the expression levels of apoptosis-related protein in RINmSF
pancreatic  cells. Cells were pretreated with or without the indicated concentrations of
OPA for 3 h, and then treated with the STZ for 24 h. The cell lysates were analyzed via
Western blotting using anti-P53, anti-Bax, anti-Bcl-xL, anti-caspase-3, -9 and anti-PARP.
Figures are representative of three independent experiments.

Fig. 4-8. Effects of OPA on insulin secretion in STZ-treated RINmSF pancreatic p cells.
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Cells (1x10° in 10 mm dishes were pretreated with the indicated concentrations of OPA
for 3 h, and then incubated with STZ for 24 h. Insulin secretion from RIN-mS5F cells in
response to glucose (5 and 25 mM) concentration. Each value is expressed as mean+S.E.
““Values with different alphabets differ significantly at p < 0.05 as analyzed by Duncan's
multiple range test.

Fig. 4-9. Effects of OPA expression levels of apoptosis-related protein in STZ-treated
mice. The OPA dissolved saline was administered orally into mice, receiving at a dose
of 5 mg/kg or 10 mg/kg body weight first at 12 h and then again at 2 h before the
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representative of experiments.
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INTRODUCTION

Marine organisms are rich sources of structurally diverse bioactive compounds with
valuable nutraceutical, pharmaceutical and cosmeceutical potential (Barrow and Shahidi,
2008; Shahidi and Zhong, 2008). Among them, marine algae represent one of the richest
sources of marine organisms (Ruperez, 2001; Mayer and Hamann, 2002). Marine algae are
classified as unicellular microalgae and macroalgae, which are macroscopic plants of marine
benthoses (Ricketts and Calvin, 1962). Macroalgae, also known as seaweed, are
distinguished according to the nature of their pigments: brown algae (phaeophyta), red algae
(rhodophyta) and green algae (chlorophyta). In Asian countries, several species of seaweed
are used as food ingredients and medicine, to provide nutrition and a peculiar taste. Recently,
The marine algae have been identified as an under-exploited plant resource and functional
food (Nisizawa et al., 1987; Heo et al., 2005a,b). They have also proven to be rich sources of
structurally diverse bioactive compounds with valuable pharmaceutical and biomedical
potential. In particular, brown algae are plentifully present around Jeju Island, Korea, where
these valuable brown algae have various biological compounds, such as xanthopophyll,
pigments, fucoidans, phycocolloids, phlorotannins, and fucoxanthin (Halliwell and
Gutteridge, 1999). Several researches on those kinds of compounds have pointed out a

variety of biological benefits including antioxidant, anticoagulant, antihypertention,
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antibacterial and antitumor activities (Nagayama et al., 2002; Mayer and Hamann, 2005;
Athukorala and Jeon, 2005; Kotake-Nara et al., 2005; Heo et al., 2008).

Polyphenolic compounds are one of the most common classes of secondary metabolites
found in terrestrial plants and marine algae. There are fundamental differences in the
chemical structures of polyphenols in both terrestrial and marine plants (Shibata et al., 2002).
Im general, polyphenols or phenolic compounds have a similar basic structural chemistry
including an “aromatic” or ‘“phenolic” ring structure. Phenolic compounds have been
associated with antioxidative action in biological systems, acting as scavengers of singlet
oxygen and free radicals (Rice-Evans et al., 1995; Jorgensen et al., 1999). The protective
effects of plant polyphenols in biological systems are ascribed to their cavacity to transfer
electrons to free radicals, chelate metal catalysts, activate antioxidant enzymes and inhibit
oxidases. Polyphenols are classified broadly into two classes; condensed tannins, which are
polymetric flavonoids, and hydrolysable tannins, which are derivatives of gallic acid
(Haslam, 1989). Marine brown algae accumulate a variety of phloroglucinol-based
polyphenols of low, intermediate and high molecular weights containing both phenyl and
phenoxy unit. Phlorotannins, marine algal polyphenols, consisting of phloroglucinol units
linked to one another in various ways, occur broadly among the brown and red algae (Singh

and Bharate, 2006) (Fig. 1 ). Several studies have demonstrated the variety of biological
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Fig. 1. Chemical structures of phlorotannins isolated from brown algae.
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benefits associated with phlorotannins, including antioxidant, anticoagulant, antibacterial,
anti-inflammatory, and anti-cancer activities (Shibata et al., 2002; Mayer and Hamann, 2005;
Heo et al., 2008; Kong et al., 2009).

Diabetes mellitus is characterized by abnormal metabolism of glucose, due in part to
resistance to the action of insulin in peripheral tissues. The characteristic sysptoms are
polyuria, polydipsia, and polyuria. Diabetes mellitus is the most serious and chronic disease
that is developing with an increasing obesity and aging in the general population over the
world. Diabetes mellitus is a complex disorder that is characterized by hyperglycemia. It is
largely classified into insulin-dependent diabetes mellitus (type 1 diabetes) and non-insulin-
dependent diabetes mellitus (type 2 diabetes). In particular, type 2 diabetes is an increasing
worldwide health problem and is the most common type of diabetes (Zimmet et al., 2001).
Hyperglycemia plays an important role in the development type 2 diabetes and complications
associated with the diseases such as micro-vascular and macro-vascular diseases (Baron,
1998). Therefore, the effective control of blood glucose level is the key to prevent or reverse
diabetic complications and improve the quality of the life in diabetic patients (DeFronzo,
1999). Currently available therapies for type 2 diabetes include insulin and various oral
antidiabetic drugs such as sulfonylureas, metformin, a-glucosidase inhibitors, and

thiazolidinediones (Fig. II). However, these therapies have either limited efficacy or
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significant mechanism based side effects like hypoglycemia, flatulence, body weight gain of
enhancement of gastrointestinal problems.

The control of postprandial hyperglycemia has been shown to be important in the treatment
of diabetes and the prevention of cardiovascular complications. One of the therapeutic
approaches adopted thus far to ameliorate postprandial hyperglycemia involves the
retardation of glucose absorption via the inhibition of carbohydrate-hydrolyzing enzymes
including a-glucosidase and a-amylase, in the digestive organs (Bhandari et al., 2008). The
powerful synthetic a-glucosidase and a-amylase inhibitors, such as acarbose, miglitol, and
voglibose, function directly in reducing the sharp increases in glucose levels that occur
immediately after food uptake (Saito et al., 1998; Sels et al., 1999; Stand et al., 1999).
However, the continuous use of those synthetic agents should be limited because those
agents may induce side effects such as flatulence, abdominal cramps, vomiting, and diarrhea
(Hanefeld, 1998). Additionally, there have been some reports describing an increased
incidence of renal tumors, serious hepatic injury, and acute hepatitis (Diaz-Gutierrez et al.,
1998; Charpentier et al., 2000). Therefore, a number of studies have been conducted in the
search for naturally derived o-glucosidase and a-amylase inhibitors that induce no
deleterious side effects (Matsui et al., 2007; Kim et al., 2008; Heo et al., 2009a).

Metabolic detuning is involved in the morbidity of Type 2 diabetes mellitus and insulin
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resistance (Moller, 2001), and is also associated with cardiovascular diseases and other
complications (Keen et al., 1999). Management of glycemic control within the normal level
reduces the acute and chronic complications associated with diabetes and promotes long-
term health (Klein et al., 1996; UK ProspectiveDiabetes Study Group, 1998). Insulin
resistance, defined as the inability of cells or tissues to respond to physiological
concentrations of insulin, is a major defect underlying the development of type 2 diabetes
and is a central component of the metabolic syndrome, a constellation of abnormalities
including obesity, hypertension, glucose intolerance, and dyslipidemia (Hotamisligil, 2006;
Moller and Flier, 1992). Skeletal muscle, a key insulin sensitive tissue, has a paramount role
in energy balance and is the principal site for postprandial glucose utilization and disposal. In
skeletal muscle insulin stimulates glucose uptake primarily by increasing translocation and
redistribution of the glucose transporter-4 (GLUT4) from internal membrane to the plasma
membrane (Stephens and Pilch, 1995; Zaid et al., 2008). Under insulin resistance,
translocation of insulin sensitive GLUT4 is impaired resulting in consequent defect in the
insulin-stimulated glucose uptake, a rate-limiting step for glucose disposal (Petersen and
Shulman, 2006).

The insulin signaling pathway (Fig. III) leading to increased muscle glucose uptake

involves binding of insulin to its receptor, phosphorylation of downstream insulin receptor
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substrates (IRS) and activation of phosphatidylinositol-3 kinase (PI3-K) and Akt which
promotes GLUT4 glucose transporter translocation from an intracellular pool to the plasma
membrane (Taniguchi et al., 2006; Dugani et al., 2008). AMP-activated protein kinase
(AMPK) is a heterotrimeric ser/thr kinase that functions as a cellular energy sensor that
becomes activated when the cellular AMP/ATP ratio is increased (Towler and Hardie, 2007)
and in recent years has become an attractive pharmacological target for the treatment of
insulin resistance and type 2 diabetes. In skeletal muscle, AMPK is activated by
exercise/contraction (Musi and Goodyear, 2003), metformin (Zhou et al., 2001; Fryer et al.,
2002), and thiazolidinediones (Fryer et al., 2002) resulting in an increase in glucose uptake.
Since insulin resistance is amajor metabolic abnormality of type 2 diabetes mellitus, there
has been considerable interest in insulin-sensitizing agents to counteract insulin resistance
for the treatment of this disease (Moller, 2001). Current therapeutics for diabetes are often
associated with undesirable side effects and in many cases the precise mechanism of action
remains to be completely clarified (Campbell, 2009). Therapeutic approaches with natural
products investigate for searching safe, effective and relatively inexpensive new remedies for
diabetes mellitus and associated metabolic disorders (Moller, 2001; Tan et al., 2008).
Additionally, the use of natural products for the treatment of metabolic diseases has not been

explored in depth despite the fact that a number of modern oral hypoglycemic agents such as
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metformin are derivatives of natural products.

The two main forms of diabetes are type 1 and type 2 diabetes. Both types are characterized
by progressive B-cell failure. In type 1 diabetes, this is typically caused by an autoimmune
assault against the B-cells, inducing progressive P-cell death. The pathogenesis of type 2
diabetes is more variable, comprising different degrees of -cell failure relative to varying
degrees of insulin resistance (Fig. IV).

In type 1 diabetes, B-cell mass is reduced by 70-80% at the time of diagnosis. Because of
the variable degrees of insulitis and absence of detectable B-cell necrosis, it was suggested
that B-cell loss occurs slowly over years (Kloppel et al., 1985). These pathology findings are
in line with the progressive decline in first-phase insulin secretion in antibody-positive
individuals, long before the development of overt diabetes (Srikanta et al., 1983). It was later
shown that B-cell apoptosis causes a gradual B-cell depletion in rodent models of type 1
diabetes (Eizirik and Mandrup-Poulsen, 2001). In type 2 diabetic subjects, initial
pathological studies suggested a B-cell loss of 25-50% (Kloppel et al., 1985; Clark et al.,
1988), but this was debated by others (Guiot et al., 2001). A progressive decrease of bata cell
function leads to glucose intolerance, which is followed by type 2 diabetes that inexorably
aggravates with time (UK ProspectiveDiabetes Study Group, 1995).

Pancreatic B cell dysfunction performs a crucial function in the pathogenesis of type 2
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diabetes. Although the exact mechanism underlying B cell destruction remains unknown, it
has been suggested that the oxidative stress induced by high glucose is one of the major
factors contributing to the destruction of pancreatic p cells (Rashied et al., 2010). Several
studies have demonstrated that chronic exposure of B cells to high glucose results in 3 cell
dysfunction and apoptosis (Kaneto et al., 2005; Rashid et al., 2010). Under high glucose
levels, mitochondria produce excessive amounts of reactive oxygen species (ROS) as they
utilize alternative glucose-metabolizing pathways prone to induction of oxidative stress
(Robertson, 2004). In addition to increasing the production of ROS by mitochondria, glucose
is known to induce an increase in ROS generated by NAPDH oxidase in the cell membrane.
The results of several studies suggest that antioxidants can prevent the pathological damage
induced by the hyperglycemia-induced oxidative stress associated with diabetes (Yokozawa
et al., 2007; Lee et al., 2010a). Thus, in order to reduce the risk of pathological damage such
as diabetes, it is important to find ways to attenuate the oxidative stress induced by
hyperglycemia. There is a great deal of interest in identifying antioxidant compounds that do
not cause side effects or exhibit toxicity. The phlorotannins, which constitute one of the most
diverse and widespread groups of natural compounds, are probably the most abundant
natural phenolics found in marine algae. These compounds exhibit a broad spectrum of

chemical and biological activities, including antioxidant properties (Kang et al., 2003; Ahn et
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al., 2007; Heo et al., 2009b).

As previously mentioned, currently available drugs for type 2 diabetes have a number of
limitations, such as adverse effects and high rates of secondary failure. Therefore, recently,
there has been a growing interest in alternative therapies and in the therapeutic use of natural
products for diabetes, especially those derived from herbs (Chang et al., 2006; Jung et al.,
2007). This is because plant sources are usually considered to be less toxic with fewer side
effects than synthetic ones. Marine algae are known to provide an abundance of bioactive
compounds with great pharmaceutical foods and biomedical potential.

