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Abstract 

Low molecular weight fucoidan (LMWF) is widely used to treat metabolic disorders, but 

its physiologic effects have not been well determined. In the present study, we investigated 

the metabolic effects of LMWF in db/db mice and the underlying molecular mechanisms 

involved in endoplasmic reticulum (ER) stress-responsive L6 myotubes. The effect of 

LMWF-mediated AMP-activated protein kinase (AMPK) activation on insulin resistance via 

regulation of the ER stress-dependent pathway was examined in vitro and in vivo. In db/db 

mice, LMWF markedly reduced serum glucose, triglyceride, cholesterol, and LDL levels, 

and gradually reduced body weights by reducing lipid parameters. Furthermore, it effectively 

ameliorated glucose homeostasis by elevating glucose tolerance. In addition, the 

phosphorylation level of AMPK and Akt were markedly reduced by ER stressor, and 

subsequently, glucose uptake and fatty acid oxidation were also reduced. However, these 

adverse effects of ER stress were significantly ameliorated by LMWF. Finally, in L6 

myotubes, LMWF markedly reduced the ER stress-induced upregulation of mammalian 

target of rapamycin (mTOR)-p70S61 kinase (S6K) network and subsequently improved the 

action of insulin via AMPK stimulation. Our findings suggest that AMPK activation by 

LMWF could prevent metabolic diseases by controlling the ER stress-dependent pathway 

and that this beneficial effect of LMWF provides a potential therapeutic strategy for 

ameliorating ER stress-mediated metabolic dysfunctions. 
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INTRODUCTION 

Fucoidan is a sulfated polysaccharide derived from marine brown algae Undaria 

pinnatifida (Berteau and Mulloy, 2003), and has been demonstrated to regulate glucose 

homeostasis and hepatic fibrosis in rodent models (Kim et al., 2012; Hayashi et al., 2008). 

Moreover, recent studies have shown that low molecular weight fucoidan (LMWF) reduces 

lipid accumulation by retarding the adipogenesis in 3T3-L1 cells (Park et al., 2011). However, 

although fucoidan is known to regulate many physiological functions (Cumashi et al., 2007), 

and its effects on insulin resistance and type 2 diabetes are not well understood. 

Endoplasmic reticulum (ER) stress has been shown to contribute to obesity, insulin 

resistance, and type 2 diabetes (Ozcan et al., 2004). Furthermore, studies conducted in the 

past decade have demonstrated that genetic and dietary obesity are associated with ER stress 

(Ozcan et al., 2004; Wellen and Hotamisligil, 2005) occurring secondary to increased mTOR 

activity and increased protein synthesis (Ozcan et al., 2008). The conserved serine/threonine 

kinase mTOR (mammalian target of rapamycin) integrates inputs from several upstream 

pathways, including nutritional stimuli, and cellular growth machinery (Kapahi et al., 2010). 

In a previous report issued by our group, it was shown ER stress-mediated mTOR activation 

is associated with reduced insulin signaling in muscle cells (Hwang et al., 2012), and a direct 

link between mTOR/S6K activation and repressed insulin action was suggested to be caused 
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by the reversal of this effect by rapamycin (a mTOR inhibitor) in L6 myotubes (Hwang et al., 

2012). These observations demonstrate ER stress plays a significant role in the mTOR/S6K-

mediated negative-feedback inhibition of insulin activity. 

AMP-activated protein kinase (AMPK) is a phylogenetically conserved intracellular 

energy sensor that has been implicated in the regulation of food intake, body weight, glucose 

uptake, and lipid metabolism (Carling, 2004; Hardie et al., 2003). AMPK phosphorylates its 

downstream substrates and thus reduces ATP-consuming anabolic pathways, such as, those 

responsible for the syntheses of fatty acids, cholesterol, and triacylglycerols, and increases 

ATP-generating catabolic pathways, such as, fatty acid oxidation and lipolysis (Iglesias et al., 

2004; Hardie et al., 2003). Recent reports have suggested that AMPK activation accounts for 

at least some of the beneficial effects of exercise, such as, increased fatty acid oxidation and 

glucose uptake (Aschenbach et al., 2004; Merrill et al., 1997; Mu et al., 2001). Furthermore, 

it has been demonstrated that the activation of AMPK suppresses oxidized LDL-induced ER 

stress by inhibiting NAD(P)H oxidase-derived ROS production and SERCA oxidation (Dong 

et al., 2010). Based on these findings, we considered the possibility of a link between the 

mTOR pathway and ER stress in the contexts of insulin signaling and AMPK activity. 

In this study, we examined LMWF to search for a natural AMPK activator and found 

that LMWF activated AMPK. When the antidiabetes effects of LMWF were explored in 

obese diabetic mice (db/db mice), LMWF ameliorated hyperlipidemia and insulin resistance 
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in vivo. Strikingly, LMWF reduced endoplasmic reticulum (ER) stress in the muscle tissue of 

db/db mice as well as in tunicamycin-incubated L6 myotubes and improved insulin signaling. 

