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Abstract  Ecklonia cava, a brown alga native to the seas of Korea and Japan, contains biologically active 
polyphenols. Seapolynol (SN) is a polyphenol mixture derived from Ecklonia cava, and dieckol (DK) is a major 
compound of SN. Both Ecklonia cava-derived polyphenols exert an anti-diabetic effect in C57BL/KsJ-db/db mice. 
SN and DK supplementation significantly reduced bodyweight, water intake, fasting blood glucose, and plasma 
insulin levels compared with db/db mice. In addition, C-peptide, a biomarker of insulin secretion, was significantly 
decreased by SN and DK treatment, whereas plasma adiponectin levels, which are associated with insulin sensitivity, 
was increased by two-fold compared with the db/db group. Regarding plasma lipid profiles, triacylglycerol, total 
cholesterol, and low-density lipoprotein (LDL) cholesterol, were effectively reduced in the SN- and DK-treated 
groups. Moreover, the administration of SN and DK activated the insulin signaling pathway, as indicated by the 
levels of receptor substrate-1 (IRS-1), phosphoinositide 3-kinase (PI3K), serine-threonine specific protein kinase 
(Akt), and glucose transporter type 4 (GLUT4) in diabetic mice. This result showed that SN and DK regulate blood 
glucose levels by improving insulin sensitivity in the diabetic condition. Our data suggest that SN and DK may be 
anti-diabetic agents. 
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1. Introduction 
Ecklonia cava is a brown alga native to the southern 

coasts of Korea and Japan. It contains an abundance of 
polyphenolic compounds, particularly phlorotannins, 
which have pharmaceutical potential [1,2]. The 
phlorotannins include compounds such as phloroglucinol, 
eckol, bieckol, fucodiphloroethol G, and dieckol. 
Seapolynol (SN) is a polyphenol extract derived from 
Ecklonia cava and dieckol (DK) is a major compound of 
SN. They have been known to exert various biological 
effects including anti-inflammatory and anti-oxidant 
effects [3,4]. A previous study demonstrated that the 
dieckol-rich extract of Ecklonia cava has an anti-diabetic 
effect against type 2 diabetes by improving glucose/lipid 
metabolism and the activity of antioxidant enzymes [5]. 
However, the mechanism of action underlying the anti-
diabetic effect of the major Ecklonia cava-derived 
compound has yet to be investigated. 

Diabetes mellitus is one of the most common and 
serious metabolic diseases worldwide. Type 1 diabetes 
mellitus (insulin-dependent diabetes mellitus, IDDM) and 

type 2 diabetes mellitus (non-insulin-dependent diabetes 
mellitus, NIDDM) are the two main forms of diabetes. Of 
these, NIDDM accounts for >90% of diabetes cases [6]. 
NIDDM is caused by obesity, genetic problems, and poor 
lifestyle habits such as a lack of exercise [7,8,9]. It is 
characterized by hyperglycemia and insulin resistance, 
caused by abnormal glucose uptake into cells. The 
development of NIDDM or chronic diabetes caused by 
hyperglycemia and insulin resistance can lead to diabetic 
complications including several vascular diseases, such as 
atherosclerosis, nephropathy, neuropathy, and peripheral 
artery disease [10]. Therefore, controlling hyperglycemia 
and insulin resistance could prevent or reduce diabetic 
complications and improve the quality of life of diabetic 
patients. 

The objective of this study is to examine the effects of 
SN and its major compound, DK on diabetes and insulin 
sensitivity using a diabetic mice model and to determine 
the underlying mechanism of these effects. The current 
study showed the anti-diabetic effects of SN and its major 
compound DK in db/db mice by focusing on insulin-
related blood glucose levels and the insulin signaling 
pathway. 
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2. Materials and Methods 

2.1. Materials 
Seapolynol and dieckol were obtained from Botamedi, 

Inc. (Jeju, South Korea). Antibodies against Akt, p-Akt, 
PI3K, and p-PI3K (p85α) were purchased from Cell 
Signaling Technology (Danvers, MA, USA). Antibodies 
against IRS-1, p-IRS-1, GLUT4, and β-actin were 
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, 
CA, USA). Dextrose anhydrate was obtained from 
JUNSEI (Chuo, Japan). Phosphate-buffered saline was 
purchased from iNtRON Biotechnology (Gyeonggi, 
Korea). Phosphatase inhibitor cocktails I and II and all 
other chemicals and reagents were purchased from Sigma 
(St. Louis, MO, USA). 

