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Abstract

This study investigated the hypoglycemic effect of the Padina arborescens extract in STZ-induced diabetic
mice. Freeze-dried Padina arborescens were extracted with 80% methanol and concentrated for use in this study.
The hypoglycemic effect was determined by inhibitory activities against a-glucosidase and a-amylase as well as
the alleviation of postprandial blood glucose level. Padina arborescens extracts showed higher inhibitory activities
than acarbose, a positive control against a-glucosidase and a-amylase. The ICsy values of Padina arborescens
extracts against o-glucosidase and a-amylase were 0.26 and 0.23 mg/mL, respectively, which evidenced as more
effective than observed with acarbose. The increase of postprandial blood glucose levels were significantly sup-
pressed in the Padina arborescens extract administered group than the control group in the streptozotocin induced
diabetic mice. Furthermore, the area under the curve (AUC) was significantly lowered via Padina arborescens
extract administration in diabetic mice (p<0.05). These results indicated that the Padina arborescens extract might
be used as an inhibitor of a-glucosidase and o-amylase and delay absorption of dietary carbohydrates.
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INTRODUCTION

Diabetes mellitus is the most serious, chronic metabol-
ic disorder and is characterized by high blood glucose
levels (1). Postprandial hyperglycemia plays an important
role in the development of type 2 diabetes and its com-
plications, including micro-vascular and macro-vascular
diseases (2). Therefore, controlling hyperglycemia is the
most important factor for reducing risks of diabetic com-
plications (3).

One therapeutic approach to decrease postprandial hy-
perglycemia is to retard absorption of glucose through
inhibition of carbohydrate hydrolyzing enzymes, e.g., a-
glucosidase and a-amylase, in the digestive organs (4-7).
Mammalian starch digestion primarily occurs in the small
intestine through the action of a-amylase, yielding both
linear maltose and branched isomaltose oligosaccharides,
which are further hydrolyzed by a-glucosidases to re-
lease glucose (8). The powerful synthetic a-glucosidase
and a-amylase inhibitors, such as acarbose, miglitol, and
voglibose, function directly by reducing the sharp in-
creases in glucose levels that occur immediately after
food uptake (4,9,10); however, the continuous use of
these synthetic agents should be limited due to induced
side effects such as flatulence, abdominal discomfort,
vomiting, diarrhea (11), and hepatotoxicity (12). There-
fore, numerous studies have been performed to identify
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more effective and safer inhibitors of carbohydrate en-
zymes from natural materials.

Marine algae are known to generate an abundance of
bioactive compounds with great potential in the pharma-
ceuticals, food, and biomedical industries. In particular,
brown algae display a variety of biological activities, in-
cluding antioxidant (13), anti-inflammatory (14), anti-co-
agulant (15) and anti-hyperlipidemic properties (16).
Padina arborescens, a type of brown algae, is popular
in Korea and Japan as a food ingredient and marine herb.
Padina arborescens contains biologically active com-
pounds such as bromophenols (17). However, the hypo-
glycemic effect of Padina arborescens has yet to be
studied.

Thus, in this study, we attempted to determine whether
or not Padina arborescens inhibits a-glucosidase and o-
amylase activities and alleviates postprandial hypergly-
cemia in streptozotocin-induced diabetic mice.

MATERIALS AND METHODS

Materials

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

Inhibition assay for o-glucosidase activity in vitro

The a-glucosidase inhibitory assay was done by the
chromogenic method developed by Watanabe et al. using
a readily available yeast enzyme (18). Briefly, yeast a-
glucosidase (0.7 U, Sigma, St. Louis, MO, USA) was dis-
solved in 100 mM phosphate buffer (pH 7.0) containing
2 g/L bovine serum albumin and 0.2 g/L NaN; and used
as the enzyme solution. 5 mM p-nitrophenyl-a-D-gluco-
pyranoside 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 at a 5
mg/mL concentration were mixed in a well, and absorb-
ance at 405 nm was measured using a microplate reader.
After incubation for 5 min, substrate solution (50 pL)
was added and incubated for another 5 min at room
temperature. The increase in absorbance from zero time
was measured. Inhibitory activity was expressed as 100
minus relative absorbance difference (%) of test com-
pounds to absorbance change of the control where test
solution was replaced by carrier solvent. The measure-
ments were performed in triplicate and the ICso value,
i.e., the concentration of the extracts that results in 50%
inhibition of maximal activity, was determined.