Base on these results, it appears that LMWF activates AMPK, and alleviates ER stress, 

making it a potentially new treatment for metabolic dysfunctions. 

 

MATERIALS AND METHODS 

Materials  

Tunicamycin (Hwang et al., 2012), 2-deoxy-glucose, compound C (Zhou et al., 2001), 

wortmannin, and rapamycin (Hwang et al., 2012) were purchased from Calbiochem 

(Darmstadt, Germany). Metformin (Bailey and Turner, 1996), insulin, BSA, and chemicals 

were purchased from Sigma (St. Louis, MO, USA). All other materials were purchased from 

the companies indicated. 

Polysaccharides  

LMWF was donated by Bion Co. Ltd (Daegu, Korea) and was obtained by the acid 

hydrolysis of high molecular weight fucoidan (HMWF) extracts from brown seaweed, 

Undaria pinnatifida, as previously described (Park et al., 2010). 

Animal experimental procedures  

Male C57BL/KsJ-Leprdb/Leprdb (db/db) mice and lean C57BL/6Jms (WT or Lean) mice 

purchased from Jackson Laboratories were housed in a temperature-controlled room (22 ± 2 
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oC) under a 12 h light/dark cycle. From 8 weeks of age, two different dosages of LMWF (250 

or 500 mg/kg) were orally administered daily for 6 weeks to db/db mice. After treatment with 

LMWF, changes in body weight, food intake, epididymal fat weight, blood glucose levels, 

serum leptin and adiponectin contents, fat adiponectin contents, serum HDL, LDL, 

triglyceride and total cholesterol levels were measured in blood samples or tissues as 

appropriate. All animal studies and the study protocol were approved by the Institutional 

Animal Use and Care Committee (IAUCC) of Yeungnam University. 

Metabolic parameters  

Plasma glucose was measured using a glucometer (Roche Diagnostics, Mannheim, 

Germany) in blood collected from a tail vein, as previously described (Um et al., 2004). For 

glucose tolerance testing, a single dose of 2.5 μg/kg glucose was injected intraperitoneally 

after a 14 h fast. Blood glucose was measured at the indicated times. All blood samples were 

collected from mice fasted for 12 h and plasma samples were immediately prepared. 

Triglycerides, total cholesterol, LDL, and HDL levels were measured using an automated 

blood analyzer (AU400, Olympus, Japan), and adiponectin and leptin levels were detected 

using a commercially available ELISA kit (Otsuka Pharm., Japan) or a radioimmunoassay kit 

(Linco Research, USA), respectively, as described previously (Fujita et al., 2005; Sahai et al., 

2004). 

Histological analysis 
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Histological analysis was performed as described previously (Hong et al., 2004; Villena 

et al., 2004). Briefly, 6 weeks after administering LMWF (250, 500 mg/kg) and/or metformin 

(the positive control; 250 mg/kg), mice were sacrificed. Liver tissues were collected by 

perfusion, fixed in 4% paraformaldehyde, and embedded in paraffin. Sectioned at 4 μm, and 

stained with Oil-red O. Cell size was measured following DakoCytomation (Dako co, CA, 

USA), according to the manufacturer’s instructions. 

Cell culture  

L6 cells (American Type Culture Collection, Manassas, VA, U.S.A.) were maintained in 

α-MEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v/v) FBS (fetal bovine 

serum), 100 units/ml of penicillin, and 100 μg/ml of streptomycin in a humidified 5% CO2 

atmosphere at 37°C. Cells were allowed to differentiate into myotubes as reported previously 

(Hwang et al., 2008). 

Glucose uptake assay  

Radiolabeled 2-deoxyglucose uptake was assayed as described previously (Hwang et al., 

2008). 

Determination of triglyceride and cholesterol contents  

Triglycerides and total cholesterol contents in cell lysates were determined using a 

colorimetric assay (Wang et al., 2003); results (μg of lipid/mg of cellular protein) are 

expressed as percentages of non-treated controls. In brief, L6 myotubes were maintained in 
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serum-free medium overnight and incubated for 16 h in the absence or presence of 150 µg/ml 

of LMWF. Cell lysates were prepared as described above. Triglycerides and total cholesterol 

levels in cell lysates were measured using InfinityTM reagents (Thermo DMA, Louisville, CO. 

USA), according to the manufacturer’s instructions. 

Fatty acid oxidation  

Palmitate oxidation was analyzed as described previously (Cabrero et al., 2001). 

