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Peroxisome proliferator-activated receptors (PPARs) have been considered to be desirable targets for
metabolic syndrome, even though their specific agonists have several side effects including body weight
gain, edema and tissue failure. Previously, we have reported in vitro effects of Sargassum yezoense (SY) and
its ingredients, sargaquinoic acid (SQA) and sargahydroquinoic acid (SHQA), on PPARo/y dual transcrip-

Keywords: tional activation. In this study, we describe in vivo pharmacological property of SY on metabolic disorders.
f)tlz);gsss/um yezoense SY treatment significantly improved glucose and lipid impairment in db/db mice model. More impor-
oy

tantly, there are no significant side effects such as body weight gain and hepatomegaly in SY-treated ani-
mals, indicating little side effects of SY in liver and lipid metabolism. In addition, SY led to a decrease in
the expression of G6Pase for gluconeogenesis in liver responsible for lowering blood glucose level and an
increase in the expression of UCP3 in adipose tissue for the reduction of total and LDL-cholesterol level.
Altogether, our data suggest that SY would be a potential therapeutic agent against type 2 diabetes and

Type 2 diabetes mellitus
Dyslipidemia

related metabolic disorders by ameliorating the glucose and lipid metabolism.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a common metabolic disease
characterized by the resistance of target tissues to insulin stimula-
tion [1]. And it is usually associated with hyperglycemia, dyslipide-
mia, obesity, hypertension, fatty liver, atherosclerosis, certain
cancers and cardiovascular disease [2]. Relieving insulin resistance
has been considered as a current approach to treating T2DM [3].

Thiazolidinediones and fibrate drugs are the most commonly
used medications in the T2DM, hyperlipidemia and insulin resis-
tance. They bind to and activate peroxisome proliferator-activated
receptors (PPARs), which result in upregulation of several genes
involving in glucose and lipid metabolism [4]. The PPARs are mem-
bers of the nuclear hormone receptors superfamily of ligand-acti-
vated transcription factors, and currently appreciated as potential
therapeutic targets for the treatment of diabetes and dyslipidemia.
PPARs consist of three isoforms, PPARa, PPARB/S, and PPARY [5].
PPARY, predominantly expressed in adipose tissues and macro-
phages [6], affects genes involved in lipid synthesis and storage,
and glucose homeostasis. PPARY agonists, such as thiazolidinedi-
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one including rosiglitazone and pioglitazone, control lipid metabo-
lism and insulin sensitivity. However, several concerns such as
body weight gain associated with excess increase of fat mass arise
in T2DM patients [7]. Accumulating evidences indicate that activa-
tion of PPARa predominantly expressed in the liver [8], would
stimulate lipid consumption by enhancing the expression of fatty
acid oxidation genes, resulting in amelioration of hyperlipidemia.
PPARa agonists, such as fenofibrate used for treatment hyperlipid-
emia and reducing cardiovascular disease, have a potent effect to
reduce plasma triglycerides [9]. Because of these distinct metabolic
effects of PPARo and PPARY agonists on insulin sensitivity and lipid
metabolism, new drug development has focused on dual PPARs
which possess PPARY, as well as PPARa activity. It has been pro-
posed that more desirable effects with few side effects (e.g., extra
body weight gain and hepatotoxicity) would be guaranteed by
simultaneous activation of PPARa and PPARy [10-12]. Many
PPARa/y dual agonists have been identified and tested in obese
and insulin-resistant individuals, however, most of them have
shown unexpected side effects such as body weight gain, heart fail-
ure, renal failure, urinary cancer and anemia [13,14]. Therefore
there is in urgent need of the development of novel PPARa/y dual
agonists with little adverse effects.