Inhibition assay for a-amylase activity in vitro
The a-amylase inhibitory activity was assayed in the
same way (18) as described previously for a-glucosidase
except porcine pancreatic amylase (100 U, Sigma) and
blocked p-nitrophenyl-a-D-maltopentoglycoside (Sigma)
were used as the enzyme and substrate, respectively.

Measurement of cytotoxicity

Cell viability was assessed by measuring the supravital
dye neutral red uptake (19). Human umbilical vein endo-
thelial cells (HUVECs) were seeded at the concentration
of 2 10* cells/mL in 96-well plate and pre-incubated in
humidified atmosphere containing 5% CO, at 37°C for
24 hr. The cells were then treated with various concen-
trations (0.1, 0.5, 1, and 2 mg/mL) of the Padina arbor-
escens extract (PAE), and further incubated for 20 hr.
Thereafter, the medium was carefully removed from
each well, and replaced with 0.5 mL of fresh medium
containing 1.14 mM neutral red. After 3 hr of incubation,

the medium was removed and the cells were washed
twice with phosphate buffered saline (PBS, pH 7.4). The
incorporated neutral red was released from the cells by
incubation in the presence of 1 mL of the cell lysis buffer
[50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 5 mM dithio-
threital, and Triton X-100 (1%, v/v)] containing acetic
acid (1%, v/v) and ethanol (50%, v/v) at room temper-
ature for 15 min. The cell lysis products were centrifuged
to measure the dye taken up and absorbance of super-
natant was measured spectrophotometrically at 540 nm.

Experimental animals

Four-week old male mice (ICR, Orient, Inc., Seoul,
Korea) were kept under a 12 hr light/12 hr dark cycle
with controlled room temperature (n=42). The animals
were maintained with pelleted food, while tap water was
ad libitum. After an adjustment period of 2 weeks, dia-
betes was induced by intraperitoneal injection of STZ
(60 mg/kg) freshly dissolved in a citrate buffer (0.1 M,
pH 4.5) for the fasted (18 hr) animals. After seven days,
tail bleeds were performed and animals with a blood glu-
cose concentration above 300 mg/dL were considered
to be diabetic. The mice were administered orally soluble
starch (2 g/kg BW) alone (control) or with PAE (300
mg/kg BW) or acarbose (100 mg/kg BW) dissolved in
0.2 mL water.

Measurement of blood glucose level

Both normal mice and STZ-induced diabetic mice fast-
ed overnight were randomly divided into three groups
of 7 mice. Fasted animals were deprived of food for at
least 12 hr but allowed free access to water. After over-
night fasting, the mice were orally administered either
soluble starch (2 g/kg body weight) alone (control) or
starch with PAE (300 mg/kg body weight). Blood sam-
ples were taken from the tail vein at 0, 30, 60, and 120
min. Blood glucose was measured using a glucometer
(Roche Diagnostics GmbH, Mannheim, Germany). Areas
under the curve (AUC) were calculated using the tra-
pezoidal rule (20).

Data statistical analysis

The data were represented as mean—=tSD. The stat-
istical analysis was performed using SAS software. The
Student’s t-test was used for comparisons between con-
trol and sample groups. The values were evaluated by
one-way analysis of variance (ANOVA) followed by
post-hoc Duncan's multiple range tests.

RESULTS AND DISCUSSION

Inhibitory effect of PAE on o-glucosidase and o-
amylase in vitro
The inhibitory effect of Padina arborescens extract
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Fig. 1. Inhibitory activity of PAE on a-glucosidase. Each value
is expressed as mean*TSD in triplicate experiments. ““Values
with different alphabets are significantly different at p<0.05
as analyzed by Duncan's multiple range test. The concentration
of acarbose used as the positive control was 0.5 mg/mL. PAE:
Padina arborescens extract.

(PAE) against yeast o-glucosidase is shown in Fig. 1.
PAE inhibited o-glucosidase activity in a dose-dependent
manner by 20.55, 38.95, 49.01, and 71.93% at the con-
centrations of 0.05, 0.1, 0.25, and 0.5 mg/mL, respec-
tively. Acarbose, an o-glucosidase inhibitor used as an
oral hypoglycemic agent, inhibited the enzyme activity
by 62.03% at a concentration of 0.5 mg/mL. The a-glu-
cosidase inhibitory activity of PAE was higher than that
of acarbose at the same concentration (0.5 mg/mL).