2.2. Animal Care and Experimental Protocol 
Male C57BL/KsJ-db/db mice were purchased from 

Joong-Ang Experimental Animal Co. (Seoul, Korea) and 
were housed at 21 ± 2.0°C with 50 ± 5% relative humidity 
under 12-h light/dark cycles. All mice were fed a 
commercial chow diet and tap water ad libitum for 1 week 
prior to being divided into the following experimental 
groups (n = 8/group): db/db, Rosi (rosiglitazone), SN 
(SNLD, low dose administration of SN, 60 mg/kg 
BW/day and SNHD, high dose administration of SN, 150 
mg/kg BW/day) and DK (DKLD, low dose administration 
of DK, 30 mg/kg BW/day and DKHD, high dose 
administration of DK, 120 mg/kg BW/day). The normal 
diet was a purified form of Purina Laboratory Rodent Diet 
38057 (Dyets Inc., Bethlehem, PA, USA). At the end of 
the experimental period (6 weeks), the animals were 
anesthetized using ethyl ether following a 12-h fast. To 
analyze plasma lipid levels, blood was drawn into EDTA-
coated tubes via cardiac puncture. The plassma was 
obtained by centrifuging the blood sample at 2000 g for 
15 min at 20°C. The epididymis was removed, rinsed with 
PBS, and weighed. The plasma and visceral fat pad 
samples were collected and stored at −80°C until analysis. 
All experimental mice were housed in a specific pathogen-
free facility at the Korean Food Research Institute, 
Seongnam, Korea. The project was approved by the 

Institutional Animal Care and Use Committee of CHA 
University (IACUC140054). 

2.3. Biochemical Analysis and Hepatic Lipid 
Isolation 

The plasma concentrations of total cholesterol, high-
density lipoprotein (HDL) cholesterol, and triglycerides 
were determined enzymatically using commercial kits 
(Asan Pharmaceutical, Gyeonggi, Korea). Fasting blood 
glucose concentrations were determined from the tail vein 
using a glucometer (Abbott Laboratories, MA, USA) 
every week after a 12-h fast. The levels of plasma insulin, 
adiponectin, and C-peptide were also measured using 
commercially available kits (Shibayagi Inc., Japan). The 
hepatic lipids were isolated using the method described by 
Folch et al. [11] with some modifications. 

2.4. Western Blotting 
Differentiated or undifferentiated cells were harvested 

in lysis buffer containing protease inhibitors and 
phosphatase inhibitor cocktails I and II. Protein extracts 
(30 or 50 μg) were separated using SDS-PAGE and 
transferred to PVDF (polyvinylidene fluoride) membranes. 
The membranes were blocked using 5% non-fat dried milk 
and immunoblotted with specific primary antibodies 
overnight. The respective horseradish peroxidase-
conjugated secondary antibodies (1:1000) were applied for 
1 h, and the bands were visualized using enhanced 
chemiluminescence and LAS imaging software (Fuji, New 
York, NY, USA). 

2.5. Statistical Analysis 
All data are expressed as the means ± standard error of 

the mean. SAS 9.0 software was used for statistical 
analysis. One-way analysis of variance was used for 
comparisons among groups. Significant differences 
between the means were assessed using Duncan’s test, and 
P values < 0.05 were considered to be statistically 
significant. 

3. Results and Discussion 

Table 1. Bodyweight, food intake, water intake, bodyweight gain, and food efficiency ratio in db/db mice 
Groups 

Variables 
db/db db/db     

 Rosi SNLD SNHD DKLD DKHD 
Initial body weight (g) 38.13±2.34 38.25±2.15 39.66±1.51 38.79±2.91 38.23±3.38 38.59±2.35 
Final body weigh (g) 55.38±2.1b 58.2±2.41a 54.04±1.99b 49.06±3.91c 51.8±2.64b 51.8±3.4b 
Food intake (g/day) 7.35±0.61 6.78±0.63 7.04±0.66 7.78±0.37 7.4±0.38 7.4±0.63 

Water intake (mL/day) 4.64±0.38a 1.5±0.24c 3.58±0.36b 3.7±0.37b 4.3±0.53a 3.71±0.48b 
Body weight gain (g/week) 3.45±0.39b 3.99±0.29a 2.88±0.24c 2.18±0.55d 2.39±0.64c 2.63±0.69c 

Food efficiency ratio 0.046±0.002b 0.055±0.002a 0.04±0.002c 0.027±0.009d 0.025±0.01d 0.031±0.002d 