Marine natural products provide a rich source of chemical
diversity that can be used to design and develop new potentially
useful therapeutic agents [15-17]. Previously, we screened active
marine natural products able to increase PPARa/y transcriptional
activity, then found that Sargassum yezoense (SY) extract and its
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Fig. 1. Antidiabetic activity of the extract of SY in db/db mice. (A) Non-fasting blood glucose changes of rosiglitazone (RG; 4 mg/kg), SY (100 or 200 mg/kg)-administered
obese and diabetic db/db mice (n = 7 for each group) at baseline (week 0) and indicated time points. (B) Fasting blood glucose changes of rosiglitazone (RG; 4 mg/kg), SY (100
or 200 mg/kg)-administered obese and diabetic db/db mice (n = 7 for each group) at week 0 and 8 after treatment. *P < 0.05 vs. control. (C) SY improves glucose tolerance in
db/db mice. Mice were fasted and injected with glucose (2 g/kg). Blood glucose levels were measured from the blood samples that were drawn at baseline (t = 0 min) and
indicated time points (n = 7). The area under the curve (AUC) of the glucose tolerance test was calculated. *P < 0.05 vs. control.

active ingredients, sargaquinoic acid (SQA) and sargahydroquinoic
acid (SHQA) have strong therapeutic potential for metabolic disor-
ders [18]. In current study, we explored the pharmacological prop-
erties of SY on glucose and lipid metabolism in vivo. In obese and
diabetic db/db mice model, SY ameliorated the abnormalities of li-
pid metabolism and insulin resistance without severe side effects
of PPARY agonists such as body weight gain, hepatomegaly, and
hepatotoxicity. Altogether, these data suggest that SY would be po-
tential therapeutic agents for T2DM and lipid dysregulation
through PPARa/y dual activation.

2. Materials and methods
2.1. Preparation of S. yezoense extracts

The S. yezoense (SY; Sargasaceae) were collected from the sea-
shore of Gangwon province, Republic of Korea, and identified via a
voucher specimen deposited at the KIST Gangneung Institute Her-
barium, Gangneung, Korea. The wet SY (1000 g) was homogenized
and crude components were extracted three times with methanol
using ultrasonic apparatus. The filtered supernatant was evaporated
under a vacuum at 40 °C (6.63 g) and stored at —70 °C until use.

2.2. Animal experiments

All experiments were performed according to the procedures
approved by Korea Institute of Science and Technology’s Institu-
tional Animal Care and Use Committee. Seven week-old male
C57BLKS/] lar-Lep®@® mice were purchased from Shizuoka Labora-
tory Animal Center (Japan). The mice were housed under temper-
ature (23+2°C) and humidity (55+5%) condition with a
standard light (12 h light/dark) cycle and fed a regular diet (10%
kcal fat, 38057, Purina Inc.) for 8 weeks. The mice were orally
administered once a day with rosiglitazone (4 mg/kg), or SY
(100 mg/kg or 200 mg/kg) for 8 weeks before gene expression or
blood biomarker analysis. For glucose tolerance tests, same set of
experiments were performed for 8 weeks and fasted overnight be-

fore oral administration of 2 g/kg p-glucose. Glucose was measured
by tail vein bleeds at the indicated intervals using an Accu-Chek
glucometer (Roche, Mannheim, Germany). At the end of the exper-
imental period, liver/body weight and epididymal white tissue/
body weight were measured and blood samples were taken from
abdominal aorta to determine the plasma biomarkers.

2.3. Analysis of plasma biomarkers

After the experiment, the blood was collected in 0.18 M EDTA
containing tubes and centrifuged at 5000 rpm for 5 min at 4 °C.
After centrifugation, plasma was separated for estimation of total
cholesterol, LDL-cholesterol, triglyceride, and free fatty acid. Total
cholesterol levels were measured by enzymatic methods using SIC-
DIA L T-CHO reagents (Eiken Chemical, Tokyo, Japan) and LDL-cho-
lesterol levels were determined by enzymatic methods using L-
Type LDL-C (Wako Pure Chemical, Osaka, Japan) reagents. Triglyc-
eride levels were measured by GPO-HMMPS using SICDIA L TG re-
agent (Eiken Chemical) and free fatty acid were measured by
enzymatic methods using NEFAZYME-S (Eiken Chemical).