The inhibitory effect of PAE against a-amylase is
shown in Fig. 2. The PAE inhibited a-amylase by 17.57,
38.22, 51.35, and 79.73% at concentrations of 0.05, 0.1,
0.25, and 0.5 mg/mL, respectively. The 1Csy values of
PAE against a-glucosidase and a-amylase were 0.26 and
0.23 mg/mL, respectively, which were evidenced as
stronger inhibitory effects than was observed with acar-
bose (Table 1).
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Fig. 2. Inhibitory activity of PAE on a-amylase. Each value
is expressed as mean=SD in triplicate experiments. **Values
with different alphabets are significantly different at p<0.05
as analyzed by Duncan's multiple range test. The concentration
of acarbose used as the positive control was 0.5 mg/mL. PAE:
Padina arborescens extract.

Table 1. ICsy values of inhibitory effects of PAE on o-glucosi-
dase and o-amylase

ICso (mg/mL)"

Sample a-Glucosidase a-Amylase
Acarbose 0.34£0.02 0.45£0.04
PAE 0.26£0.05 0.23+0.03"

DICso value is the concentration of sample required for 50%
inhibition. Each value is expressed as mean+SD (n=3). Sig-
nificantly different from control at “p<0.05.

PAE: Padina arborescens extract.

The treatment goal of diabetic patients is to maintain
near normal levels of glycemic control, both in the fast-
ing and postprandial states. a-Amylase is a key digestive
enzyme responsible for hydrolyzing starch to maltose,
which further breaks down into glucose prior to absorp-
tion in the small intestine (21). Inhibition of a-amylase
could delay carbohydrate digestion and prolong overall
carbohydrate digestion time, causing a reduction in the
rate of glucose absorption and consequently blunting the
postprandial plasma glucose rise (22). On the other hand,
a-glucosidase is a membrane-bound enzyme, located at
the epithelium of the small intestine, which catalyses the
cleavage of glucose from disaccharides and oligosac-
charides (23). Inhibition of a-glucosidase and a-amylase
can significantly decrease the postprandial increase of
blood glucose after a mixed carbohydrate diet and there-
fore be an important strategy in the management of post-
prandial blood glucose level in type 2 diabetic and bor-
derline patients. Thus, effective and nontoxic inhibitors
of a-glucosidase and a-amylase have long been sought.

In this study, we investigated the inhibitory effect of
PAE against a-glucosidase and a-amylase to elucidate
the possible use of PAE as an anti-hyperglycemic agent.
PAE evidenced higher inhibitory activities against both
a-glucosidase and o-amylase than that of the commercial
carbohydrate digestive enzyme inhibitor, acarbose, which
did not exert any cytotoxicity (Fig. 3).

Effect of PAE on blood glucose level in vivo

The effect of PAE on blood glucose level after a meal
was investigated in STZ-induced diabetic and normal
mice. Postprandial blood glucose levels of the PAE ad-
ministered mice were lower than those in mice from the
control group (Fig. 4A). The blood glucose level of the
control group increased up to 465 mg/dL at 60 min after
a meal, and decreased thereafter. However, the increases
in postprandial blood glucose levels were significantly
suppressed (p<0.05) when the mice were fed after the
administration of PAE (377.33, 358.33, and 304.5 mg/dL
at 30, 60, and 120 min, respectively). Consumption of
PAE significantly decreased blood glucose levels more
than acarbose (381.32, 386, and 363.68 mg/dL at 30,
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Fig. 3. Cytotoxic effect of PAE in HUVECs. HUVECs were
treated with various concentrations (0.1, 0.5, 1, and 2 mg/mL)
of PAE for 20 hr, and cell viability was measured via the neu-
tral red assay. Each value is expressed as mean=+SD in tripli-
cate experiments.