3.1. Food and Water Intake and Body Weight 
The initial bodyweight, food intake, and bodyweight 

gain of the Rosi, SN and DK groups were not significantly 
different from those of the db/db control group (Table 1). 
However, the final body weights among the groups were 
different. Rosiglitazone, a negative control, slightly 
increased the final bodyweight (58.71±1.71) compared 
with the db/db control group. Conversely, SNHD 
(49.24±3.52) and DKHD (50.32±1.71) treatments 

significantly decreased the final bodyweight compared 
with the db/db control group (55.38±1.82). Water intake 
was significantly decreased in the Rosi, SNHD, and 
DKHD groups compared with the db/db control group. In 
addition, the food efficiency ratio (FER, total weight 
gain/total food intake) was significantly decreased in the 
SN and DK groups supplementation; SNHD reduced the 
FER by 49%, whereas DKLD and DKHD decreased the 
FER by 54% and 67%, respectively (Table 1). The 
decrease in water intake in the Rosi and SN/DK groups 
was also observed in Lee’s study [5]. However, the 
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SN/DK-mediated decrease in the final body weight in 
db/db mice was shown to be different from that of the 
study performed by Lee et al, which did not show a 
significant difference with the supplementation of the 
dieckol-rich extract of Ecklonia cava. 

3.2. Blood Glucose Levels 
SNLD (14.9 mmol/L), SNHD (13.9 mmol/L), and 

DKHD (14 mmol/L) treatments significantly reduced 
fasting blood glucose levels compared with the db/db 
control group (20.3 mmol/L) after 6 weeks (Figure 1a). In 
particular, the Rosi (4.96 mmol/L) group had much lower 
fasting blood glucose level than the control group (Figure 
1a). This result was supported by the difference in the 
variation of the fasting glucose levels, which represented 
the difference between the fasting blood glucose levels of 
the 5-week-old mice before treatment and the 11-week-old 
mice after treatment (Figure 1b). We also observed that 
SN and DK significantly suppressed the blood glucose 
levels in the oral glucose and maltose tolerance tests. 

3.3. Plasma Insulin, C-peptide, and 
Adiponectin Levels and HOMA-IR 

In addition, we measured plasma insulin (Figure 1c) 
and C-peptide levels (Figure 1d). Rosi markedly reduced 
plasma insulin levels compared with the db/db control 

group. SN and DK treatments induced a dose-dependent 
reduction of plasma insulin levels (Figure 1c). High-doses 
of SN and DK decreased plasma insulin levels by 
approximately 28% compared with the db/db control 
group. Similarly, SN and DK treatments reduced plasma 
C-peptide levels in a dose-dependent manner (Figure 1d). 
SNHD and DKHD treatments lowered plasma C-peptide 
levels by 44% compared with the control group. This 
result indicates that SN and DK reduced insulin secretion, 
thus responding to plasma glucose levels.  

On the other hand, plasma adiponectin levels were 
significantly increased by SN and DK in a dose-dependent 
manner (Figure 1e). In particular, SNHD and DKHD 
treatments increased plasma adiponectin levels by more 
than two-fold compared with the diabetic mice group, 
showing a higher level than the Rosi group (Figure 1e) 
The HOMA-IR, which refers to insulin resistance, was 
significantly decreased in the SN and DK groups, an effect 
that was dose dependent. These results indicate that SN 
and DK control increases in the plasma glucose levels by 
regulating insulin sensitivity. C-peptide is a indicator of 
insulin secretion and its half-life is known to be longer 
than that of plasma insulin [12]. Therefore, C-peptide 
levels provide more specific and accurate data regarding 
insulin secreted in mouse blood. The SN/DK-mediated 
reduction in the levels of C-peptide was correlated with 
the decrease in plasma insulin levels (Figure 1c).  

 

Figure 1. Effects of SN and DK on fasting glucoselevels, variations in fasting glucose levels, plasma insulin levels, C-peptide levels, adiponectin levels, 
and the HOMA-IR index in db/db mice 

Serum fasting glucose levels were measured after 6 weeks of treatment (A). The variations in fasting glucose levels were calculated by subtracting the 
blood glucose levels of non-treated mice from those of the 6-week treatment mice (B). Plasma insulin (C), C-peptide (D), and adiponectin levels (E) 
were measured at the end of the 6-week treatment. The HOMA-IR index (F) was calculated as follows: 
fasting glucose (mmol/L) ×fasting insulin (IU/mL) / 22.5 
Data are presented as the means ± SEM from three replicates. Means not designated by a common superscript are significantly different (p< 0.05). 
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Adiponectin is a 30-kDa collagen-like plasma protein 
that functions as an insulin-sensitizer in adipose tissue 
[13]. The SN/DK-induced increase in adiponectin agreed 
with the decrease in fasting glucose and insulin levels, 
suggesting that SN/DK improves insulin sensitivity in the 
diabetic condition. This beneficial effect of SN/DK on the 
adiponectin level was supported by the decrease in the 
HOMA-IR level. Therefore, our data indicate that SN/DK 
improves insulin sensitivity to regulate plasma glucose 
levels. 