2.4. Total RNA isolation and gene expression analysis

The mice were sacrificed after 8 weeks, and tissues (liver and
epididymal white adipose tissue) were collected in liquid nitrogen
and stored at —80 °C until use. Total RNA was isolated from the tis-
sues using the QIAgen RNeasy kit and QIAgen Lipid Tissue kit (Qia-
gen, Valencia, CA), and the integrity of the RNA was checked by the
Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA).
cDNA synthesis was performed with 1 pg of total RNA in 20 pl
using random primers (Invitrogen, Carlsbad, CA) and Superscript
Il reverse transcriptase (Invitrogen, Carlsbad, CA). The primer sets
were the following: C/EBPa, forward 5-AGGTGCTGGAGTTGAC-
CAGT-3' and reverse 5-CAGCCTAGAGATCCAGCGAC-3’; G6Pase,
forward 5'-ATGACTTTGGGATCCAGTCG-3’ and reverse 5'-
TGGAACCAGATGGGAAAGAG-3'; PPARY, forward 5'-CAAGAATAC-
CAAAGTGCGATCAA-3’' and reverse 5'-GAGCTGGGTCTTTTCAGAA
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Fig. 2. The effect of SY on the body weight, liver weight, and food and water intake in db/db mice. (A) Whole body weight changes with drug administration for 8 weeks.
*P < 0.05 vs. control. (B) Body weight gains between 0 and 8 weeks. Each bar represents mean + SD. *P < 0.05 vs. control. (C) The food intake by db/db mice was measured every
day for 8 weeks, and the average food intake of each week is shown graphically. (D) The water intake of db/db mice was measured every day, and the average water intake in
each week is shown graphically. (E) Average liver weights of RG or SY-administered db/db mice. Each bar represents mean + SD. *P < 0.05 vs. control.

TAATAAG-3'; UCP3, forward 5-ACAAAGGATTTGTGCCCTCC-3' and
reverse 5'-CTTGCCTTGTTCAAAACGGA-3'; adiponectin, forward 5'-
AGCCTGGAGAAGCCGCTTAT-3' and reverse 5-TTGCAGTAGAACTT
GCCAGTGC-3’; and glyceraldehydes-3-phosphate dehydrogenase
(GAPDH), forward 5'-TTGTTGCCATCAACGACCCC-3' and reverse
5-GCCGTTGAATTTGCCGTGAG-3'.

Real time quantitative PCR analyses for the above metabolic-re-
lated genes were performed using the 7500 Real-Time PCR System
(Applied Biosystems, Foster City, CA). Reactions were performed in
a 25l volume containing 12.5 pl of 2X SYBR Green reaction
buffer, 1 pl of cDNA (corresponding to 25 ng of reverse transcribed
total RNA) and 5 pmol of each primer. After an initial incubation for
2 min at 50°C, the ¢cDNA was denatured at 95°C for 10 min
followed by 40 cycles of PCR (95 °C, 15 s, 60 °C, 60 s). Data analyses
were performed on 7500 System SDS software version 1.3.1
(Applied Biosystems). All the samples were normalized by the
corresponding expression of GAPDH.

2.5. Statistics

Data are expressed as mean+S.D. Statistical differences
between the mean values in each groups were analyzed by one-

way analysis of variance (ANOVA). P<0.05 was interpreted as
being statistically significant.