In previous studies (Heo et al.,, 2009a; Lee et al., 2010a,b), we isolated dieckol and
diphlorethohydroxycarmalol, a type of phlorotannin from the brown algae Ecklonia cava and
Ishige okamurae of Jeju Island, Korea, and demonstrated its anti-diabetic activities in in vitro
and in vivo. However, anti-diabetic effect of marine algae of Jeju Island remains poorly
investigated. Therefore, in this study, we tried to screen active compounds from 17 species of
brown algae and evaluated anti-diabetic effects of the active compounds which can be as

possible nutraceuticals or functional foods for improvement of type 2 diabetes.
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Part].
Screening of a-glucosidase inhibitory and glucose uptake effects of

brown seaweeds and isolation of potential anti-diabetic compounds

1. ABSTRACT

Anti-diabetic activities of 17 species of the brown algae collected from Jeju Island area
were measured by o-glucosidase inhibitory and glucose uptake. Avariety of methanol
extracts of brown algae showed anti-diabetic activity. Among them, Ishige sinicola, Padina
arborescens, Sargassum serratifolium and Sargassum coreanum extracts exhibited strong
activities both a-glucosidase inhibitory and glucose uptake. For the development of
functional food and medical drug materials, reflecting on edibility and collection of raw
materials, we selected I. sinicola. Therefore, further experiment used /. sinicola. Ethyl
acetate (EtOAc) fractions of /. sinicola extracts showed higher anti-diabetic activities than
the other organic solvent fractions. Therefore, the fractions of I. sinicola extracts were
selected for use in further isolation octaphlorethol A (OPA). OPA was isolated from the
methanolic extract from /. sinicola. This structure was elucidated based on NMR

spectroscopic data.
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2. MATERIALS AND METHODS
2.1. General experimental procedures

The UV and FT-IR spectra were recorded on a Pharmacia Biotech Ultrospec 3000
UV/Visible spectrometer and a SHIMAZU 8400s FT-IR spectrometer, respectively. NMR
spectra were recorded on a Varian INOVA 400 MHz spectrometer. DMSO was used as a
solvent for the NMR experiments, and the solvent signals were used as an internal reference.
ESI and HREI mass spectra acquired using Finnigan Navigator 30086 and JMS-700
MSTATION high resolution mass spectrometer, respectively. The Preparative HPLC was
carried out on a DIONEX prep-HPLC system and Chromeleon software using C;g column
(uBondapak RP-18, 19%x300 mm, 10 um, Waters Co.). The HPLC was carried out on a
YoungLin Instrument HPLC system equipped with a YoungLin acme 9000 UV/VIS detector
and Autochrome software using C;s column (Waters Spherisorb® DOS-2 RP-18, 4.6x250

mm, 5 pm, Waters Co.).

2.2. Materials
Seventeen species of brown algae were collected along the coast of Jeju Island, Korea,
between March 2009 and December 2010 (Table 1-1). The samples were washed three times

with tap water to remove salt, sand, and epiphytes attached to the surface, then carefully
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rinsed with fresh water, and maintained in a medical refrigerator at —20 C. Therefore, the

frozen samples were lyophilized and homogenized with a grinder prior to extraction.

2.3. Extraction procedure of 80% methanolic extracts from brown algae

The brown algae samples were pulverized into powder using a grinder. The algae powder (1
g) was extracted with 80% methanol (100 ml) at a room temperature for 24 h and filtrated.
After filtration, the methanolic extracts were evaporated to dryness under vacuum. This

extracts were used for further biological study.

2.4. Inhibition assay for a-glucosidase activity

The a-glucosidase inhibitory assay was done by the chromogenic method described by
Watanabe et al. (1997) using a readily available yeast enzyme. Briefly, yeast a-glucosidase
(0.7 U, Sigma) was dissolved in 100 mM phosphate buffer (pH 7.0) containing 2 g/l bovine
serum albumin and 0.2 g/l NaN; and used as an enzyme solution. 5 mM p-Nitrophenyl-a-D-
glucopyranoside in the same buffer (pH 7.0) was used as a substrate solution. The 50 pl of
enzyme solution and 10 pl of sample dissolved in dimethylsulfoxide were mixed in a
microtiter plate and measured absorbance at 405 nm at zero time. After incubation for 5 min,

substrate solution (50 pl) was added and incubated for another 5 min at room temperature.
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Table 1-1. The list and polyphenol content of brown algae.

No. Scientific name (Korean name) Polyphenol content (mg/g)
BS1 Dictyota coriacea (Z7}= 1 &0 EE 10.35
BS2 Sargassum thunbergii (%] Z-°|) 23.94
BS3 Myelophycus caespitosus (P} 5=$1) 40.23
BS4 Ishige sinicola (5 1) 42.82
BS5 Padina arborescens (F-3Z) 44.52
BS6 Hizikia fusiforme (%) 13.35
BS7 Undaria pinnatifida (W] %)) 14.53
BS8 Sargassum serratifolium (35 ZA9h) 38.52
BS9 Sargassum horneri (73 4 o] A3k 25.11
BS10 Sargassum hemiphyllum (2 ¢! 2 2} 5H) 11.35
BS11 Sargassum piluiferum (7-& ZE A4 13.94
BSI12 Sargassum patens (3 o] ZAFRE) 25.29
BS13 Sargassum tortile (¥}¥l] 7] A4k 22.35
BS14 Sargassum macrocarpum (-2 1| Z A} 14.53
BS15 Myagropsis myagroides (2] & 71| 2441 15.70
BS16 Undariopsis peterseniana (5] V] <) 13.12
BS17 Sargassum coreanum (22 EAHHH) 67.93
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The increase in the absorbance from zero time was measured. Percent inhibitory activity
was expressed as 100 minus relative absorbance difference (%) of test compounds to

absorbance change of the control where test solution was replaced by carrier solvent.

2.5. Cell culture

Rat myoblast L6 cells were maintained in high glucose-DMEM supplemented with 10%
heat-inactivated FBS, penicillin (100 U/ml) and streptomycin (100 pg/ml). Cultures were
maintained at 37°C in 5 % CO, incubator. For differentiation, the cells were seeded in
appropriate culture plates, and after sub-confluence (about 80%), the medium was changed
to DMEM containing 2% horse serum for 7 days, with medium changes every day. All

experiments were performed in differentiated L6 myotubes after 7 days.

2.6. Glucose uptake assay

L6 cells were seeded in a 24-well plate. After differentiation, the cells were starved in
serum-free low glucose DMEM for 12 h, and then washed with PBS and incubated with
fresh serum-free low glucose DMEM. After that, the cells were treated without or with 100
ug/ml of samples for 3 h. Glucose uptake was measured by glucose concentration in the

media solution using glucose oxidase assay kit (Asan Pharmaceutical corp., Korea).

_19_

Collection @ jeju



2.7. Extraction and isolation of octaphlorethol A (OPA)

The dried Ishige sinicola (Fig. 1-1) powder was extracted three times with 80% aqueous
MeOH, and filtered. The filtrate evaporated at 40 C to obtain the MeOH extract, which was
dissolved in water, then partitioned with EtOAc. The EtOAc extract was fractionated by silica
column chromatography with stepwise elution of CHCl;-MeOH mixture (50:1-0:1) to afford
separated active fractions. A combined active fraction was further subjected to prep-HPLC,
and then finally purified by reversed-phase HPLC to give novel compound octaphlorethol A
(OPA) (Fig. 1-10).

Octaphlorethol A (OPA): brownish yellow amorphous powder, 'H NMR (400 MHz,
DMSO-d,) and °C NMR (100 MHz, DMSO-d;), see Table 1-2; ESI-MS m/z 992.19 [M-

2H]2_ (C43H34025: 994.143 89)

2.8. Statistical analysis
The data are presented as mean =+ standard error (SE). Statistical comparison was performed
via the SPSS package for Windows (Version 14). P-values of less than 0.05 were considered

to be significant.
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Fig. 1-1. The photography of a brown alga Ishige sinicola.
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3. RESULTS AND DISCUSSIONS

Currently available drugs for type 2 diabetes have a number of limitations, such as adverse
effects and high rates of secondary failure. Therefore, recently, there has been a growing
interest in alternative therapies and in the therapeutic use of natural products for diabetes,
especially those derived from herbs (Chang et al., 2006; Jung et al., 2007). This is because
plant sources are usually considered to be less toxic with fewer side effects than synthetic
ones. Marine algae are known to provide an abundance of bioactive compounds with great
pharmaceutical foods and biomedical potential.

In previous studies (Heo et al., 2009a; Lee et al., 2010a,b), we isolated dieckol and
diphlorethohydroxycarmalol, a type of phlorotannin isolated from the brown algae Ecklonia
cava and Ishige okamurae of Jeju Island, Korea, and demonstrated its anti-diabetic activities
in in vitro and in vivo. However, anti-diabetic effect of marine algae of Jeju Island remains
poorly investigated. Therefore, in this study, we tried to screen active compounds from 17
species of brown algae and evaluated anti-diabetic effects of the active compounds which
can be as possible nutraceuticals or functional foods for improvement of type 2 diabetes.

a-Glucosidase is one of the glucosidases located within the brush-border surface
membranes of intestinal cells, and is a key enzyme in carbohydrate digestion (Lebovitz,

1997). Similarly, a-amylase catalyzes the hydrolysis of a-1,4-glucosidic linkages of starch,
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glycogen, and a variety of oligosaccharides, and a-glucosidase further degrades the
disaccharides into simpler sugars, which are readily available for intestinal absorption. The
inhibition of their activity in the human digestive tract, is regarded as an effective method for
the control of diabetes by diminishing the absorption of glucose decomposed from starch by
these enzymes (Hara and Honda, 1990). The inhibitory effect of a-glucosidase by brown
algae extracts was presented in Fig. 1-2. It was observed that Sargassum coreanum (BS17)
extract showed the highest o-glucosidase inhibitory effect (86.77%), and Myelophycus
caespitosus (BS3), Ishige sinicola (BS4), Padina arborescens (BSS5), and Sargassum
serratifolium (BS8) extracts also had 68.28, 77.66, 82.28, and 78.98% a-glucosidase
inhibitory effects, respectively. A relationship between polyphenolic compound and a-
glucosidase inhibitory effect in marine algae has been reported (Kim et al., 2008; Heo et al.,
2009a; Lee et al., 2010a). Polyphenolic compounds such as tannins from terrestrial plants
and phlorotannins from marine algae associate with a variety of proteins to form complexes.
The results of several recent studies have demonstrated that the hydroxyl groups in
polyphenolic compounds may, therefore, perform a crucial function in promoting inhibitory

activity (Stern et al., 1996; Kim et al., 2008). Also, this study showed that brown algae with
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Fig. 1-2. a-glucosidase inhibitory effect of 80% MeOH extracts from brown algae.

Experiments were performed in triplicate and the data are expressed as mean + SE.
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high amount polyphenol displayed higher % a-glucosidase inhibitory effect (Table 1-1 and
Fig. 1-2).

Skeletal muscle has been identified as the major tissue in glucose metabolism, accounting
for nearly 75% of whole-body insulin-stimulated glucose uptake (Defronzo et al., 1981).
Insulin-stimulated glucose uptake in skeletal muscle is critical for reducing blood glucose
levels. Failure of glucose uptake due to decreased insulin sensitivity leads to the
development of type 2 diabetes. The effect of glucose uptake by brown algae extracts was
presented in Fig. 1-3. It was observed that extracts of Ishige sinicola (BS4), Padina
arborescens (BSS), Sargassum serratifolium (BS8) and Sargassum coreanum (BS17)
exhibited higher effects of glucose uptake. Several reports have recently described the ability
to glucose uptake effect on marine algae (Cherng and Shih, 2006; Kang et al., 2008). These
researches indicated that marine algae could be used to potential antidiabetes and
pharmaceutical industries.

Inthis study, we are screened anti-diabetic effects of brown algae extracted by 80%
methanol to find antidiabetic compounds from brown algae. Among these results, /. sinicola,
P. arborescens, S. serratifolium and S. coreanum showed relatively higher effects both a-
glucosidase inhibitory and glucose uptake than the other brown algae. For the development

of functional food and medical drug materials, reflecting on edibility and collection of raw
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Fig. 1-3. Glucose uptake effect of 80% MeOH extracts from brown algae.

Experiments were performed in triplicate and the data are expressed as mean = SE.
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materials, we selected /. sinicola. Therefore, 1. sinicola was partitioned with hexane, CHCl;,
EtOAc and BuOH to find bioactive compounds and the anti-diabetic effects were
investigated. The anti-diabetic effects of the organic solvent fractions on o-glucosidase
inhibitory and glucose uptake were shown in Fig. 1-4. The 80% methanol extracts were
successfully partitioned according to their polarity. It was observed that EtOAc fraction
exhibited the highest effects both a-glucosidase inhibitory and glucose uptake compared to
the other organic solvent fractions. Therefore, the fractions of /. sinicola extracts were
selected for use in further isolation antidiabetic compounds.

As the EtOAc extract showed prominent anti-diabetic effects, the active compound of this
extract was fractionated by silica gel open column chromatography and prep-HPLC, and
then finally novel active compound were purified by reversed-phase HPLC (Fig. 1-5).
Octaphlorethol A (OPA) was isolated as a brownish yellow amorphous powder, and its
molecular formula deduced as Cy3H340,5 based on NMR (Table 1-2 and Fig. 1-6, 7) and
ESI-MS analyses (M-2H>, m/z: 994.14389) (Fig. 1-8). The OPA was then used in further

experiments regarding on antidiabetic agent and nutraceuticals
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Table 1-2. '"H and *C NMR assignments for octaphlorethol A (OPA).