3.4. Plasma and Hepatic Lipid Profiles 

The effects of SN and DK on plasma lipid profiles were 
determined by measuring triacylglycerol, total cholesterol, 
HDL-cholesterol, and LDL-cholesterol levels. The levels 
of plasma triacylglycerol were significantly decreased in 
the Rosi, SNHD, and DKHD treatment groups compared 
with the diabetic control group (Table 2). In addition, the 
Rosi, SN, and DK treatments lowered the total and LDL 
cholesterol levels significantly compared with the db/db 
control group. SN/DK-induced decrease in the triglyceride 
and total cholesterol levels was also observed in liver. 
However, the level of HDL cholesterol was shown to be 
slightly increased in the groups treated with high-doses of 
SN and DK (Table 2). These results were also observed in 
Lee’s study, which used a dieckol-rich extract [5].  

Table 2. Plasma and hepatic lipid profiles 
Groups 

Variables 
db/db db/db     

 Rosi SNLD SNHD DKLD DKHD 
Plasma (mmol/l)       
Triacylglycerol 2.58±0.56a 1.45±0.15b 2.01±0.29a 1.33±0.42b 1.7±0.44a 1.44±0.41b 

Total cholesterol 7.12±0.68a 3.34±0.32d 5.46±0.51b 4.38±0.49d 5.25±0.58c 4.2±0.47d 
HDL cholesterol 1.04±0.15a 1.59±0.37a 1.22±0.25a 1.71±0.22b 1.37±0.31a 1.68±0.35b 
LDL cholesterol 5.56±0.88a 1.46±0.08d 3.84±0.39b 2.4±0.19d 3.54±0.8c 2.23±0.04d 
Liver (mmol/g)       
Triacylglycerol 3.58±0.35a 1.9±0.26c 2.85±0.32a 2.08±0.37c 2.65±0.28b 1.83±0.35c 

Total cholesterol 4.25±0.21a 3.38±0.18b 3.89±0.27a 2.84±0.35c 3.72±0.25a 3.11±0.3b 
In many studies, body weight and lipid parameters such 

as, total cholesterol, LDL cholesterol, and triacylglycerol 
was shown to be increased in diabetes [14]. In particular, 
Rosiglitazone, an effective agent for the treatment of 
hyperglycemia [15], has included lipid accumulation and 
body weight gain as a side effect [16]. Thus, SN/DK, 
which have shown desirable effects on the lipid profile 
and body weight gain in diabetic condition, have been 
considered to have a potential as desirable anti-diabetic 
agents. 

3.5. Effects of SN and DK on Insulin 
Signaling Pathways 

We examined the effects of SN and DK on the 
expression of various factors related to insulin signaling in 
the epididymal fat of db/db mice. Treatment with Rosi, 
SN, and DK induced the activation of insulin signaling 
pathways by increasing the phosphorylation of IRS-1, 

PI3-kinase, and Akt. The SN/DK-induced activation of 
insulin signaling was clearly observed in the high-dose 
groups (Figure 2a and b). In addition, GLUT4, a 
transporter of glucose, was upregulated in the SN/DK and 
Rosi groups, suggesting that SN/DK control plasma 
glucose levels by regulating the expression of GLUT4. 
The correlation of IRS-1/PI3K/Akt signaling cascades and 
glucose uptake mechanisms is well known [17,18].  

The insulin-stimulated phosphorylation of IRS-1 leads 
to the gradual activation of PI3-kinase and Akt, followed 
by a signaling cascade that results in glucose uptake, fatty 
acid synthesis, and glycogen synthesis [7,19]. Therefore, 
the administration of SN and DK was shown to stimulate 
glucose uptake via GLUT4, and the upregulation of 
GLUT4 was shown to be due to the activation of the 
insulin signaling pathway by SN/DK. This suggests that 
SN and DK reduced blood glucose levels by regulating 
insulin signaling pathways in db/db mice. 

 

Figure 2. SN regulates the IRS signaling pathways and GLUT4 in db/db mice 

Proteins were collected from the epididymal fat of db/db mice after 6 weeks of treatment. SN (A) and DK (B) increased the phosphorylation of IRS-1 
(p-IRS-1), p-PI3K, and p-Akt as well as GLUT4 expression. Protein levels were measured by Western blotting. All data are representative of three 
replicates. Means not designated by a common superscript are significantly different (p< 0.05). 
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4. Conclusion 
In conclusion, SN and DK control blood glucose and 

lipid levels by improving insulin sensitivity in db/db mice. 
The SN/DK-mediated increase in insulin sensitivity was 
considered to be due to the activation of IRS-1/PI3K/Akt 
signaling. Thus, SN and DK may be useful in the 
prevention of diabetic complications as therapeutic agents 
for type 2 diabetes mellitus. 
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