3. Results

3.1. SY ameliorates glucose impairment and glucose tolerance in db/db
mice

In our previous study, we have demonstrated a therapeutic po-
tential of SY on metabolic disorders through dual activation of
PPARa/y activity in 3T3-L1 cell systems [18]. To evaluate the ef-
fects of SY in vivo, we first confirmed transcriptional activation of
PPARa/y by SY extract. SY treatment led to an increase in tran-
scriptional activities of PPARo/y in a dose-dependent manner
(Supplementary Fig. 1A and B). Then, we evaluated in vivo thera-
peutic potential of SY on metabolic disorders using an obese and
diabetic db/db mouse model. SY was administered to db/db mice
for 8 weeks and monitored individual plasma glucose levels at
indicated time points. As shown in Fig. 1A and B, SY treatment
led to a significant decrease in non-fasting and fasting blood glu-
cose levels in a dose-dependent manner, which is comparable to
the effect of rosiglitazone. Furthermore, glucose tolerance was sig-
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Fig. 3. SY improves metabolic markers in blood of db/db mice. Blood total cholesterol (A), LDL-Cholesterol (B), triglyceride (C), and free fatty acids (D) levels were measured as
described in Section 2. Each bar represents means + SD. *P < 0.05 vs. control.
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Fig. 4. SY improves metabolic markers in liver and white adipose tissue (WAT) of db/db mice. Relative gene expression of Glucose-6-phosphatase (G6Pase) (A) from the liver
of indicated drug-treated obese db/db mice (n = 7) were determined by using q-PCR. Data represent means + SD. *P < 0.05 vs. control. C/EBPa (B) and PPARY (C), adiponectin
(D) and UCP3 (E) from the WAT were determined by using q-PCR. Data represent means * SD. *P < 0.05 vs. control.

nificantly improved by SY treatment, which is accompanied with strongly indicate that SY ameliorates glucose impairment and glu-
AUC of the oral glucose tolerance test (Fig. 1C). These results cose tolerance in db/db mice.
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3.2. SY treatment does not affect body weight and liver size in db/db
mice

Next, we analyzed the effect of SY on body weight gain, liver
weight gain, and water and food intake. Rosiglitazone, a PPARYy
agonist, yielded significant body weight gain, but SY treatment
did not allow to significant body weight gain (Fig. 2A and B) and
food intake (Fig. 2C). And water intake was reduced in SY- and ros-
iglitazone-treated groups in a dose-dependent manner (Fig. 2D),
which is accompanied with glucose lowering effects (Fig. 1A and
B). In addition, unlike rosiglitazone, we could not observe a signif-
icant increase in liver weight in SY-treated groups (Fig. 2E). Alto-
gether, these results strongly suggest that SY would efficiently
improve glucose impairment without side effects such as a signif-
icant body weight gain and hepatomegaly.

3.3. SY improves plasma lipid profiles in db/db mice

We next examined whether SY is capable of improving lipid
abnormalities. Rosiglitazone treatment led to a significant increase
in total plasma cholesterol and LDL-cholesterol levels in db/db
mice, but SY treatment did not affect total plasma cholesterol
and LDL-cholesterol levels (Fig. 3A and B). Furthermore, plasma
levels of triglycerides and free fatty acids were significantly de-
creased in SY-treated mice, which are comparable to the result of
rosiglitazone (Fig. 3C and D). These results indicate that SY im-
proves lipid abnormalities, leading to prevention of hypertriglycer-
idemia and hypercholesterolemia.

3.4. SY modulates the levels of gene expression for glucose and lipid
metabolism in db/db mice

Because hepatic gluconeogenesis gene expression in diabetic
animals is markedly increased and contributes to hyperglycemia,
we observed glucose-6-phosphatase (G6Pase) expression, one of
key enzyme for gluconeogenesis, in liver of db/db mice. G6Pase
expression was significantly reduced in SY-treated mice (Fig. 4A),
supporting anti-diabetic effects of SY. We next analyzed the effect
of SY on adipogenic transcription factors and marker gene expres-
sion in adipose tissue. After 8 week treatment of db/db mice with
SY, we analyzed the mRNA levels of C/EBPa, PPARY and adiponec-
tin using quantitative real time PCR in white adipose tissue (WAT).
Treatment of SY led to increases in mRNA levels of C/EBPa, PPARY
and adiponectin (Fig. 4B-D). In addition, we analyzed the expres-
sion levels of UCP3 in WAT, because UCP3 expression is directly
up-regulated by PPARY agonists [19,20]. PPARy expression was
dramatically increased in SY-treated white adipose tissues
(Fig. 4C). In parallel, this induction of PPARy was accompanied by
UCP3 expression in white adipose tissues (Fig. 4E), which might
be related to the increased rate of lipid metabolism.