Position B¢ "H (mult. J=Hz)
1 93.9 5.58 (0.21H, d, J=2.76)
2 94.0 5.60 (0.48H, s)

3 94.1 5.68 (0.23H)

4 94.6 5.72 (0.2H)

5 94.8 5.81 (0.15H, t)

6 122.0 5.95(0.27H, d, J=1.84)
7 123.3 6.16 (1H, d, J=1.6)
8 123.4

9 123.5

10 150.8

11 151.1

12 152.6

13 152.7

14 152.8

15 152.9

16 154.0

17 154.1

18 154.5

19 156.1

20 156.2

22 158.6

23 161.0

* 400 MHz for 'H and 100 MHZ for *C
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Fig. 1-7. Gradient HMBC and HMQC NMR spectrum of octaphlorethol A (OPA).
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Fig. 1-8. MS spectrum of octaphlorethol A (OPA).
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Part II.

Octaphlorethol A isolated from Ishige sinicola inhibits a-glucosidase

and a-amylase in vitro and alleviates hyperglycemia in diabetic mice

1. ABSTRACT

This study was designed to investigate whether octaphlorethol A (OPA) may inhibit o-
glucosidase and o-amylase activities, and alleviate hyperglycemia in diabetic mice. OPA
isolated from Ishige sinicola, a brown algae, evidenced prominent inhibitory effect against a-
glucosidase and a-amylase. The ICs values of OPA against a-glucosidase and a-amylase
were 0.11 and 0.34 mg/ml, respectively, which evidenced the higher activities than that of
acarbose. The increase of postprandial blood glucose levels were significantly suppressed in
the OPA administered group than those in the streptozotocin-induced diabetic or normal
mice. Also, the area under curve (AUC) was significantly reduced via OPA administration
(907 versus 1034 mg-h/dl) in the diabetic mice as well as it delays absorption of dietary
carbohydrates. Moreover, an intraperitoneal glucose tolerance test (IPGTT) was evaluated to
determine the effects of OPA administration on glucose tolerance. In that result, the blood

glucose levels of the OPA administered mice was significantly lower than the control group
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and it was almost similar to that of metformin administered mice. Finally, the anti-diabetic
effects of OPA was investigated in C57BL/KsJ-db/db (db/db), type 2 diabetic mice. The
administration of OPA significantly lowered the blood glucose levels and plasma insulin
levels compared to the control db/db mice. These results suggest that OPA might be
developed into medicinal preparations, nutraceuticals, or functional foods for diabetes, and

may also be applied in other therapeutic fields.
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2. MATERIAL AND METHODS
2.1. Materials

a-glucosidase, p-Nitrophenyl-a-D-glucopyranoside, porcine pancreatic amylase, p-
Nitrophenyl-a-D-maltopentoglycoside, streptozotocin, acarbose and metformin were
obtained from Sigma Chemical Co. (St. Louis, Mo, USA). All others chemicals and reagents

used were of analytical grade and obtained from commercial sources.

2.2. Inhibitory effect of OPA on a-glucosidase and a-amylase in vitro

The a-glucosidase inhibitory assay was done by the chromogenic method described by
Watanabe et al. (1997) using a readily available yeast enzyme. Briefly, yeast a-glucosidase
(0.7 U) was dissolved in 100 mM phosphate buffer (pH 7.0) containing 2 g/l bovine serum
albumin and 0.2 g/l NaN; and used as an enzyme solution. 5 mM p-Nitrophenyl-a-D-
glucopyranoside in the same buffer (pH 7.0) was used as a substrate solution. The 50 pl of
enzyme solution and 10 pl of sample dissolved in dimethylsulfoxide were mixed in a
microtiter plate and measured absorbance at 405 nm at zero time. After incubation for 5 min,
substrate solution (50 pl) was added and incubated for another 5 min at room temperature.
The increase in the absorbance from zero time was measured. The a-amylase inhibitory

activity was assayed in the same way as described for a-glucosidase inhibitory assay except
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the using of porcine pancreatic amylase (100 U) and blocked p-Nitrophenyl-a-D-
maltopentoglycoside as enzyme and substrate, respectively. Percent inhibitory activity was
expressed as 100 minus relative absorbance difference (%) of test compounds to absorbance

change of the control where test solution was replaced by carrier solvent.

2.3. Experimental animals

Male ICR mice (4 weeks of age; purchased from Joong Ang Lab Animal Co., Korea) were
used. All animals were housed individually in a light- (12 h on/12 h off) and temperature-
controlled room with food and water available ad libitum. The animals were maintained with
pelleted food, while tap water was available ad libitum. After an adjustment period of
approximately 2 weeks, diabetes was induced by intraperitoneal injection of streptozotocin
(150 mg/kg i.p.) dissolved in a freshly prepared citrate buffer (0.1 M, pH 4.5). Tail bleeds
were performed and animals with a blood glucose concentration above 300 mg/dl were

considered to be diabetic.

2.4. Measurement of postprandial blood glucose level
Normal mice and streptozotocin-induced diabetic mice fasted overnight were randomly

divided into four groups. Fasted animals were deprived of food for at least 12 h but allowed
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free access to water. After overnight fasting, the mice were administrated orally soluble
starch (2 g/kg body weight) alone or with OPA (100 mg/kg body weight) or acarbose (100
mg/kg body weight) and metformin (100 mg/kg body weight). Blood samples were taken
from the tail vein at 0, 30, 60, 90, and 120 min (Kim, 2004). Blood glucose was measured
using a glucometer (Roche Diagnostics Gmbh, Germany). Areas under the curve (AUC)

were calculated using the trapezoidal rule.

2.5. Intraperitoneal glucose tolerance test IPGTT)

An intraperitoneal glucose tolerance test (IPGTT) was performed in the same way as
described for postprandial blood glucose level assay except the using of intraperitoneally
injected glucose. Following an overnight fast, the mice were injected intraperitoneally
glucose (1 g/kg body weight) alone or with OPA (100 mg/kg body weight) or acarbose (100
mg/kg body weight) and metformin (100 mg/kg body weight). The blood glucose levels were

determined in tail blood samples 0, 30, 60, 90, and 120 min after the glucose administration.

2.6. Type 2 diabetic mice and experimental design
Male C57BL/KsJ-db/db (db/db) mice (4 weeks of age; purchased from Joong Ang Lab

Animal Co., Korea) were used. All animals were housed individually in a light- (12h on/12h
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off) and temperature-controlled room with food and water available ad libitum. The animals
were maintained with pelleted food, while tap water was available ad libitum. After an
adjustment period of approximately 4 weeks. To determine the effects of OPA, mice were
divided into the following groups; 1) non-treated normal group, 2) OPA (2.5 mg/kg B.W)
group, 3) OPA (5 mg/kg B.W), and treated with OPA by intraperitoneal injection once per
day for 2 weeks. During the experiment, body weight and blood glucose levels were
measured every two days. The levels of plasma insulin were determined using
radioimmunoassay with enzyme-linked immunosorbent assay ELISA kit (Linco Research

Inc, Billerica, MA, USA).

2.7. Statistical analysis
The data are presented as mean + standard error (SE). Statistical comparison was performed
via the SPSS package for Windows (Version 14). P-values of less than 0.05 were considered

to be significant.
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3. RESULT
3.1. Inhibitory effect of OPA on a-glucosidase and a-amylase in vitro

The inhibitory effect of OPA against a-glucosidase was determined using p-Nitrophenyl-a-
glucopyranoside (pNPG) as a substrate. OPA inhibited o-glucosidase activity in a dose-
dependent manner as 35.6, 54.2, 70.9, and 83.4% at the concentrations of 0.0625, 0.125, 0.25,
and 0.5 mg/ml, respectively (Fig. 2-1A). Moreover, the OPA evidenced more effective than
that of acarbose even at the low concentration (0.25 mg/ml). The a-amylase inhibitory effect
of OPA was also illustrated using p-Nitrophenyl-a-maltopenotoglycoside (pNPM) as a
substrate. Both activities were compared with a commercial inhibitor, acarbose. The
inhibitory effect of OPA against a-amylase was dose-dependent and the increment was 16.55,
32.49, 48.78, and 61.92% at the concentrations of 0.0625, 0.125, 0.25, and 0.5 mg/ml,
respectively (Fig. 2-1B). ICs, values of OPA against a-glucosidase and a-amylase were 0.11
and 0.34 mg/ml, respectively, which were evidenced stronger inhibitory effect than was

observed with acarbose (Table 2-1).
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Fig. 2-1. Inhibitory effects OPA isolated from I. sinicola on a-glucosidase (A) and a-
amylase (B). Inhibitory effects were determined using pNPG and pNPM as substrates,
respectively, and acarbose was employed as a positive control. Values are expressed as
means + S.E. in triplicate experiments. “*Values with different alphabets are significantly

different at P<0.05 as analyzed via Duncan's multiple range test. The final concentration of

acarbose is 0.5 mg/ml.
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Table 2-1. ICs values of inhibitory effect of OPA on a-glucosidase and a-amylase.

ICS() (mg/ml)a
Sample
a-glucosidase a-amylase
Acarbose 0.19+0.03 0.47+0.07
OPA 0.110.05° 0.34+0.06

* ICso value is the concentration of sample required for 50% inhibition. Each value is
expressed as mean + S.E. in triplicate experiments. Significantly different from control at

"P<0.05.
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3.2. Effect of OPA on postprandial blood glucose level in vivo

The effect of OPA on blood glucose level after a meal was investigated in streptozotocin-
induced diabetic and normal mice. Postprandial blood glucose level of the administered OPA
were lower than those of the control in diabetic mice (Fig. 2-2A). The blood glucose level
increased until 37% at 30 min after a meal, and decreased thereafter. However, the increase
in postprandial blood glucose level was significantly suppressed when the mice was fed after
the administration of OPA as 14, 11, 6, and 2% at 30, 60, 90, and 120 min, respectively. The
postprandial blood glucose level was also significantly decreased when the normal mice
were orally administered with starch together with OPA (Fig. 2-2B). In normal mice, OPA
significantly suppressed the postprandial hyperglycemia caused by starch. In addition, the
blood glucose level of the OPA administered group was significantly lower than those of
both the streptozotocin-induced diabetic and the normal mice administered with metformin
and it was almost similar to that of acarbose administered mice. The area under curve (AUC)
for glucose response of OPA administered group (907 = 83.5 mg-h/dl) was significantly
lower than that of the control group (1034 + 135.8 mg-h/dl) and similar to the acarbose group
(901 £70.7 mg-h/dl) in the diabetic mice (Table 2-2). The AUC in normal mice

corroborated the hyperglycemia effect of OPA.
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Fig. 2-2. Blood glucose levels after the administration of OPA in streptozotocin-induced
diabetic mice (A) and normal mice (B). Control (distilled water), OPA (100 mg/kg),
acarbose (100 mg/kg) and metformin (100 mg/kg) were co-administered orally with starch
(2 g/kg). Each value is expressed as mean = S.D. of six mice (n=48). Significantly different

from control at 'P<0.05.
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Table 2-2. Area under curve (AUC) of postprandial glucose responses of normal and

streptozotocin-induced diabetic mice.”

1 AUC (mg-h/dl)
Group"
Normal mice Diabetic mice
Control 392.9+43.8° 1034.8+135.8°
OPA 325.1+25.5% 907.8+83.5°
Acarbose 307.9+26.9¢ 901.7+70.7°¢
Metformin 344.4+35.3° 921.0+£99.5°

! Control (distilled water), OPA (100 mg/kg), acarbose (100 mg/kg) and metformin (100
mg/kg) were co-administered orally with starch (2 g/kg body weight). Each value is
expressed as mean = S.E. of six mice (n=48). **Values with different alphabets are

significantly different at P<0.05 as analyzed via Duncan's multiple range test.
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3.3. Intraperitoneal glucose tolerance test (IPGTT)

The effect of OPA on blood glucose level after glucose injection was investigated in
streptozotocin-induced diabetic and normal mice. The administration of OPA improved the
glucose tolerance in the streptozotocin-induced diabetic and normal mice (Fig. 2-3A and B).
When the mice were first injected with glucose, the rate of increase in the blood glucose
level was the same for four groups during the first 30 min, after that it became significantly

lower the OPA and metformin administered groups compared to the control and acarbose

group.

3.4. The effects of the administration of OPA on the levels of blood glucose, plasma

insulin, and body weight in CS7BL/KsJ-db/db mice

The blood glucose level, plasma insulin level, and body weight were presented in Table 2-3.
The administration of OPA tended to lower the blood glucose and plasma insulin levels
compared to the control db/db mice at two weeks of the experimental period. At the start of
the study, the body weights of control and OPA administered db/db mice groups did not
differ significantly. The body weight of control db/db mice groups increased during the two
week period. At the end of the study, the mice in OPA administered db/db mice had a

significantly lower body weight as compared to the control db/db mice.
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Fig. 2-3. The effects of the administration of OPA on the glucose tolerance test in
streptozotocin-induced diabetic mice (A) and normal mice (B). Control (distilled water),
OPA (100 mg/kg), acarbose (100 mg/kg) and metformin (100 mg/kg) intraperitoneally
injected with glucose (1 g/kg body weight). The blood glucose concentration was measured

at the indicated times and presented as percent of glucose injection zero time. Each value is

expressed as mean + S.D. of six mice (n=48). Significantly different from control at "P<0.05.
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Table 2-3. The effects of the administration of OPA on blood glucose, plasma insulin

level, and body weight in C57BL/KsJ-db/db mice'.

db/db’ db/db-OPA-2.5°  db/db-OPA-5*
Blood glucose (mg/dl)
Initial 249.20+60.53 305.75+77.52 297.75€77.20
Final 320.40+93.65 206.14+92.84 147.23+64.57
Plasma insulin (ng/ml) 9.7£1.45 7.3+1.03 4.9+0.30
Body weight (g)
Initial 54.37+1.87 54.30+1.57 51.18+1.82
Final 55.95+2.34 49.334£2.33 47.78+1.38

The OPA dissolved saline was administered OPA by intraperitoneal injection once per day
for 2 weeks .