120

100

o}
o

Cell viability (%)
B D
o o

N
o

=

550

-e- Control a a
_. 500 - PAE
,75' —— Acarbose
=) L
é 450
) ab
8 400
o
=
(2]
- 350
o
o
o

300
b
250 : : :
0 30 60 120
Time (min)

(B) 250 3

-e— Control
~ 200 | —— PAE a
2 —— Acarbose
=)
E
° 150
[%2]
o
E
5, 100 f
8 b
o 50

Time (min)

Fig. 4. Blood glucose levels after the administration of PAE
in streptozotocin-induced diabetic mice (A) and normal mice
(B). Control (distilled water), PAE (300 mg/kg), and acarbose
(100 mg/kg) were co-administered orally with starch (2 g/kg).
Each value is expressed as mean*SD of seven mice (n=21).
**Values with different alphabets are significantly different at
p<0.05 as analyzed by Duncan's multiple range test. PAE:
Padina arborescens extract

60, and 120 min, respectively). The postprandial blood
glucose level was also significantly decreased when the
normal mice were orally administered starch with PAE
(Fig. 4B). In normal mice, PAE significantly suppressed

Table 2. Area under the curve (AUC) of postprandial glucose
responses in normal and streptozotocin-induced diabetic mice

AUC (mg-hr/dL)

bl
Group Normal mice Diabetic mice
PAE 196.619.9° 699.5+148.1
Acarbose 204.7+33.3° 749.1+32.8
Control 339.4+23.5% 883.51+103.6

YPadina arborescens extract (PAE, 300 mg/kg), acarbose (100
mg/kg), and control (distilled water) were co-administered or-
ally with starch (2 g/kg). Each value is expressed as mean*
SD of 7 mice (n=42). *"Values with different alphabets in a
column are significantly different at p<0.05 as analyzed by
Duncan’s multiple range test.

(p<0.05) the postprandial hyperglycemia caused by starch.
The PAE administration group (699.5 £ 148.1 mg-hr/dL)
had a lower area under the curve (AUC) glucose re-
sponse than the control group (883.5+103.6 mg-hr/dL)
in diabetic mice (Table 2). Controlling not only fasting,
but also postprandial hyperglycemia is important in ach-
ieving tight control of blood glucose levels, which is
the major target of diabetic therapy (24). Furthermore,
postprandial hyperglycemia has been shown to increase
the production of free radicals, which induce vaso-
constriction and stimulate prothrombotic pathways lead-
ing to an increased risk of cardiovascular disease, the
major cause of premature death among type 2 diabetic
patients (25). Thus, we determined the anti-postprandial
hyperglycemic effect of PAE in streptozotocin-induced
diabetic and normal mice after consumption of starch.
The increases in postprandial blood glucose levels were
suppressed significantly in both streptozotocin-induced
diabetic and normal mice when treated with PAE. These
results demonstrate that PAE may delay the absorption
of dietary carbohydrates, resulting in the suppression of
an increase in postprandial blood glucose level. Inoue
et al. (26) reported that the medication, which flattens
peak of postprandial blood glucose, reduces the AUC
of the blood glucose response curve. In this study, PAE
was shown to reduce both the blood glucose level at
the peak time point and the AUC.

Type 2 diabetic patients have both postprandial hyper-
glycemia and atherogenic dyslipidemia. Postprandial hy-
perglycemia is also involved in a variety of metabolic
disorders and other diseases, including virus-based dis-
eases and cancer (27). Although a-glucosidase and a-
amylase inhibitors are common oral hypoglycemic agents,
the chronic use of these agents can lead to gastrointestinal
side effects such as flatulence, vomiting, and diarrhea.
Thus, marine algae are currently recognized as good can-
didate sources for naturally-derived anti-diabetic materials.
Previously, we evaluated the effects of dieckol isolated
from a brown alga, Ecklonia cava, on postprandial hy-
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perglycemia in an in vivo test, and also assessed the
prominent effects of dieckol in both streptozotocin-in-
duced diabetic mice and normal mice (28). Nam et al.
also noted that brown algae extract may have a beneficial
effect on controlling postprandial glucose levels in dia-
betic rats (29). The finding of this study showed that
PAE may prove useful as an effective natural anti-dia-
betic material.

In conclusion, PAE inhibited a-glucosidase and o-
amylase activities followed by a diminished rise in blood
glucose, resulting in a reduction in postprandial hyper-
glycemia. Further, PAE may delay the absorption of diet-
ary carbohydrates in the intestine, resulting in the sup-
pression of increased blood glucose levels after a meal.
Thus, we suggested that PAE can be developed in medic-
inal preparations as a nutraceutical or functional food
for diabetes. Also, further studies are needed to reveal
which types of active constituents have anti-diabetic
effects.
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