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Abstract. Fucoxanthin, a characteristic carotenoid of brown
algae, has been reported to exert an anti-diabetic effect in
an obese murine model. Wakame (Undaria pinnatifida), an
edible seaweed, is rich in fucoxanthin. This study examined
the anti-obesity and anti-diabetic effects of fucoxanthin-rich
wakame lipids (WLs) on high fat (HF) diet-induced obesity
in mice. Mice were fed a high fat control (HF.) or normal
fat control (NF.) diet for 10 weeks. The HF diet-fed group
was administered a HF diet containing WLs for a further
5 weeks. Parameters related to diabetes and obesity conditions
were evaluated and compared. The HF-WL diet, which was
rich in fucoxanthin, significantly suppressed body weight and
white adipose tissue (WAT) weight gain induced by the HF
diet. Dietary administration of the HF diet resulted in hyper-
glycemia, hyperinsulinemia and hyperleptinemia in the mouse
model. These perturbations were completely normalized in
the HF-WL diet-fed group. Increased expression of monocyte
chemoattractant protein-1 (MCP-1) mRNA expression was
observed in HF. mice, but was normalized in the HF-WL
groups. Moreover, the HF-WL diet promoted mRNA expres-
sion of B3-adrenergic receptor (Adrb3) in WAT and glucose
transporter 4 (GLUT4) mRNA in skeletal muscle tissues.
These results suggest that dietary WLs may ameliorate altera-
tions in lipid metabolism and insulin resistance induced by a
HF diet. There is therefore a biochemical and nutritional basis
for the application of fucoxanthin-rich WLs as a functional
food to prevent obesity and diabetes-related disorders.
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Introduction

The modern-day tendency to consume nutritionally rich diets
coupled with irrational dietary habits create physiological
disorders. These lead to the accumulation of visceral fat, and
finally result in obesity and related disorders, such as diabetes
mellitus, hypertension, dyslipidemia and cardiovascular
disease (1,2). Long-term consumption of a high fat (HF) diet
accelerates the development of obesity (3); hence, strategies to
prevent obesity are of great importance. Fucoxanthin is a
characteristic carotenoid of brown algae including edible
species such as Undaria pinnatifida and Hijikia fusiformis.
We recently reported the suppression of the development of
white adipose tissue (WAT) by fucoxanthin in obese/diabetic
KK-A” mice (4,5). Expression of uncoupling protein 1 (UCP1),
which plays an important role in energy expenditure, was
induced by dietary fucoxanthin in WAT but not in brown adipose
tissue; this UCP1 expression was responsible for the anti-
obesity effect of fucoxanthin. Furthermore, dietary fucoxanthin
regulated adipocytokine secretion, thus preventing hyper-
glycemia in a type 2 diabetes KK-A" mouse model (5).

The adipocyte as an endocrine cell has recently been
recognized for its role in the secretion of biologically active
mediators, termed adipokines/chemokines, including leptin,
adiponectin, resistin, tumor necrosis factor-o. (TNF-a) and
monocyte chemoattractant protein-1 (MCP-1) (6-8). Some
adipokines are reported to alter insulin sensitivity and glucose
and lipid metabolism in muscle, liver and adipose tissues. The
participation of macrophages in inflammatory responses by the
release of pro-inflammatory mediators (TNF-a and MCP-1)
under obese conditions has also been reported (6,9).

Skeletal muscle accounts for nearly 40% of body mass, and
its role in the insulin-induced stimulation of glucose uptake
(10,11) is well documented. Glucose transporter 4 (GLUT4)
translocation is linked to reduced glucose utilization in insulin-
resistant muscle, and a significant reduction in GLUT4 protein
and mRNA levels in skeletal muscle has been reported in HF
diet cases (12,13). In addition, transgenic animals with over-
expressed or knocked out GLUT4 have provided significant
insights into the role of GLUT4 in glucose homeostasis (14).
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In the present study, we investigated the effect of wakame
lipids (WLs) containing fucoxanthin on adipose tissue weight,
and the role of fucoxanthin in attenuating hyperglycemia in
mice with diet-induced obesity. Furthermore, the mechanism
of fucoxanthin-modulated insulin resistance in adipose tissue
and skeletal muscle was examined by determining glucose
metabolism-related gene expression.

Materials and methods

Materials. Dried seaweed (Undaria pinnatifida) powder devoid
of carbohydrates and protein as well as medium-chain triacyl-
glycerols (MCTs) and vitamin E were obtained from Riken
Vitamin (Tokyo, Japan). The main fatty acids of MCT were
caprylic acid (C8:0; 61.4%) and capric acid (C10:0; 38.6%).