' Means + SE (n = 5).

? C57BL/KsJ-db/db mice.

3 C57BL/KsJ-db/db mice administered with OPA 2.5 mg/kg B.W.

* C57BL/KsJ-db/db mice administered with OPA 5 mg/kg B.W.
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4. Discussion

A sudden increase in blood glucose levels, which causes hyperglycemia in type 2 diabetes
patients, occurs as the result of the hydrolysis of starch by pancreatic a-amylase and glucose
uptake due to intestinal o-glucosidases (Gray, 1995). An effective strategy for the
management of type 2 diabetes patients involved the profound inhibition of intestinal a-
glucosidases and the mild inhibition of pancreatic a-amylase (Krentz and Bailey, 2005).
Several natural resources have been evaluated for their ability to suppress the production of
glucose from carbohydrates in the gut or glucose absorption from the intestine (Matsui et al.,
2007). a-Glucosidase is one of the glucosidases located within the brush-border surface
membranes of intestinal cells, and is a key enzyme in carbohydrate digestion (Lebovitz,
1997). Similarly, a-amylase catalyzes the hydrolysis of a-1,4-glucosidic linkages of starch,
glycogen, and a variety of oligosaccharides, and a-glucosidase further degrades the
disaccharides into simpler sugars, which are readily available for intestinal absorption. The
inhibition of their activity in the human digestive tract, is regarded as an effective method for
the control of diabetes by diminishing the absorption of glucose decomposed from starch by
these enzymes (Hara and Honda, 1990). Therefore, effective and nontoxic inhibitors of a-

glucosidase and a-amylase have long been sought.
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In this study, we evaluated the inhibitory effects of OPA against a-glucosidase and o-
amylase to elucidate the possible use of OPA as an anti-hyperglycemic agent. OPA exhibited
stronger inhibitory activity against both a-glucosidase and a-amylase than that of the
commercial carbohydrate digestive enzyme inhibitor, acarbose, which evidenced no
cytotoxicity. Kim et al. (2008) reported that bromophenols isolated from the red alga,
Grateloupia elliptica, have the potential to prevent diabetes mellitus because of their high a-
glucosidase inhibitory activity. Polyphenolic compounds such as tannins from terrestrial
plants and phlorotannins from marine algae associate with a variety of proteins to form
complexes. The results of several recent studies have demonstrated that the hydroxyl groups
in polyphenolic compounds may, therefore, perform a crucial function in promoting
inhibitory activity (Stern et al., 1996; Kim et al., 2008). OPA, a type of phlorotannin, was the
marine algal polyphenolic compound isolated from /. sinicola. Thus, OPA should bind to the
active or binding sites of the enzymes, resulting in the inhibition of enzyme activity.

It has been previously established that postprandial hyperglycemia performs a critically
important function in the development of type 2 diabetes and complications associated with
cardiovascular diseases (Baron, 1998). Therefore, the control of postprandial hyperglycemia
has been regarded as important in the treatment of diabetes and the prevention of

cardiovascular complications. In this study, we determined the anti-hyperglycemic effect of
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OPA in streptozotocin-induced diabetic and normal mice after consuming of starch. The
increase in postprandial blood glucose levels was suppressed significantly in both
streptozotocin-induced diabetic and normal mice which were treated with OPA. This result
demonstrates that OPA may delay the absorption of dietary carbohydrates, resulting in the
suppression of an increase in postprandial blood glucose level. Inoue et al. (1997) reported
that the medication, which flattens peak postprandial blood glucose, reduces the AUC of the
blood glucose response curve. In this study, OPA was shown to reduce both the blood
glucose level at the peak time point and the AUC. Postprandial hyperglycemia is also
involved in a variety of metabolic disorders and other diseases, including virus-based
diseases and cancer (Dennis et al., 1987; Gruters et al., 1987). Glycosidase inhibitors are
important tools for studying the mechanisms of actions on glycosidases, and are also
prospective therapeutic agents for certain degenerative diseases (Winchester and Fleet, 1992).
In this study, we determined the improvement effect of glucose tolerance of OPA in
streptozotocin-induced diabetic and normal mice after injection of glucose. The present
study observed that the administration of OPA can improve blood glucose levels and
impaired glucose tolerance in streptozotocin-induced diabetic and normal mice and it was
almost similar to that of metformin administered mice. Metformin has been reported to

enhance insulin action, thereby improving glucose tolerance and reducing hyperinsulinemia
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in animals and humans with type 2 diabetes. Accordingly, the improvement of glucose
tolerance suggest that OPA may enhance insulin sensitivity.

Many synthetic compounds have already been employed in efforts to develop a treatment
for diabetes. However, they have, generally, been associated with marked toxic or
undesirable side effects (Hanefeld, 1998; Li et al., 2005). Therefore, marine algae are
currently recognized as good candidate sources for naturally-derived anti-diabetic
compounds. Previously, we evaluated the effects of diphlorethohydroxycarmalol and dieckol
isolated from brown algae, Ishige okamurac and Ecklonia cava, on postprandial
hyperglycemia in an in vivo test, and also assessed the prominent effects of
diphlorethohydroxycarmalol in both streptozotocin-induced diabetic mice and normal mice
(Heo et al., 2009; Lee et al., 2010). Cherng and Shih (2006) and Kang et al. (2008) also
noted that Chlorella and Petalonia exerted anti-diabetic effects via both insulin-like and
insulin-sensitizing activities on in vivo tests. The findings of this study showed that OPA
may prove useful as an effective natural anti-diabetic compound.

In conclusion, OPA exerts a profound inhibitory effect against a-glucosidase and a-amylase,
which may eventually provide a method for generating a carbon source, such as starch, in the
fermentation process. Also, OPA may delay the absorption of dietary carbohydrates in the

intestine, resulting in the suppression of increased blood glucose levels after a meal. Further,
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the administration of OPA improved the glucose level and plasma insulin level in the
C57BL/KsJ-db/db (db/db), type 2 diabetic mice. Thus, we suggested that OPA might be
developed into medicinal preparations, nutraceuticals, or functional foods for diabetes, and

may also be applied in other therapeutic fields.
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Part III.

Octaphlorethol A isolated from Ishige sinicola stimulates glucose
uptake in skeletal muscle cells by activating Akt and AMPK

pathway

1. ABSTRACT

In the present study, we reported the glucose uptake effects of octaphlorethol A (OPA)
isolated from Ishige sinicola, on skeletal muscle cells. OPA dose-dependently increased
glucose uptake in differentiated L6 rat myoblast cells compared to control. Inhibitor of
phosphatidylinositol 3-kinase (PI3K) by wortmannin pretreating the cells with wortmannin
potently reduced OPA-stimulated glucose uptake, also inhibition of AMP-activated protein
kinase (AMPK) by compound C exhibited significant inhibitory effect on OPA-mediated
glucose uptake. Western blotting analyses revealed that OPA increased the phosphorylation
level of Akt and AMPK and such enhancement can be specifically inhibited by wortmannin
and compound C. In addition, we demonstrated that glucose transporter GLUT4
translocation to plasma membrane was increased by OPA. In summary, PI3K/Akt and

AMPK activation was involved in the effects of OPA on glucose transport activation and
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2. MATERIALS AND METHODS
2.1. Materials

The rat myoblast cell line L6 was purchased from the Korean Cell Line Bank (KCLB;
Seoul, KOREA). DMEM (Dulbecco’s modified Eagle’s medium), wortmannin, and
compound C were purchased from Sigma (St. Louis, MO, USA). Antibodies against insulin
receptor substrate-1 (IRS-1), AMP-activated protein kinase (AMPK), phospho-AMPK (Thr
172), Protein kinase B (Akt), phospho-Akt (Ser 473), B-actin, and glucose transporter 4
(GLUT4) were from Cell Signaling Technology (Bedford, Massachusetts, USA). Phospho-
IRS-1 (Tyr 612), and second IgG HRP-linked antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). The other chemicals and reagents used were of

analytical grade.

2.2. Cell culture

Rat myoblast L6 cells were maintained in high glucose-DMEM supplemented with 10%
heat-inactivated FBS, penicillin (100 U/ml) and streptomycin (100 pg/ml). Cultures were
maintained at 37°C in 5 % CO, incubator. For differentiation, the cells were seeded in
appropriate culture plates, and after sub-confluence (about 80%), the medium was changed

to DMEM containing 2% horse serum for 7 days, with medium changes every day. All
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experiments were performed in differentiated L6 myotubes after 7 days.

2.3. MTT assay

The cytotoxicity of OPA against the L6 cells were determined by a colorimetric MTT
assay. Cells were seeded in a 24-well plate. After 24 h, the cells were treated with various
concentrations (6.25, 12.5, 25, 50, and 100 pg/ml) of the OPA. The cells were then incubated
for an additional 24 h at 37°C. MTT stock solution (100 pl; 2 mg/ml in PBS) was then added
to each well. After incubating for 4 h, the plate was centrifuged at 2,000 rpm for 10 min and
the supernatant was aspirated. The formazan crystals in each well were dissolved in DMSO.

The amount of purple formazan was determined by measuring the absorbance at 540 nm.

2.4. LDH Cytotoxicity Assay

L6 cells plated in 24-well plates were pre-incubated and then treated with various
concentrations (6.25, 12.5, 25, 50, and 100 pg/ml) of the OPA at 37°C for 24 h. The medium
was carefully removed from each well, and the LDH activity in the medium was determined
using an LDH cytotoxicity detection kit. Briefly, 100 pul of reaction mixture were added to
each well, and the reaction was incubated for 30 min at room temperature in the dark. The

absorbance of each well was measured at 490 nm using a UV spectrophotometer.
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2.5. Glucose uptake assay
L6 cells were seeded in a 24-well plate. After differentiation, the cells were starved in
serum-free low glucose DMEM for 12 h, and then washed with PBS and incubated with
fresh serum-free low glucose DMEM. After that, the cells were treated with insulin (100
nM) for 1h, or the indicated concentrations (to determine the dose response of L6 myotubes
to OPA) and times (to determine the time response of L6 myotubes to OPA) of OPA. Glucose
uptake was measured by glucose concentration in the media solution using glucose oxidase
assay kit (Asan Pharmaceutical corp., Korea).
In some experiments, 100 nM of Wortmannin (PI3-kinase inhibitor) and 10 puM of

Compound C (AMPK inhibitor) were added 30 min before the OPA treatment.

2.6. Western blot analysis

L6 myotubes were grown 100 mm dishs and were starved in serum-free low glucose
DMEM for 12 h prior to treatment with the indicated agents. Following treatment the media
were aspirated and the cells were washed twice in ice-cold PBS. The cells were lysed in
NucBuster™ Protein Extraction Kit (Novagen, San Diego, CA, USA) for 10 min and then
centrifuged at 16,000 rpm for 5 min at 4°C. The protein concentrations were determined by

using BCA™ protein assay kit. The lysate containing 50 pg of protein were subjected to
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electrophoresis on 7.5% sodium dodecyl sulfate-polyacrylamide gel, and the gel was
transferred onto a nitrocellulose membrane. The membranes was blocked in 5% bovine
serum albumin (BSA) in TBST (25 mM Tris-HCI, 137 mM NaCl, 0.1% Tween 20, pH 7.4)
for 2 h. The primary antibodies were used at a 1:500 dilution. Membranes incubated with the
primary antibodies at 4°C for overnight. Then the membranes were washed with TTBT and
then incubated with the secondary antibodies used at 1:2000 dilution. Signals were

developed using an ECL western blotting detection kit and exposed to X-ray films.

2.7. Plasma membrane fractionation and immunoblot analysis

L6 myotubes were treated with the indicated agents and harvested. The cell lysates were
prepared with lysis buffer [250 mM sucrose, 20 mM HEPES (pH 7.4), 10 mM KCI, 1.5 mM
MgCl12, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol (DTT), and protease inhibitors (1
mM PMSF, 25 pg/ml aprotinin, and 25 pg/ml leupeptin)] and kept on ice for 10 min. The
cell lysate were ultracentrifuged at 22,000 rpm for 1 h at 4°C. The pallet was resuspended in
a lysis buffer and kept on ice for 10 min and then centrifuged at 8,000 rpm for 5 min at 4°C
to obtain plasma membrane fraction from the middle layer of the supernatant. Immunoblot

analyses of GLUT4 described in the method to 2.6.
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2.8. Statistical analysis
The data are presented as mean # standard error (SE). Statistical comparison was
performed via the SPSS package for Windows (Version 14). P-values of less than 0.05 were

considered to be significant.
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3. RESULTS
3.1. Cytotoxicity of OPA

Cytotoxicity of OPA was evaluated using the MTT and LDH assay in various
concentrations (6.25, 12.5, 25, 50, and 100 pg/ml). In that results, OPA did not show
cytotoxicity up to 100 pg/ml compared with control (Fig. 3-1). This result showed that 50
pg/ml of OPA did not influence on the cytotoxicity of L6 cells. Thus, the concentrations were

used in subsequent experiments.