4. Discussion

We demonstrate here the anti-diabetic and hypolipidemic
potentials of SY in db/db mice, which are evidenced by the observa-
tions that SY ameliorates glucose impairment and lipid abnormal-
ities in db/db mice through dual activation of PPARa/Y
transcriptional activities. In addition, unlike other PPARY agonists,
SY seems to exhibit favorable effects on hyperlipidemia, without
severe side effects of weight gain and hepatomegaly.

Many anti-hypoglycemic agents are currently available for the
treatment of T2DM patients: insulin secretagogues (sulfonylureas
and meglitinides), metformin, thiazolidinediones (rosiglitazone
and pioglitazone), o-glucosidase inhibitors, and incretin-based
therapies (exenatide and sitagliptin). The anti-diabetic effects of

insulin secretagogues and incretin-based therapies are basically
depending on insulin action. However, metformin and thiazolidin-
ediones, which are classified into insulin sensitizers, decrease he-
patic glucose production and reduce insulin resistance without
changing insulin secretion from pancreas. AMPK activation is asso-
ciated with pharmacological actions of metformin [21], and tran-
scriptional activation of PPARs is involved in pharmacological
effects of thiazolidinediones [22,23]. Therefore, insulin sensitizers
are considered to be more suitable agents for the treatment of
T2DM patients with insulin resistance. However, clinical use of
thiazolidinediones, especially rosiglitazone, is currently challenged
by their severe side effects including hepatotoxicity, weight gain,
dyslipidemia, and possible worsening of cardiovascular risk
[24,25]. So there are enormous efforts to discover novel insulin
sensitizers with less toxicity. In this study, we describe that the ex-
tract of SY has anti-diabetic and hypolipidemic effects via dual ago-
nistic action on PPARa/7y, which is evidenced by in vitro and in vivo
experiments. In addition, SQA and SHQA were identified as active
ingredients of SY for its anti-diabetic and hypolipidemic effects,
previously [18].

Several reports demonstrate that rosiglitazone is associated
with an increased risk of heart attacks, which potentially limit its
popularity and further clinical use, despite of its high potency to
improve glucose metabolism [24]. However, pioglitazone, another
thiazolidinedione PPARYy agonist, is less related with this cardio-
vascular risk [26], implying that PPARY activity itself might not en-
tirely associate with this cardiovascular risk, and their chemical
structure might be more critical for the risks. So it might be still
attractive to develop novel structurally unrelated PPAR agonists
with thiazolidinediones, especially rosiglitazone. In this point of
view, it is noteworthy that SQA and SHQA which are derived from
SY are novel PPARo/y dual agonists and their chemical structures
are unique and quite different from thiazolidinediones [18].

In summary, we here demonstrate that SY has beneficial effects
on glucose and lipid metabolism to improve metabolic disorders by
activating both PPARa and PPARY without severe adverse effects,
including body weight gain and hepatomegaly, which have been
observed in previously identified PPAR agonists. All these effects
of SY may be driven mainly by its active ingredients SQA and
SHQA. Thus, our findings strongly suggest that SY, SQA and SHQA
would be further developed as anti-metabolic agent to improve
glucose and lipid abnormalities, insulin resistance and obesity,
and SQA and SHQA would be a potential lead compound against
insulin resistance and dyslipidemia.
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