Fucoxanthin-rich wakame lipid preparation. WLs rich in
fucoxanthin were prepared from dried seaweed powder by
acetone extraction. The composition of the WLs was analyzed
by high performance liquid chromatography (HPLC) as
per previously published methods (15). The extracted WLs
mainly consisted of glycolipids (68%), and had a fucoxanthin
concentration of 10%. Reversed-phase HPLC was carried out
using the Hitachi L-7000 system on a Develosil ODS-UG-5
(250x4.6 mm i.d., 5.0 pm particle size; Nomura Chemical
Co.) fitted with a guard column (10x4.0 mm i.d.) containing
the identical stationary phase. A mixture of methanol and
acetonitrile (70:30, v/v) at a flow rate of 1.0 ml/min was used
as the mobile phase. Fucoxanthin was monitored at 450 nm
using a UV-Vis detector, and fucoxanthin identification was
accomplished by comparison with the standard preparation as
previously described (16).

Dietary studies using model mice. All the animal experiment
protocols had the prior approval of the Ethics Committee
of Hokkaido University for experimental animal care. Male
C57BL/6J mice (8 weeks of age) were purchased from Japan
Crea Co. (Tokyo, Japan). The mice were housed at 23+1°C and
at 50% humidity under a 12/12-h light/dark cycle. Animals were
acclimatized for one week, with ad libitum access to drinking
water and a control (AIN-93G) diet containing normal fat (NF)
levels, consisting of 7% fat (soybean oil), 20% casein, 39.7486%
cornstarch, 10% sucrose, 13.2% dextrinized cornstarch, 5%
cellulose, 3.5% AIN-93G mineral mix, 1% AIN-93G vitamin
mix, 0.3% L-cystine, 0.25% coholine bitartrate and 0.0014%
Tert-butylhydroquinone. Post-acclimatization, the mice were
randomly divided into 5 groups (n=6 each). Four of the groups
were fed a HF diet for 10 weeks. The fifth group was fed a
NF diet, referred to as the negative control (NF.). The HF
diet consisted (w/w) of 30% fat (20.7% lard, 7% soybean oil,
2.2% medium-chain triglyceride, 0.1% vitamin E), 25.8%
casein, 18.1284% cornstarch, 10% sucrose, 6.0202% dextrin-
ized cornstarch, 5% cellulose, 3.5% AIN-93G mineral mix,
1% AIN-93G vitamin mix, 0.3% L-cystine, 0.25% coholine
bitartrate and 0.0014% Tert-butylhydroquinone.

After 10 weeks of being fed the HF or NF diet, the NF,
group continued to receive the NF diet for another 5 weeks.
Of the four HF diet-fed groups, for the next 5 weeks one
received the NF diet (HF-NF.), while the remaining three
groups received a HF diet (HF.), WLs with 1.06% fucoxanthin
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Figure 1. Effect of body weight on C57BL/6J mice fed the experimental diets.
Values are presented as the mean + SE (n=6). "P<0.05 and *‘P<0.01 vs. HF.

(HF-WL1) or WLs with 2.22% fucoxanthin (HF-WL2). The
composition (g/kg diet) of the diets is shown in Table IA.
The fatty acid composition of each diet was analyzed by gas
chromatography, as previously described (4).

At the end of experimental period, the groups were starved
for 12 h before being sacrificed under anesthesia. All organs
including WAT and muscle were rapidly removed, weighed
and stored in RNA later™ Storage Solution (Sigma Chemical
Co., St. Louis, MO, USA). Blood was collected immediately in
heparin-coated capillary tubes (BD Vacutainer® Plus Plastic
Tubes; Nippon Becton Dickison Co., Ltd., Tokyo, Japan) and
stored at -80+1°C until further analysis.

mRNA analysis. Total RNA was extracted from the uterine
WAT using the RNeasy® Lipid Tissue Mini Kit and from
muscle using the RNeasy Fibrou Mini Kit (both from Qiagen,
Tokyo, Japan) according to the manufacturer's protocol.
Then, cDNA was synthesized from total RNA using the
High-Capacity cDNA Archive Kit (Applied Biosystems
Japan Ltd., Tokyo, Japan). Real-time quantitative RT-PCR
analysis was performed with an automated sequence detec-
tion system (ABI PRISM 7500; Applied Biosystems Japan).
PCR cycling conditions were 40 cycles at 95°C for 15 sec and
60°C for 1 min. mRNA expression of TNF-a, MCP-1, liptin,
UCP2, p3-adrenergic receptor (Adrb3), GLUT4 (Slc2a4),
peroxisome proliferator-activated receptor 6 (PPARS), UCP3,
carnitine palmitoyltransferase la (CPTla) and GAPDH was
measured using the Tagman® Gene Expression Assays (Applied
Biosystems Japan). PCR primers (TNF-o, Mm00445641_ml;
MCP-1, Mm99999056_m1; leptin, Mm00434759_m1; UCP2,