3.2. OPA stimulates glucose uptake in skeletal muscle cells

In order to determine the role of OPA did not shown cytotoxicity up to 100 pg/ml compared
with control in glucose metabolism of muscle cells, the effect of OPA on glucose uptake was
investigated in L6 skeletal muscle cells. It was found that OPA dose-dependently stimulated
glucose uptake as shown in Fig. 3-2A, and the effect of OPA (50 pg/ml) was comparable to
that of insulin, which indicates that OPA may have metabolic effects in skeletal muscle cells.
We next investigated the time-effect of OPA on L6 skeletal muscle cells, and the cells were
maintained in serum-free media OPA (50 pg/ml) for the indicated times. Activation induced
by OPA reached a peak after 2h and gradually decreased until 12 h (Fig. 3-2B). Thus, I

carried out the consequent OPA treatments at this time point and this concentration.
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Fig. 3-1. Cytotoxicity of OPA. Cytotoxicity of OPA was derermined using the MTT and

LDH method. Each value is expressed as mean + S.E. in triplicate experiments.
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Fig. 3-2. OPA dose- and time-dependently stimulates glucose uptake in L6 skeletal
muscle cells. (A) Cells were starved in serum free (SF) media for 12 h, and incubated for 1 h
with increasing of OPA and insulin. (B) Cells were starved for 12 h in SF media followed by
incubation with 50 pg/ml OPA for different time periods up to 12 h. Insulin (100 nM, for 1
h) was used as a positive control. Values are expressed as means = S.E. in triplicate
experiments. ““Values with different alphabets are significantly different at P<0.05 as

analyzed via Duncan's multiple range test.
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3.3. OPA-induced increase of glucose uptake was dependent of PI-3 kinase (Akt) and
AMPK activation

To look into which pathway may be involved in the effect of OPA on glucose uptake in L6
cells, L6 cells were pretreated with wortmannin, an inhibitor of phosphatidylinositol (PI) 3-
kinase and compound C, a selective AMPK inhibitor. As shown in Fig. 3-3, wortmannin and
compound C exhibited significant inhibition on glucose uptake stimulated by OPA (50
pg/ml). The results indicate that OPA-induced increase in the glucose uptake may involve

phosphatidylinositol (PI) 3-kinase (Akt) and AMPK activation.

3.4. Effect of OPA on insulin-mediated signaling pathway

Western blotting analysis was then carried out to further investigate insulin-mediated
signaling pathway in OPA action. After L6 cells were treated with OPA for 2 h, the
phosphorylation levels of IRS-1 and Akt were determined. Tyrosine phosphorylation of IRS-
1 was induced by insulin, and treatment of OPA treatment significantly increased the level of
phosphorylated IRS-1 (Fig. 3-4). In accord with the activation of phosphorylated IRS-1,
phosphorylated Akt also increased significantly by treatment of OPA. As shown in Fig. 3-4,
the increase in the phosphorylation of Akt was inhibited by pretreatment of wortmannin, an

inhibitor of phosphatidylinositol (PI) 3-kinase. These results indicate that OPA strongly
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Fig. 3-3. OPA-induced increase of glucose uptake was reduced by wortmannin and
compound C. After 12 h starvation, L6 skeletal muscle cells were pretreated with or
without 100 nM wortmannin (phosphatidylinositol (PI) 3-kinase inhibitor) and 10 uM
compound C, (AMPK inhibitor) for 30 min, and then treated with 50 pg/ml OPA for 2 h.
Each value is expressed as mean + S.E. in triplicate experiments. P<0.05 vs. control or

between two groups as indicated.
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enhances insulin signaling, and the increase in phosphorylated IRS-1 and Akt may play an

important role in this process.

3.5. Effect of OPA on AMPK signaling pathway

To look into the roles of OPA in AMPK signaling pathway, we investigated the effects of
OPA on AMPK activation. We found that treatment of OPA induced increase in AMPK
phosphorylation in L6 cells (Fig. 3-5). However, the increase in phosphorylation of AMPK
was inhibited by pretreatment of compound C, a selective AMPK inhibitor for 30 min before
treatment of OPA (Fig. 3-5). This result, together with above results, strongly indicates that

OPA plays a metabolic role in skeletal muscle cells through the AMPK pathway.

3.6. Effect of OPA on GLUT4 translocation to the plasma membrane

I next examined the effect of OPA on the insulin-mediated and AMPK signaling pathway
that leads to the translocation of glucose transport 4 (GLUT4) to the plasma membrane and
increases the uptake of glucose. After L6 myotubes cells were treated with OPA for 2 h, the
translocation of GLUT4 was determined. As seen in Fig. 3-6, GLUT4 translocation to the
plasma membrane of L6 myotubes cells were markedly increased by treatment of OPA.

However, increased translocation of GLUT4 to the plasma membrane of OPA-treated L6
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Fig. 3-4. Effects of OPA on the insulin signaling pathway in L6 cells. Cells were
pretreated with or without 100 nM wortmannin for 30 min, and then treated with the
indicated concentrations of OPA and insulin for 2 h and 10 min, respectively.The cell lysates
were analyzed via Western blotting using anti-phospholRS-1 (Tyr 612), anti-IRS-1, anti-
phosphoAkt (Ser 473) and anti-Akt. Figures are representative of three independent

experiments.

_’70_

Collection @ jeju



AvPK [ e . -

INS (100 nM)  _ 4 : -

OPA (50 ug/ml) - +

Compound C - -
Fig. 3-5. Effect of OPA on AMPK signaling pathway. Cells were pretreated with or
without 10 uM compound C for 30 min, and then treated with the indicated concentrations of
OPA and insulin for 2 h and 10 min, respectively. The cell lysates were analyzed via
Western blotting using anti-phosphoAMPK (Thr 172) and anti-AMPK. Figures are

representative of three independent experiments.
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myotubes cells were almost completely abolished by wortmannin and compound C
pretreatment. These results suggest that OPA stimulated increase in GLUT4 translocation to

the plasma membrane possibly via activating PI3K/Akt and AMPKpathway.
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Fig. 3-6. Effect of OPA on GLUT4 translocation to the plasma membrane. Cells were
pretreated with or without 10 pM compound C for 30 min, and then treated with the
indicated concentrations of OPA and insulin for 2 h and 10 min, respectively. The cell
lysates were analyzed via Western blotting using anti-GLUT4. Figures are representative of

three independent experiments.
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4. Discussion

Diabetes mellitus is the most serious and chronic disease that is developing with an
increasing obesity and aging in the general population over the world. Diabetes mellitus is a
complex disorder that is characterized by hyperglycemia. It is largely classified into insulin-
dependent diabetes mellitus (type 1 diabetes) and non-insulin-dependent diabetes mellitus
(type 2 diabetes). In particular, type 2 diabetes is an increasing worldwide health problem
and is the most common type of diabetes (Zimmet et al., 2001). Hyperglycemia plays an
important role in the development type 2 diabetes and complications associated with the
diseases such as micro-vascular and macro-vascular diseases (Baron, 1998). Therefore, the
effective control of blood glucose level is the key to prevent or reverse diabetic
complications and improve the quality of the life in diabetic patients (DeFronzo, 1999).

Currently available drugs for type 2 diabetes have a number of limitations, such as adverse
effects and high rates of secondary failure. Therefore, recently, there has been a growing
interest in alternative therapies and in the therapeutic use of natural products for diabetes,
especially those derived from herbs (Chang et al., 2006; Jung et al., 2007). This is because
plant sources are usually considered to be less toxic with fewer side effects than synthetic
ones. Marine algae are known to provide an abundance of bioactive compounds with great

pharmaceutical foods and biomedical potential. However, anti-diabetic effect of marine
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algae on glucose metabolism remains poorly investigated.

Skeletal muscle has been identified as the major tissue in glucose metabolism, accounting
for nearly 75% of whole-body insulin-stimulated glucose uptake (Defronzo et al., 1981).
Insulin-stimulated glucose uptake in skeletal muscle is critical for reducing blood glucose
levels. Failure of glucose uptake due to decreased insulin sensitivity leads to the
development of type 2 diabetes. In skeletal muscle, glucose transport can be activated by at
least two major mechanisms. In the present study, we try to find out whether OPA has an
effect on glucose uptake in skeletal muscle cells. In our study, OPA alone could stimulate
glucose uptake in skeletal muscle cell. In addition, to clarify that OPA exerts the glucose
uptake via insulin signaling pathway or AMPK, we examined several molecules involved in
insulin and AMPK signal pathway.

One is the insulin signaling pathway via PI3-kinase activity. PI3-kinase is a key molecular
switch, that mediates glucose transport by insulin and leads to several metabolic effects
(Okada et al., 1994). Indeed, PI3-kinase activity accelerates glucose uptake via the
phosphorylation leading to the translocation of glucose transporter 4 (GLUT4) to the plasma
membrane (Wang et al., 1999). Our data in L6 myotubes shows a significant increase in
glucose uptake by OPA in the absence of insulin via PI3K/Akt pathway. Using wortmannin,

a selective PI3K/Akt inhibitor, we demonstrated a significant reduction in OPA-stimulated
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glucose uptake providing support of the notion that PI3K/Akt pathway is a mediator of the
OPA effects on glucose uptake.

The mammalian AMPK is a trimeric enzyme and represents a metabolite-sensing protein
kinase. AMPK is known to play a major role in energy homeostasis in ATP-depleting
metabolic states such as ischemia, hypoxia, heart shock, oxidative stress, and especially
exercise (Harder et al., 2001; Raj and Dentino, 2002). Once activated under such condition,
it accelerates ATP-generating catabolic pathway including glucose uptake and fatty acid
oxidation through direct regulation of key metabolic enzymes (Sheetz and King, 2002). In
recent papers, it has been reported that AMPK serves as a key metabolic sensor through
cellular regulation of insulin-independent glucose uptake and glycogen metabolism as
described previously (Ozcan et al., 2004; Hotamisligil, 2006). From this, AMPK is emerging
as a potentially interesting target for the treatment of diabetes (Nakatani et al., 2005),
especially because it could plays a principal role in exercisedinduced adaptation of skeletal
muscle (Ozawa et al., 2005), type 2 diabetes, obesity and the metabolic syndrome. Present
study showed a significant increase in AMPK phosphorylation by OPA. And also, the OPA-
mediated activation of AMPK is abolished by pretreatment of compoud C, highly-selective
AMPK inhibitor. Therefore, these results indicate that AMPK is a principal factor in OPA-

stimulated glucose uptake.
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Furthermore, GLUT4 translocation to the plasma membrane of L6 myotubes cells were
markedly increased by treatment of OPA. In addition, increased translocation of GLUT4 to
the plasma membrane of OPA-treated L6 myotubes cells were almost completely abolished
by wortmannin and compound C pretreatment. Therefore, these results suggest that OPA
stimulated increase in GLUT4 translocation to the plasma membrane possibly via activating
PI3K/Akt and AMPKpathway. Hyperglycemic-hyperinsulinemic clamp analyses of human
type 2 diabetic patients show that insulin resistance in muscle is caused by a defect in
glucose transport. The principal glucose transporter in muscle is glucose transporter 4
(GLUT4), which is the primary mediator both of basal and insulin-stimulated glucose
transport in muscle. Thus, the effects of OPA in activating GLUT4 expression are reflected
in an increased ability of the muscle cells to transport glucose.

In consequence, these results demonstrate that OPA improve glucose uptake via activating
PI3K/Akt and AMPK pathway in skeletal muscles (Fig. 3-7). Especially, the skeletal muscle
has a major role in the regulation of energy balance (Ozcan et al., 2006) and is the primary
tissue for glucose uptake and disposal. Indeed, the glucose uptake, by skeletal muscle,
accounts for >70% of the glucose removal from the serum in humans (Cormont et al., 1993).
With this, it is considered an important target tissue for type 2 diabetes (Sheetz and King,

2002).
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In conclusion, OPA increases glucose uptake through activating PI3K/Akt and AMPK
pathway, a novel target for treatment of type 2 diabetes and we can find a new possibility of

OPA as a antidiabetic compound.

_’78_

Collection @ jeju



Flasma Membrane

Cytoplasm

AMPK GLUT
Akt-kinase -
| —Fs : oo
Insullﬂ Trangjocation " .
Pl 3-kinase {0 menbrane . . Glucose

Tyrosme
Phosphonyation

Insulin
Receptar

GLUT4—)G

containing
vesicle

Fig. 3-7. Glucose uptake mechanism of OPA in L6 skeletal muscle cells.

_’79_

Collection @ jeju



Part IV.

Octaphlorethol A isolated from Ishige
sinicola prevents and protects against
STZ-induced pancreatic bata-cell

damage in in vitro and in vivo
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Part IV.