MmO00495907_gl;  Adrb3, Mm00442669_ml; GLUT4,
MmO00436615_m1; PPARS, Mm00803186_gl; UCP3,
MmO00494074_m1; CPTla, MmO00550438_ml; GAPDH,

Mm99999915_gl) were purchased from Applied Biosystems
Japan. Each PCR reaction was normalized to GAPDH.

Blood glucose, insulin and leptin concentrations, and lipid
parameters of plasma. Blood glucose levels were determined
using a blood glucose level monitor (Glutest Neo; Sanwa
Kagaku Kenkyusho Co., Ltd., Nagoya, Japan) after 34 days
of administration of the experimental diet. Other parameters
were measured on the final day of the experimental period.
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Table I. Experimental diets.
A, Composition of the experimental diets.
Ingredients® HF. NF. HF-WL1 HF-WL2
HF-NF,
Lard® 207 - 196.4 184.8
Soybean oil¢ 70 70 70 70
Medium-chain triglyceride? 22 - 22 22
Vitamin E¢ 1 - 1 1
Wakame lipids¢ - - 10.6 22.2
Corn starch® 181.284 397.486 181.284 181.284
Casein® 258 200 258 258
Dextrinized cornstarch® 60.202 132 60.202 60.202
Sucrosef 100 100 100 100
AIN-93 mineral mixture® 35 35 35 35
AIN93 vitamin mixture® 10 10 10 10
L-cystine® 3 3 3 3
Choline bitartrate® 2.5 2.5 2.5 2.5
Cellulose® 50 50 50 50
Tert-Butylhydroquinone® 0.014 0.014 0.014 0.014
Total 1000 1000 1000 1000
B, Fatty acid composition of the experimental diets.
Fatty acid (wt %) HF. NF. HF-WLI" HF-WL2!
HF-NF,
8:0 3.7 ND 3.6 3.7
10:0 2.8 ND 2.4 2.6
16:0 20.8 10.9 20.2 20.3
18:0 11.1 3.9 10.9 10.4
18:n-9 33.6 23.0 33.1 324
18:n-7 2.3 2.2 2.2 1.8
18:2n-6 18.3 51.8 18.3 18.5
18:3n-3 1.5 5.7 1.8 2.1

“Measured in g/kg diet. "Showa Chemical Co., Ltd. (Tokyo); ‘Wako Pure Chemical Industries (Osaka); ‘Riken Vitamin Co. (Tokyo); ¢Clea
Japan (Tokyo); 'Kanto Chemical Co., Inc. (Tokyo, Japan); ¢Sigma-Aldrich (St. Louis, MO, USA). "Same as HF. diet with the addition of 1.06%

wakame lipids; 'same as HF. diet with the addition of 2.22% wakame lipids. ND, not detected.

Insulin and leptin levels in the blood plasma were analyzed by
commercial ELISA kits (Mouse Insulin ELISA kit, U-type;
Shibayagi, Gunma, Japan; and Mouse Leptin Assay Kit
(L)-IBL; IBL Co., Ltd., Gunma, Japan). Total cholesterol, HDL
cholesterol, LDL cholesterol, triacylglycerol, phospholipid and
free fatty acid concentrations were determined using respective
test kits at the Hakodate Ishikai Kennsa Center.

Statistical analysis. The means were analyzed by analysis of
variance (ANOVA). In case of significance, mean separation
was accomplished by the unpaired Student's t-test using Excel
Tokei software (Esumi Co., Ltd., Tokyo, Japan).