Octaphlorethol A isolated from Ishige sinicola prevents and protects

against STZ-induced pancreatic pB-cells damage in in vitro and in vivo

1 ABSTRACT

Pancreatic P cells are very sensitive to oxidative stress and this might play an important role
in B cell death in diabetes. The protective effect of octaphlorethol A (OPA), one of
phlorotannin polyphenol compounds purified from Ishige sinicola (I. sinicola) against
streptozotocin (STZ)-induced pancreatic B cells damage was investigated using RINmSF
pancreatic B cells and STZ-induced diabetes. Pretreatment of OPA increased the viability of
STZ-treated RINmSF pancreatic B cells at concentration 12.5 or 50 pg/ml. Furthermore,
pretreatment with OPA dose-dependently reduced thiobarbituric acid reactive substances
(TBARS), intracellular reactive oxygen species (ROS) generation and DNA damage in STZ
treated RINmSF pancreatic § cells. Also, OPA pretreatment increased activities of
antioxidant enzymes including catalase (CAT), superoxide dismutase (SOD) and glutathione

peroxidase (GSH-px) in STZ treated RINmSF pancreatic  cells. In addition, OPA inhibited
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the STZ-induced apoptosis, which is detected using flow cytometry and western blot assays.
Moreover, OPA pretreatment improved the secretory responsiveness following stimulation
with glucose. These results indicate that OPA protects against STZ-induced pancreatic 3 cells
damage via reducing ROS-induced oxidative stress and apoptosis. Additionally, the
protective effect of OPA was further demonstrated by restoration of pancreatic ( cells
damage in STZ-induced diabetic mice. The protective effects of OPA in STZ-induced
diabetic mice were essentially the same as those observed when RINmSF cells were used.
The diabetogenic effects of STZ were completely prevented when mice were pretreated with
OPA. The anti-diabetogenic effects of OPA were also mediated by reducing of oxidative
stress and apoptosis. Collectively, these results indicate that OPA may have therapeutic value

in preventing P cells damage.
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2. MATERIAL AND METHODS

2.1. Materials

RPMI 1640 medium, fetal bovine serum (FBS) penicillin—streptomycin and trypsine—
EDTA were purchased from Gibco/BRL (Burlington, Ont, Canada). 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), RNase A, propidium iodide (PI), dimethyl
sulfoxide (DMSO), streptozotocin, 2',7'-dichlorodi-hydrofluorescein diacetate (DCF-DA),
and Hoechst 33342 were purchased from Sigma (St. Louis, MO, USA). Antibodies against
P53, Bax, Bcl-xL, cleaved caspase-3, -9, PARP and p-actin were purchased from Cell
Signaling Technology (Bedford, Massachusetts, USA). The other chemicals and reagents

used were of analytical grade.

2.2. Cell culture

RINmSF pancreatic B cells were cultured in RPMI 1640 medium, supplemented with 10%

fetal bovine serum (FBS), streptomycin (100 pg/ml) and penicillin (100 units/ml) at 37 C in

an humidified atmosphere containing 5% CO,.

2.3. Assay of cell viability
Cell viability was assessed by a colorimetric MTT assay, which is based on the conversion
of MTT to MTT-formazan by mitochondrial enzymes, as described previously (Fautz et al.,
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1991). Cells (1 x 10° cells/well) in wells of 96-well plates were preincubated with the
indicated concentrations of OPA for 3 h, and then incubated with STZ for 24 h. Thereafter, a
100 pl of MTT solution (1 mg/ml) was added to each well of 96-well culture plate, incubated
for 4 h at 37°C and the medium containing MTT was removed. The incorporated formazan
crystals in the viable cells were solubilized with 100 pl dimethyl sulfoxide and the

absorbance at 540 nm of each well was read using a microplate reader.

2.4. Assay of lipid peroxidation

Lipid peroxidation was measured by thiobarbituric acid reactive substances (TBARS)
production (Fraga et al., 1988). Cells (1 x 10° cells/well) in wells of 24-well plates were
preincubated with the indicated concentrations of OPA for 3 h, and then incubated with STZ
for 24 h. The cells were then washed with cold PBS and homogenized. The TBARS
concentrations were determined using TBARS assay kit (ZeptoMetrix, New York,

USA).TBARS values were then expressed as equivalent nmoles of malondialdehyde (MDA).

2.5. Assay of intracellular ROS levels and Image analysis
The DCF-DA method was used tom detect the intracellular ROS levels (Rosenkranz et al.,

1992). DCF-DA diffuses into cells where it is hydrolyzed by intracellular esterase to polar
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2',7'-dichloro-dihydrofluorescein. This non-fluorescent fluorescein analog gets trapped
inside the cells and is oxidized by intracellular oxidants to yield the highly fluorescent, 2',7'-
dichloro-fluorescein. The cells were treated with OPA at 12.5, 25, and 50 pg/ml followed by
application of STZ at 10 mM 3 h later. The cells were incubated for an additional 24 h at
37°C. After the addition of 10 uM of the DCF-DA solution, the fluorescence of 2',7'-
dichlorofluorescein was detected using a a FACSCalibur flow cytometer (Becton Dickinson,
San Jose, CA, USA). For image analysis of the production of intracellular ROS, the cells
were seeded in coverslip loaded 6 well plates at 1 x 10° cells/well. Sixteen hours after
plating, the cells were treated with OPA and 3 h later, STZ at 10 mM. After changing media,
10 uM of DCF-DA was added in the well and incubated for an additional 30 min at 37°C.
After washing with PBS, the stained cells were then observed under a fluorescence
microscope equipped with a CoolSNAP-Pro color digital camera to examine the degree of

ROS generation.

2.6. Comet assay
A comet assay was performed to assess cell oxidative DNA damage (Ahn et al., 2007). The
cell pellet (1 x 10° cells) was mixed with 100 pl of 0.7% low melting point agarose (LMPA),

and added to 1.0% normal melting point agarose (NMPA)-coated slides. After keeping them
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for 10 min at 4 C, the slides were covered with another 100 pl of 0.7% LMPA and kept for
40 min at 4C for solidification of the agarose. And the slides were immersed in lysis
solution (2.5 M NaCl, 100 uM EDTA, 10 mM Tris, 1%sodium laurylsarcosine and 1%
Triton X-100) for 1 h at 4C. The slides were unwinded and applied for electrophoresis with
the electric current of 25 V/300 mA for 20 min. Then, the slides were neutralized in 0.4 M
Tris buffer (pH 7.5) for 10 min two times and dehydrated with 70% ethanol. The percentage
of fluorescence in the DNA tail of each cell (tail intensity, TI; 50 cells from each of two
replicate slides) on the ethidium bromide stained slides were measured by image analysis

(Kinetic Imaging, Komet 5.0, UK) and fiuorescence microscope (LEICA DMLB, Germany).

2.7. Antioxidant enzyme assays

Cells (1 x 10° cells) in 10 mm dishes were preincubated with the indicated concentrations
of OPA for 3 h, and then incubated with STZ for 24 h. The medium was removed and the
cells were washed twice with PBS. One milliliter of 50 mM potassium phosphate buffer with
1 mM EDTA (pH 7.0) was added and cells were scraped. The cells were homogenized in
NucBuster™ Protein Extraction Kit (Novagen, San Diego, CA, USA) for 10 min and then
centrifuged at 16,000 rpm for 5 min at 4°C. Cell supernatants were used for antioxidant

enzyme activities. The protein concentrations were determined by using BCA™ protein
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assay kit. Superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-
px) activities were determined using chemical kits. Briefly, the determination of SOD
activity (SOD assay kit-WST, Dojindo Molecular Technologies, Inc., Rockville, MD, USA)
was based on the production of O* anions by the xanthine/xanthine oxidase system. The
determination of CAT activity (Catalase assay kit, Cayman Chemical, Ann Arbor, MI, USA)
was based on the reaction of the enzyme with methanol in the presence of an optimal
concentration of HO,. GSH-px activity (Glutathione peroxidase assay kit, Sigma, St. Louis,

MO, USA) was estimated by the analysis of GSH in the enzymatic reaction.

2.8. Cell cycle analysis

Cell cycle analysis was performed to determine the proportion of apoptotic sub-G;
hypodiploid cells (Nicoletti et al., 1991). The cells were placed in a 6-well plate at a
concentration of 1 x10° cells/ml. Sixteen hours after seeding, the cells were pretreated with
the indicated concentrations of OPA for 3 h, and then incubated with STZ for 24 h. After 24
h, the cells were harvested at the indicated time and fixed in 1 ml of 70% ethanol for 30 min
at 4°C. The cells were washed twice with PBS and incubated in the dark in 1 ml of PBS
containing 100 ug PI and 100 pg RNase A for 30 min at 37°C. Flow cytometric analysis was

performed with a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA).
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The effect on cell cycle was determined by changes in the percentage of cell distribution at
each phase of the cell cycle and assessed by histograms generated by the computer program

Cell Quest and Mod-Fit (Wang et al., 1993).

2.9. Nuclear staining with Hoechst 33342

The nuclear morphology of cells was studied by using cell-permeable DNA dye Hoechst
33342. Cells having homogeneously stained nuclei were considered to be viable, whereas the
presence of chromatin condensation and/or fragmentation was indicative of apoptosis
(Gschwind and Huber, 1995; Lizard et al., 1995). The cells were placed in 24-well plate at a
concentration of 1x10° cells/ml. Sixteen hours after seeding, the cells were pretreated with
the indicated concentrations of OPA for 3 h, and then incubated with STZ for 24 h. Then,
Hoechst 33342, a DNA specific fluorescent dye was added into the culture medium at final
concentration of 10 ug/ml, and plate was incubated for another 10 min at 37°C. The stained
cells were then observed under a fluorescence microscope equipped with a CoolSNAP-Pro

color digital camera to examine the degree of nuclear condensation.

2.10. Western blot analysis

Cells (1x10° cells/ml) in 10 mm dishes were pretreated with the indicated concentrations of
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OPA for 3 h, and then incubated with STZ for 24 h. The cells were lysed in NucBuster ™
Protein Extraction Kit (Novagen, San Diego, CA, USA) for 10 min and then centrifuged at
16,000 rpm for 5 min at 4°C. The protein concentrations were determined by using BCA™
protein assay kit. The lysate containing 50 pg of protein were subjected to electrophoresis on
12% sodium dodecyl sulfate-polyacrylamide gel, and the gel was transferred onto a
nitrocellulose membrane. The membranes was blocked in 5% bovine serum albumin (BSA)
in TBST (25 mM Tris-HCI, 137 mM NaCl, 0.1% Tween 20, pH 7.4) for 2 h. The primary
antibodies were used at a 1:500 dilution. Membranes incubated with the primary antibodies
at 4°C for overnight. Then the membranes were washed with TTBT and then incubated with
the secondary antibodies used at 1:3000 dilution. Signals were developed using an ECL

western blotting detection kit and exposed to X-ray films.

2.11. Glucose stimulated insulin secretion (GSIS)

Cells (1x10°% in 10 mm dishes were pretreated with the indicated concentrations of OPA
for 3 h, and then incubated with STZ for 24 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, 4.75 mM KCI, 2.54 mM CaCl,, 1.2 mM MgSO,, 1.2 mM
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KH,PO,, 5 mM NaHCOs;, 20 mM HEPES, pH 7.4) containing S mM 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 (Green et al., 2009). Insulin secretion was determined by

Rat/Mouse Insulin ELISA kit (Millipore, Billerica, MA, USA).

2.12. Animals and experimental design

Male ICR mice (4 weeks of age; purchased from Joong Ang Lab Animal Co., Korea) were
used. All animals were housed individually in a light- (12h on/12h off) and temperature-
controlled room with food and water available ad libitum. The animals were maintained with
pelleted food, while tap water was available ad libitum. After an adjustment period of
approximately 2 weeks, diabetes was induced by intraperitoneal injection of streptozotocin
(150 mg/kg i.p.) dissolved in a freshly prepared citrate buffer (0.1 M, pH 4.5). All STZ
injections were administered within 5 min of treatment preparation. The OPA dissolved
saline was administered orally into mice, receiving at a dose of 5 mg/kg or 10 mg/kg body
weight first at 12 h and then again at 2 h before the administration of STZ (Fig. 4-1). To
determine the effects of OPA, mice were divided into the following groups; 1) non-treated
normal group, 2) STZ group, 3) OPA (5 mg/kg B.W) + STZ group, and 4) OPA (10 mg/kg

B.W) + STZ group (n=6 for each group). The day on which the first STZ injection was
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administered is defined as day 1. Control animals received citrate buffer alone. At the end of
the experimental period, the mice were euthanized by decapitation without anesthesia and
trunk blood was collected for biochemical. Later the animals were sacrificed and pancreas
was removed, cleaned and washed in ice-cold normal saline for biochemical study. The mice
were all treated in accordance with Jeju National University guidelines for the care and use

of laboratory animals.

2.13. Measurement of blood glucose, plasma insulin, lipid peroxidation

Every day after 12 h fasting, the blood glucose concentration was monitored in the venous
blood from the tail vein using a glucometer (Roche Diagnostics Gmbh, Mannheim,
Germany). Blood samples were collected into tubes. After centrifugation at 1000 x g for 15
min at 4 °C, the plasma was carefully removed from the sample. The levels of plasma insulin
were determined using radioimmunoassay with enzyme-linked immunosorbent assay ELISA
kit (Linco Research Inc, Billerica, MA, USA). Lipid peroxidation was measured by
thiobarbituric acid reactive substances (TBARS) production (Fraga et al., 1988). The
removed pancreas homogenized in chilled PBS using a Potter Elvehjem homogenizer and
use uncentrifuged whole homogenate for analysis. The TBARS concentrations were

determined using TBARS assay kit (ZeptoMetrix, New York, USA).TBARS values were
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Fig. 4-1. Animals and experimental design.
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then expressed as equivalent nmoles of malondialdehyde (MDA).