Results

Changes in body and adipose tissue weight. Changes in the
body weight of the experimental animals over the course of
the study are presented in Fig. 1. In the first 10 weeks, the
body weights of mice in the HF diet groups (HF., HF-NF,
HF-WLI and HF-WL2) were ~5 g higher than those of the
NF. group, indicating the induction of obesity due to a HF
diet. During the additional 5-week period, the HF. group
continued to gain body weight, while weight gain in the WL
diet-fed groups (HF-WLI1 and 2) was significantly suppressed
(P<0.01, P<0.05). The final body weight of the HF-WLI1 group
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Figure 2. Relative adipose tissue weight of C57BL/6J mice. (A) HF, (B) NF,
(C) HF-NF, (D) HF-WLI1 and (E) HF-WL2. Values are presented as the mean

+ SE (n=6). Differences were considered significant at P<0.05.
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Figure 3. (A) Plasma insulin and blood glucose levels in C57BL/6J mice.
(B) Glucose transporter 4 (GLUT4) mRNA expression in the muscle tissue
of C57BL/6J mice. (A) HF., (B) NF, (C) HF-NF., (D) HF-WLI1 and (E)
HF-WL2. Values are presented as the mean + SE (n=6). Differences were
considered significant at P<0.05.

was 35.8+3.1 g, and was at the same level as in the NF. group.
There was no significant difference (P>0.05) in food intake
(g/mouse) among the HF groups (HF., 75.9+4.6; HF-WLI,
72.745.3; HF-WL2, 73.1£13.3) throughout the experimental
period.

WAT weight gain was suppressed in the groups fed a
HF-WL diet. This suppression was dose dependent (Fig. 2).
The WAT weight of the HF-WL2 group was significantly
(P<0.05) lower than that of HF. group. Fatty acid composi-
tion did not differ between the HF-WL1 and HF-WL2 groups
(Table IB).

Plasma parameters. Plasma HDL cholesterol, triacylglycerol,
phospholipid and free fatty acid concentrations did not differ
among the experimental groups (Table II). Total cholesterol
was higher in the HF diet groups (HF ., HF-WL1 and HF-WL2)
(P<0.05) than in the NF diet groups (NF. and HF-NF). On
the other hand, LDL cholesterol levels were decreased in the
HF-WLI and 2 groups compared to the HF. group.

Plasma leptin content was significantly (P<0.05) lower in
HF-WLI and 2 groups compared to the HF. group (Table II).
Plasma insulin and blood glucose levels were higher in the HF .
group than in the NF. group (Fig. 3A). However, the plasma
insulin levels of the HF-WLI1 and 2 groups were the same as
those of the NF groups (NF. and HF-NF.).
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Figure 4. Leptin, tumor necrosis factor-a (TNF-o), monocyte chemoattractant
protein-1 (MCP-1) and (33-adrenergic receptor (Adrb3) mRNA expression in
the WAT of C57BL/6J mice. (A) HF., (B) NF,, (C) HF-NF., (D) HF-WL1
and (E) HF-WL2. Values are presented as the mean + SE (n=6). "P<0.05 and
“P<0.01 vs. HF.

Gene expression related to glucose and lipid metabolism in
white adipose tissue. mRNA expression related to glucose
and lipid homeostasis in WAT was measured by real-time
quantitative RT-PCR (Fig. 4). Leptin mRNA expression
was significantly (P<0.01) suppressed in the HF-WL groups
compared to the HF. group, and was correlated with the
level of plasma leptin (Table II). TNF-oo mRNA levels in
WAT in the NF groups (NF. and HF-NF.) were markedly
decreased, but were lower in the HF-WL groups than in the
HF. group. MCP-1 mRNA expression was improved in the
HF-WL groups compared to the HF group. Adrb 3 mRNA
levels were higher in the HF-WL groups compared to the
HF, group.

Gene expression related to glucose and lipid metabolism in
muscle. GLUT4 mRNA levels in skeletal muscle tissue were
markedly lower in the HF group compared to the NF. group
(Fig. 3B). However, GLUT4 mRNA levels in the HF-WL
groups were restored to levels observed in the NF. group,
despite the intial administration of a HF diet. Other mRNA
expression levels (PPARS UCP2, UCP3, CPTla) related to
fatty acid oxidation in muscle tissue did not change in any of
the groups (data not shown).

Discussion

In this study, wakame lipids were used as a source of fucox-
anthin. Wakame is the most popular edible seaweed in Japan
and Korea, and contains various polysaccalides and proteins.
These water soluble components have immune modulation and
anti-hypertention activity (17), and are used as industrial food
materials. Residue after the extraction of these components
contains abundant WLs, and can thus be used as a resource for
functional food material.

WLs restored blood glucose and insulin levels, and
suppressed MCP-1 mRNA expression in WAT. A high fat diet
induces hyperinsulinemia and hyperglycemia (3). MCP-1 is
released in adipose tissue, induces macrophage accumulation
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Table II. Plasma lipid parameters and leptin levels of C57BL/6J mice fed the experimental diets.

HF, NF. HF-NF, HF-WL1 HF-WL2
Total cholesterol (mg/dl) 168+5° 127+8Y 12340 192+10¢# 18572
HDL cholesterol (mg/dl) 65+2 67+5 613 71+3 66+2
LDL cholesterol (mg/dl) 13+1.8¢ 7+0.4° 7+0.4° 9+0.9+0 7+0.4°
Triacylglycerol (mg/dl) 56+9 84+15 72+13 82+19 62+20
Phospholipid (mg/dl) 278+12 251+£15 239+8 289+6 266+12
FFA (uEq/1) 1424+116 1807+199 1686+187 1599+67 1346+167
Leptin (ng/dl) 13.0+£2.8¢ 7.6+2.42 6.0+0.7° 3.2+2.1° 1.5+1.0°

HDL, high density lipoprotein; LDL, low density lipoprotein; FFA, free fatty acids. Values are presented as the mean +=SE (n=6). Differences

were considered significant at P<0.05.

and stimulates macrophages to produce pro-inflammatory
mediators (11). This suggests that a WL diet improves insulin
resistance, suppressing inflammatory reactions in WAT. Our
previous study revealed that fucoxanthin and fucoxanthinol
(a metabolized component of fucoxanthin) affect peroxisome
proliferator-activated receptor ¥ (PPARYy) and promote gene
expression related to lipid metabolism in adipocytes (4,15).
Hence, it can be presumed that WLs relieve inflammation in
adipose tissue, thus having an anti-diabetic effect.

The administration of a WL diet additionally promoted the
recovery of blood glucose uptake to muscle cells by regulating
GLUT4 mRNA expression. Although the HF-NF. group
recovered from hyperglycemia due to the later administration
of a normal fat diet, GLUT4 mRNA levels did not recover
compared to the WL diet groups. Glucose homeostasis may
therefore not have been normalized in the HF-NF. group.
Some thiazolidinedione family drugs increase GLUT4 mRNA
expression in the muscle tissue of type 2 diabetes mellitus
(18,19), similar to the effect of WLs rich in fucoxanthin.

In a previous study, we demonstrated that fucoxanthin,
the active component in WLs, has an anti-obesity effect (5). The
main mechanism of this effect was shown to be the induction of
UCP1 in WAT by fucoxanthin. In this study, in the HF-WL
diet groups, increases in body and WAT weight were suppressed
compared to the HF. group. Leptin suppresses appetite and
controls body weight (20). However, obese individuals have
leptin resistance due to high leptin levels in the blood. Hence,
plasma leptin levels can be used as an index of body fat
accumulation. Low leptin levels detected in the groups fed a
HF-WL diet indicated the anti-obesity effect of WLs in mice
with HF diet-induced obese conditions.

The fatty acid composition of the HF-WL diet did not differ
from that of the HF. diet. We suggest that fucoxanthin was
responsible for promoting energy expenditure, as evidenced
by lower WAT weights in the HF-WL groups. However,
UCPI protein and mRNA expression were not detected in
WAT in this study (data not shown). Similar observations
were reported in a 3 adrenergic agonist experiment with
C57BL/6J mice (21), and were attributed to the low response
of these mice to UCP1 enhancement stimulation. It is possible
that WLs rich in fucoxanthin promote energy expenditure by
different means.

Recently, to examine the effect of fucoxanthin on WAT, we
analyzed changes in gene expression using DNA microarrays in
a type 2 diabetes model using KK-A” mice (unpublished data).
Adrb3 mRNA expression was increased in the WAT of mice
fed a fucoxanthin diet. Adrb3 is mainly expressed in brown
adipose tissue and WAT, and is considered to be responsible
for lipolysis and thermogenesis (22,23). The degree of obesity
is correlated with the extent of loss of Adrb3 gene expression
in WAT (24). The results of the current study suggest that WLs
may promote sensitivity to sympathetic nerve stimulation and
the up-regulation of fat oxidation in WAT.

The present study demonstrated that dietary WLs rich in
fucoxanthin reduced body fat accumulation in a mouse model
with diet-induced obesity conditions. WLs were additionally
shown to modulate blood glucose and insulin levels, possibly
by suppressing MCP-1 and promoting Adrb3 and GLUT4
expression. These findings indicate the functionality of WLs
as an anti-obesity and anti-diabetic functional food.
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