2.14. Assay of antioxidant enzymes and immunoblotting

The removed pancreas homogenized in PRO-PREP™ Protein Extraction solition
(iNtRON Biotechnology, Korea) for 30 min on ice. Then centrifuged at 13,000 rpm at 4°C
for 5 min, and transfer supernatants to a frash tube. The protein concentrations were
determined by using BCA™ protein assay kit. Analyses of Antioxidant enzymes activities

and immunoblot were described in section 2-7, 10 under method part.

2.15. Statistical analysis
The data are presented as mean + standard error (SE). Statistical comparison was performed
via the SPSS package for Windows (Version 14). P-values of less than 0.05 were considered

to be significant.
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3. RESULTS

3.1. Cell viability

Fig. 4-2 shows the effects of OPA on cell viability in RINmSF pancreatic § cells treated
with STZ as determined via an MTT assay. When RINmSF pancreatic  cells were treated
with STZ only for 24 h, cell viability was reduced significantly. Cell viability was reduced to
50.09% in STZ-treated RINmSF pancreatic 3 cells, but, OPA protected against the cellular
damage induced by STZ in a dose-dependent manner. In particular, pretreatment with 50
pg/ml of OPA along with high glucose treatment resulted in a significant increase in cell

viability to 82.65%.

3.2. Lipid peroxidation

As shown in Fig. 4-3, the effect of OPA on lipid peroxidation in STZ-treated RINmSF
pancreatic B cells was determined by measuring TBARS, a lipid peroxidation product. When
RINmSF pancreatic B cells were treated with STZ only for 24 h, TBARS was significantly
increased compared to the control. Pretreatment with 50 pg/ml of OPA along with STZ

significantly inhibited TBARS formation, indicating protection against lipid peroxidation.
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Fig. 4-2. Effect of OPA on cell viability in STZ treated RINm5F pancreatic  cells. Cells
(1 x 10° cells/well) in wells of 96-well plates were preincubated with the indicated
concentrations of OPA for 3 h, and then incubated with STZ for 24 h. Each value is
expressed as meantS.E. ““Values with different alphabets are significantly different at

p<0.05 as analyzed by Duncan's multiple range test.
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Fig. 4-3. Effect of OPA on TBARS generation in STZ treated RINmSF pancreatic 8
cells. Cells (1 x 10° cells/well) in wells of 24-well plates were preincubated with the
indicated concentrations of OPA for 3 h, and then incubated with STZ for 24 h. Each value is
expressed as meantS.E. ““Values with different alphabets are significantly different at

p<0.05 as analyzed by Duncan's multiple range test.
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When the cells were treated with 50 pg/ml of OPA, TBARS was reduced significantly, by

1.24 nmol MDA.

3.3. Intracellular ROS generation

As demonstrated in Fig. 4-4A, the effects of OPA on intracellular ROS generation in
RINmMSF pancreatic B cells treated with STZ determined using flow cytometry. Fluorescence
intensity values displayed level of ROS detected by DCF-DA fluorescene dye. The
fluorescence intensity value in RINmSF pancreatic  cells increased significantly after
treatment with STZ as compared with control, which contained no sample or STZ. When
RINmSF pancreatic B cells were exposed with STZ, fluorescence intensity values
significantly increased to 201. However, OPA pretreatment dose-dependently reduced the
fluorescence intensity values in the cells induced by treatment with STZ. In particular,
pretreatment with 50 pg/ml of OPA resulted in a significant reduction in fluorescence
intensity values to 167. OPA significantly reduced the elevated ROS levels induced by STZ.
In addition, the fluorescence intensity of DCF-DA staining using fluorescence microscope
was enhanced in the STZ treated RINmSF pancreatic  cells as shown in Fig. 4-4B. OPA
reduced the green fluorescence intensity upon STZ treatment, thus reflecting a reduction in

ROS generation. These data suggest that OPA possessed ROS scavenging activity.
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Fig. 4-4. Effect of OPA on intracellular ROS generation in STZ treated RINmSF
pancreatic B cells. (A) The intracellular ROS generated was detected using flow cytometry
after DCF-DA addition. (B) Images illustrate the increase in green fluorescence intensity of
DCEF produced by ROS in STZ treated cells as compared to control and lowered fluorescence
intensity in STZ treated cells with OPA. A, Control; B, 10 mM STZ; C, 12.5 ug/ml OPA +

STZ; D, 25 pug/ml OPA + STZ; E, 50 pg/ml OPA + STZ.
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Fig. 4-4. Continued.
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3.4. Inhibitory effects of DNA damage

The abilities of OPA to inhibit cellular DNA damage in STZ treated cells were investigated.
Damage to cellular DNA induced by STZ exposure was detected using an alkaline comet
assay. The exposure of cells to STZ increased the comet parameters of tail length and
percentage of DNA in the cell tails. When cells were exposed to STZ, the DNA percentage
in the tail increased 41% as shown in Fig. 4-5A and B. However, OPA pretreatment dose-
dependently reduced the cellular DNA damage in the cells induced by treatment with STZ.
In particular, pretreatment with 50 yg/ml of OPA resulted in a significant reduction in the

tail length to 11%, which indicated a protective effect of OPA on STZ induced DNA damage.

3.5. Antioxidant enzymes activity

Cells are protected from activated oxygen species by endogenous antioxidant enzymes
including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-
px). The effects of OPA on antioxidant enzyme activities in STZ-treated RINmSF pancreatic
B cells are shown in Table 4-1. Only treatment for 24 h with STZ significantly attenuated the
SOD activity of RINmSF pancreatic § cells. The pretreatment of RINmSF pancreatic f§ cells
with OPA increased SOD activity in the STZ-treated cells. Before the cells were treated with

50 pg/ml of OPA, SOD activity was significantly increased to 86.09%. The STZ treatment
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Fig. 4-5. Inhibitory effect of OPA on STZ-induced DNA damages. The damaged cells on
STZ treatment was determined by comet assay. (A) 0, % Fluorescence in tail; 4, Inhibitory
effect of cell damage. (B) Photomicrographe of DNA damage and migration observed under
OPA. A, Control; B, 10 mM STZ; C, 12.5 ug/ml OPA + STZ; D, 25 pg/ml OPA + STZ; E,
50 pg/ml OPA + STZ. Experiments were performed in triplicate and the data are expressed
as mean £SE. Statistical evaluation was performed to compare the experimental groups and

corresponding control groups. *, P<0.05
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Fig. 4-5. Continued.
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reduced CAT activity relative to that measured in the control. OPA pretreatment increased
CAT activity in a dose-dependent manner. The treatment of RINmSF pancreatic § cells with
OPA increased CAT activity in the STZ-treated cells. Before the cells were treated with 50
ug/ml of OPA, CAT activity was increased significantly to 1.06 umole/mg protein. GSH-px
activity in RINmSF pancreatic B cells treated with STZ was significantly reduced in
comparison to the control. Prereatment of STZ-treated RINmSF pancreatic B cells with OPA
resulted in an increase of GSH-px activity, as shown by the measured GSH-px activity of

3.41 pmole /mg protein at a dosage of 50 pg/ml.

3.6. Protective effects of apoptosis

By flow cytometry analysis with PI staining, Fig. 4-6A shows, when RINmSF pancreatic {3
cells were treated with STZ, the proportion of cells with sub-G1 DNA content to 35.69%
increased compared to the control. However, OPA pretreatment dose-dependently reduced
the sub-G1 DNA contents in the cells induced by the treatment with STZ. In particular,
pretreatment with 50 pg/ml of OPA resulted in a significant reduction in sub-G1 DNA
contents. In addition protective effect of apoptosis by OPA was further studied by Hoechst
33342 staining assay. Apoptotic cell death was confirmed by apoptotic body and nuclear

condensation as detected by Hoechst 33342 staining assay. The control, without the OPA and
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Table 4-1. Effects of OPA on antioxidant enzyme activities in STZ treated RINmSF

pancreatic p cells.

OPA (pg/ml) + STZ
Con

0 12.5 25 50

SOD activity
90.72+7.79%  55.36+3.32% 74.93+8.30" 80.51£7.36° 86.09+7.50¢

(%)

CAT
1.08£0.05¢  0.39+0.02% 0.79£0.03°  0.90+0.03°  1.06+0.04¢

(umole/mg protein/min)

GSH-px
3.81£0.08 ¢ 1.33£0.03%  2.57£0.06° 2.73+0.07>  3.41%0.09

(umole/mg protein)

Cells (1 x 10° cells) in 10 mm dishes were preincubated with the indicated concentrations of
OPA for 3 h, and then incubated with STZ for 24 h. SOD, Super oxide dismutase activity;
CAT, Catalase activity; GSH-px, Glutathione peroxidase activity. Each value is expressed as

mean%S.E. “*Values with different alphabets differ significantly at p < 0.05 as analyzed via

Duncan's multiple range test.
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STZ showed clear image and exhibited no apoptotic body. However, obvious cell damage
was observed in the cells treated with STZ (Fig. 4-6B). Cells pre-treated with OPA at
difference concentration (Fig. 4-6B) dramatically reduced nuclear condensation and
apoptotic bodies. These data indicate that OPA may have notable apoptosis inhibition

activity against RINmSF pancreatic f§ cells.

3.7. OPA modulated the expression levels of apoptosis-related protein in RINmSF
pancreatic p cells

To determine whether OPA induces expression of proteins related to STZ-induced
apoptosis, OPA concentrations of 25 and 50 ug/ml were pretreated to RINmSF pancreatic 3
cells. As shown in Fig. 4-7, the level of the P53 and Bax pro-apoptotic protein expression
was clearly higher in STZ-treated cells than in control cells. However, the expression level
by the pretreatment of OPA was reduced markedly. In addition, expression of anti-apoptosis
related protein such as Bcl-xL tends to decrease in STZ-treated cells. On the other hand, the
cells pretreated with OPA showed higher Bcl-xL expression than the STZ-treated cells.
Furthermore, expression levels of the active form of cleaved caspase-3, -9 and PARP were

increased significantly in RINmSF pancreatic  cells treated with STZ. However, the
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cells. The cells were pretreated with the indicated concentrations of OPA for 3 h, and then

incubated with STZ for 24 h. (A) The cells were stained with PI and analyzed by flow

STz 125 25 50

OPA(pg/ml) + STZ

Con

4-6. Protective effect of OPA on STZ-induced apoptosis in RINmSF pancreatic 8

cytometry. (B) Apoptotic bodies were stained with Hoechst 33342 solution and then

observed under a fluorescent microscop using a blue filter. A, Control; B, 10 mM STZ; C,

12.5 ug/ml OPA + STZ; D, 25 pg/ml OPA + STZ; E, 50 ug/ml OPA + STZ. Each value is

expressed as mean+S.E. *° Values with different alphabets differ significantly at p < 0.05 as

analyzed via Duncan's multiple range test.
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Fig. 4-6. Continued.
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pretreatment of RINmSF pancreatic B cells with OPA results in an reduce in expression of

cleaved caspase-3, -9 and PARP in the STZ treated cells.

3.8. Glucose-stimulated insulin secretion

As shown in Fig. 4-8, glucose-stimulated insulin secretion in RINmSF pancreatic § cells was
reduced significantly as the result of STZ treatment. Also, after culturing with STZ,
stimulation with 25 mM glucose resulted in a 2.5-fold increase in insulin secretion as
compared with 5 mM glucose treatment. OPA pretreatment dose-dependently increased
insulin secretion in the cells stimulated with 5 mM and 25 mM glucose under treated STZ

conditions.

3.9. Levels of blood glucose and plasma insulin and body weight in vivo

To asses the potential of OPA to protect against STZ-mediated diabetes, ICR mice were
administered with OPA, and then injected with a single high dose of STZ (150 mg/kg).
Levels of fasting blood glucose at day 7 were significantly higher in the STZ-treated group
than in the normal group (Table 4-2). Conversely, STZ-treated group exhibited decreased
body weight. Reduction in body weight along with an increase in blood glucose level is a

marker for the development of diabetes. This pathophysiology has been observed in STZ
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Fig. 4-7. OPA modulated the expression levels of apoptosis-related protein in RINmSF
pancreatic P cells. Cells were pretreated with or without the indicated concentrations of
OPA for 3 h, and then treated with the STZ for 24 h. The cell lysates were analyzed via
Western blotting using anti-P53, anti-Bax, anti-Bcl-xL, anti-caspase-3, -9 and anti-PARP.

Figures are representative of three independent experiments.
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treated animals suggesting their diabetic nature. OPA pretreated group, however,
significantly lowered the fasting blood glucose level and prevented the loss in body weight
compared to the STZ-treated group. Plasma insulin levels were significantly lower in the
STZ group than in the normal group. However, the plasma insulin levels were significantly

higher in the OPA pretreated group than in the STZ group (Table 4-2).

3.10. Lipid peroxidation and antioxidant enzyme activities in vivo

Table 4-3 shows the level of malondialdehyde (MDA), a secondary product of lipid
peroxidation in the pancreatic tissue homogenate. When mice were treated with STZ group
(STZ treated group), MDA level was significantly increased compared to the normal group
(non-treated control group). However, OPA pretreated group (OPA+STZ group)
significantly decreased the MDA level compared to the STZ group. Table 4-3 demonstrate
the activities of SOD, CAT and GSH-px in pancreas of normal group, STZ group and
OPA+STZ group. STZ group significantly decreased the activities of SOD, CAT and GSH-
pXx in pancreatic tissue compared to the normal group. The activities of SOD, CAT and GSH-
px of pancreas were significantly increased in OPA pretreated group when compared with

STZ group.
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Fig. 4-8. Effects of OPA on insulin secretion in STZ-treated RINmSF pancreatic  cells.
Cells (1x10% in 10 mm dishes were pretreated with the indicated concentrations of OPA for
3 h, and then incubated with STZ for 24 h. Insulin secretion from RIN-m5F cells in response
to glucose (5 and 25 mM) concentration. Each value is expressed as meantS.E. ““Values
with different alphabets differ significantly at p < 0.05 as analyzed by Duncan's multiple

range test.
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Table 4-2. Effects of OPA on the levels of blood glucose, plasma insulin and body

weight in STZ-treated mice'.

Normal® STZ OPA-5* OPA-10°
Blood glucose (mg/dl)
Initial 129.0420.8* 138.3£20.0% 133.0+33.8" 129.349.1%
Final 122.7431.1% 356.3+41.0¢ 175.7438.7° 142.0+28.8%°
Plasma insulin (ng/ml) 2.140.23¢ 0.3+0.07° 1.1+0.32° 1.8+0.16°
Body weight (g)
Initial 25.9+0.87° 27.8+1.28% 23.8+0.57% 23.8+3.38
Final 27.3+4.34° 24.3+4.28% 21.6+5.33" 23.3+3.38"

The OPA dissolved saline was administered orally into mice, receiving at a dose of 5 mg/kg

or 10 mg/kg body weight first at 12 h and then again at 2 h before the administration of STZ .

" Means + SE (n = 6).
*Non-treated normal group.

’STZ -treated group.

*OPA (5 mg/kg B.W) + STZ group.

> OPA (10 mg/kg B.W) + STZ group.

*“ Means not sharing a common letter are significantly different between groups (P < 0.05).

Collection @ jeju
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Table 4-3. Effects of OPA on the lipid peroxidation and antioxidant enzyme activities in

STZ-treated mice'.

Normal® NVA OPA -5* OPA -10°
TBARS (nmol/ mg tissue) 1.30+0.33° 4.84+0.79° 3.19£0.19° 2.4120.12%
SOD activity (%) 87.9842.79° 71.0943.12% 78.95+3.45° 85.63+2.59°
CAT(umole/mg protein/min) 6.41£0.14¢ 4.86+0.42° 5.25+0.95" 5.67+£0.48%
GSH-px (umole/mg protein) 1.58+0.09¢ 0.99+0.03" 1.30£0.08° 1.44+0.02¢

The OPA dissolved saline was administered orally into mice, receiving at a dose of 5 mg/kg

or 10 mg/kg body weight first at 12 h and then again at 2 h before the administration of STZ .

' Means + SE (n = 6).

? Non-treated normal group.

?STZ -treated group.

*OPA (5 mg/kg B.W) + STZ group.

> OPA (10 mg/kg B.W) + STZ group.

*“ Means not sharing a common letter are significantly different between groups (P < 0.05).
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3.11. Effects of OPA on expression levels of apoptosis-related protein in vivo

To determine whether OPA induces expression of proteins related to STZ-induced
apoptosis in vivo, ICR mice were administered with OPA, and then injected with a single
high dose of STZ (150 mg/kg). As shown in Fig. 4-9, the level of the P53 and Bax pro-
apoptotic protein expression was clearly higher in STZ-treated group than in normal group.
However, the expression level by the OPA pretreated group were reduced markedly. In
addition, expression of anti-apoptosis related protein such as Bcl-XL tends to decrease in
STZ-treated group. On the other hand, the OPA pretreated group showed higher Bcl-XL
expression than the STZ-treated group. Furthermore, expression levels of the active form of
cleaved caspase-3 was increased significantly in the STZ-treated group. However, the OPA

pretreated group results in an reduce in expression of cleaved caspase-3 in the STZ treated

group.
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Fig. 4-9. Effects of OPA expression levels of apoptosis-related protein in STZ-
treated mice'. The OPA dissolved saline was administered orally into mice, receiving at
a dose of 5 mg/kg or 10 mg/kg body weight first at 12 h and then again at 2 h before the
administration of STZ. The pancreatic tissue lysates were analyzed via Western blotting
using anti-P53, anti-Bax, anti-Bcl-xL and anti-caspase-3. Figures are representative of
experiments.

" Means + SE (n = 6).

*Non-treated normal group.

3STZ -treated group.

“OPA (5 mg/kg B.W) + STZ group.

°OPA (10 mg/kg B.W) + STZ group.
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4. DISCUSSION
Oxidative stress induced by the increase of hyperglycemia causes diabetes-associated
pathological damage (Fraga et al., 1988; Uemura et al., 2001). Acute streptozotocin (STZ)
injection has been used to study cellular or tissue oxidative damage because it produces
reactive oxygen species and reduces antioxidant enzyme activity, especially in pancreatic
tissues (Coskun et al., 2005). In fact, streptozotocin can stimulate H,O, generation in islet
cells (Friesen et al., 2004) where the activity of antioxidant enzymes such as superoxide
dismutase, catalase and glutathione peroxidase is relatively low when compared to other
tissues (Tiedge et al., 1997). By STZ, most islet cells are impacted to death and remaining
islet cells almost exhibit a significant decrease in the activity of these enzymes compared to
normal rats (Srivivasan et al., 2003). Several studies have demonstrated that exposure of B
cells to STZ results in B cell dysfunction and apoptosis (Srivivasan et al., 2003; Coskun et al.,
2005). Pancreatic B cell dysfunction plays a key role in the pathogenesis of type 2 diabetes.
Thus, in order to reduce the risk of pathological damage such as diabetes, it is important to
find ways to protect the B cell damage induced by oxidative stress. There is a great deal of
interest in identifying antioxidant compounds that do not cause side effects or exhibit toxicity.
The phlorotannins, which constitute one of the most diverse and widespread groups of

natural compounds, are probably the most abundant natural phenolics found in marine algae.
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These compounds exhibit a broad spectrum of chemical and biological activities, including
antioxidant properties (Kang et al., 2003; Ahn et al., 2007; Heo et al., 2009). Present study
demonstrates the prophylactic role of OPA, a kind of phlorotannin, was a marine algal
polyphenolic compound isolated from I sinicola against STZ-induced pancreatic B cell
damage developed under hyperglycemia in vitro and in vivo.

To measure cell viabilityy, MTT assays were conducted. The exposure of RINmSF
pancreatic § cells to STZ resulted in significant reductions in cell viability. However, OPA
pretreatment was shown to inhibit cell death, thereby suggesting that OPA protects RINmSF
pancreatic [ cells against STZ-induced cytotoxicity.

Lipid peroxidation may be a form of cell damage mediated by free radicals (Sevanian and
Hochstein, 1985). Presently, STZ treatment has been shown to induce lipid peroxidation in
RINmMSF pancreatic  cells and OPA was shown to effectively inhibit TBARS formation.
One of the more serious consequences of lipid peroxidation is damage to biomembranes such
as mitochondrial and plasma membranes. During lipid peroxidation, low molecular-weight
end products, most notably malondialdehyde (MDA), are formed via the oxidation of
polyunsaturated fatty acids. These end products can react with two molecules of
thiobarbituric acid to generate a pinkish-red chromogen. The presently-demonstrated

protective action of OPA on TBARS formation can be attributed to its antiperoxidative
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effects.

High ROS levels induce oxidative stress, which can result in a variety of biochemical and
physiological lesions. Such cellular damage frequently impairs metabolic function, and result
in cell death (finkel and Holbrook, 2000). Our results demonstrated that the treatment of
RINmSF pancreatic f cells with STZ significantly increased intracellular ROS levels.
However, OPA inhibited STZ-induced ROS generation. These results indicate that OPA
alleviates oxidative stress via the inhibition of ROS generation induced by STZ treatment.
ROS may play a major role as endogenous initiators and promoters of DNA damage and
mutations that contribute to cancer, diabetes and other age-related diseases. Oxidative DNA
damage is shown to be extensive and has been proposed as a major cause of the
physiological changes associated with aging and the degenerative diseases related to aging,
such as cancer and diabetes (Ames, 1989). Our results demonstrated that the treatment of
RINmMSF pancreatic  cells with STZ significantly increased cellular DNA damage. However,
OPA protected STZ-induced cellular DNA damage. Therefore, we expected that OPA would
protect against oxidative DNA damage, and may reduce the risk of STZ-induced diabetic
complications.

Cells are protected from activated oxygen species by endogenous antioxidant enzymes such

as catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GSH-px). We
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observed in this study that the application of STZ treatment to RINmS5F pancreatic  cells
with OPA resulted in increases in CAT activity, SOD activity, and GSH-px activity. SOD, the
endogenous scavenger, catalyzes the dismutation of the highly reactive superoxide anion to
H,0O, (Husain and Somani, 1998). GSH-px catalyzes the reduction of H,O, at the expense of
reduced GSH. H,0, is also scavenged by CAT (Runnegar et al., 1987). The reduced activities
of both CAT and GSH-px in the RINmSF pancreatic B cells treated with STZ demonstrate a
highly reduced capacity to scavenge H,O, produced in the cells, with increases in ROS and
oxidative stress occurring in response to STZ treatment (Alptekin et al., 1996). High
superoxide anion radical production inhibits CAT activity (Kono and Fridovich, 1982). The
excess of the superoxide anion radical, as a consequence of a reduction in SOD activity,
might prove responsible for the reduction in the activities of CAT in STZ-treated RINmSF
pancreatic f§ cells.

ROS are by products of normal cellular oxidative stress processes, and are generated in the
mitochondria and from other sources. They inflict serious damages on nucleic acids, protein
and membrane lipids, and they have been suggested to regulate the processes involved in the
initiation of apoptotic signaling. Several recent studies have demonstrated that ROS
generation performs a crucial function in the pro-apoptotic activities. Members of the Bcl-2

family (such as Bcl-xL) of proteins are critical regulators of the apoptotic pathway (Zanke et
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al., 1996). Bcl-2 and Bcl-xL are an upstream molecule in the apoptotic pathway and is
identified as a potent suppressor of apoptosis (Szatrowski and Nathan, 1991). Previous
reports have demonstrated that Bcl-2 family-mediated caspase-3 activation is responsible for
ROS-induced apoptosis (Chen and Chang, 2009). Caspase-3, -9 is one of the key
executioners of apoptosis, as it is cleavage of many key proteins such as the nuclear enzyme
poly (ADP-ribose) polymerase (PARP) (Fernandes-Alnemri et al., 1994). In this study, we
demonstrate that OPA protects damage in RINmSF pancreatic § cells cells under STZ
treatment. These effects were mediated by suppressing apoptosis and were associated with
increasing in anti-apoptotic Bcl-XL expression, and reduces in pro-apoptotic cleaved caspase
3, 9, PARP and P53 expression. In addition, Cell cycle analysis was performed to determine
the proportion of apoptotic sub-G; hypodiploid cells. The exposure of RINmSF pancreatic 3
cells to STZ resulted in increases in apoptosis cells rate. However, OPA pretreatment was
shown to reduce the number of apoptosis cells. The results of two assays provide substantial
evidence that OPA plays a protective role during STZ-induced apoptosis.

Pancreatic P cells perform an important function in maintaining glucose homeostasis via the
secretion of insulin in response to changes in the extracellular glucose (Hou et al., 2008).
Previous data suggested that the oxidative stress induced by STZ exerts a variety of harmful

effects, including the inhibition of glucose-stimulated insulin secretion (GSIS), impairment
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of insulin gene expression, and the induction of cell death in (3 cells (Kaneto et al., 2005). In
this study, we demonstrate that OPA increases insulin secretion in pancreatic -cells under
STZ treatment. These effects were mediated by reducing oxidative stress and were
associated with reductions in ROS generation, and increases in cell survival.

Present study demonstrated the prophylactic role of OPA against STZ-induced B cells
damage in vitro. Therefore, additionally, we investigated the protective effects of OPA
against pancreatic p cells damage in STZ-induced diabetic mice. Thereby, we demonstrate
that OPA not only protected RINmSF pancreatic B cells against STZ toxicity, but also
protected against STZ-induced diabetes. OPA treatment prior to STZ administration reduces
blood glucose level and increases plasma insulin level. The weight loss detected in the STZ
treated animals is most likely due to the induction of insulitis and/or the lack of insulin. No
weight loss was registered in the animals treated with OPA prior to STZ, probably those
animals were not as hyperglycemic as that of STZ treated group. Moreover, OPA treatment
prior to STZ administration was found to inhibit lipid peroxidation and apoptosis, and
increase of antioxidant enzyme activities.

In summary, this study is the first to demonstrate that OPA has a B-cell protective effect.
Specifically, OPA protected B-cells from STZ-induced injury in vitro and counteracted the

diabetes development in response to streptozotocin in vivo. This B-cell protective effect may
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be mediated, at least in part, by suppressing of oxidative stress and apoptosis (Fig. 4-10).
Thus, we suggested that OPA might be developed into medicinal preparations, nutraceuticals,

or functional foods for diabetes, and may also be applied in other therapeutic fields.
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