Immunoblotting  

L6 myotubes and tissues samples were isolated and processed as described previously 

(Hwang et al., 2008). Membranes were probed with LKB1, phospho-AMPK (pAMPK), 

AMPK, pACC, ACC, pPERK, PERK, pIRE-1, IRE-1, pJNK, JNK, pmTOR, mTOR, pS6K, 

S6K, p4E-BP, 4E-BP, pAkt, Akt (all from Cell Signaling Technology, Beverly, MA, USA), 

and β-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and then developed using 

an ECL Western blot detection kit (Amersham Bioscience, Piscataway, NJ, USA). 

Transfection with small-interfering RNA (siRNA)  

For siRNA experiments, SMARTpool for rat LKB1 (L-100539-01-0020), rat AMPKα2 

(L-100623-00-0020) was obtained from Dharmacon (Lafayette, CO, USA). Non-specific 

siRNA (ONTARGETplus siCONTROL Non-Targeting Pool, D-001810-10-20) was used as a 

control. For transient expression experiments, L6 myotubes were serum starved for 16 h in 

serum-free media, and then transfected with DharmaFECT transfection reagent (Dharmacon) 
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in 12-mm or 60-mm plates containing 100 nmol/l of either LKB1 siRNA (si LKB1), 

AMPKα2 siRNA (siAMPK) or non-targeting control siRNA (Mock) per plate according to 

the manufacturer’s protocol. After 48 h, cells were treated with vehicle or LMWF for 2 h, 

then with tunicamycin (5 μg/ml) for 3 h, and finally, with insulin (100 nmol/l) for 10 min. 

Cells were then subjected to immunoblot or glucose uptake experiments. 

Statistical analysis  

Data are expressed as means ±SEMs. Analysis of variance (ANOVA) and/or the Student’s 

t tests were used to determine the significances of differences. P values of < 0.05 were 

considered statistically significant. 

 

RESULTS 

Effects of LMWF on dyslipidemia in db/db mice  

To examine the in vivo metabolic effects of LMWF on diabetes, C57BL/KsJ-db/db 

(db/db) mice were treated orally for 6 weeks with LMWF (250, 500 mg/kg). Metformin (an 

AMPK activator; 250 mg/kg) was used as a positive control in animal experiments. The body 

weights of LMWF-treated animals were slightly lower than those of metformin and untreated 

controls, but food intake in these three groups were not significantly different (Fig. 1A, B). 

As shown in Fig. 1C, gross observations of LMWF-treated mice showed a significantly less 

white adipose tissue and more small adipocytes in epididymis fat pad than in untreated db/db 
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mice. Furthermore, of the abdominal adipocytes of untreated db/db mice exhibited severe 

hypertrophy as compared with those of wild type controls. In addition, adipocyte diameters 

were markedly lower in LMWF-treated mice and in metformin-treated mice than in untreated 

db/db controls (Fig. 1D). We next examined the effects of LMWF on lipid metabolic 

parameters in db/db mice. Serum cholesterol and triglyceride levels were lower in LMWF-

treated than in untreated db/db mice (Fig. 1E, F), as were serum LDL cholesterol levels (Fig. 

1G). However, neither LMWF nor metformin affected serum HDL cholesterol levels (Fig. 

1H). Oil Red O staining showed that fatty droplet sizes were markedly lowered by LMWF 

and by metformin (Fig. 1I). These results suggest that LMWF reduces fat mass primarily by 

reducing the sizes of fat cells rather than fat cell number. Taken together, these results 

demonstrate that LMWF controls lipid metabolic profiles in db/db mice. 

LMWF reduced glucose homeostasis and serum adipokine levels via AMPK activation 

in db/db mice  

To determine the physiological role of LMWF on the regulations of glucose metabolism 

and adipokine levels, LMWF (250, 500 mg/kg) or metformin (250 mg/kg) were administered 

once to db/db mice. As shown in Fig. 2A and B, LMWF gradually reduced blood glucose 

levels and significantly improved glucose tolerance as compared with untreated db/db 

controls, and LMWF or metformin markedly reduced insulin levels (Fig. 2C). Furthermore, 

serum leptin levels fell further in LMWF-treated diabetic mice than in untreated db/db 
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controls (Fig. 2D). Serum adiponectin levels are closely related to systemic insulin sensitivity, 

and a depressed serum adiponectin level is considered a feature of obesity and type 2 

diabetes (Cnop et al., 2003; Weyer et al., 2001). As was expected, serum adiponectin levels 

were significantly higher in LMWF and in metformin db/db mice than in untreated controls 

(Fig. 2E). Similarly, adiponectin levels in adipose tissue were also higher LMWF and 

metformin db/db mice than in untreated controls (Fig. 2F). Next, we confirmed whether the 

AMPK/mTOR/S6K/JNK pathway (a crucial regulator of metabolic dysfunction) are affected 

by LMWF in diabetic mice. As was expected, LMWF significantly elevated the AMPK-ACC 

axis as compared with untreated controls, and subsequently dose-dependently depressed the 

mTOR, S6K, 4E-BP, PERK, IRE-1, and JNK pathways (Fig. 2G), which is consistent with 

the observed elevations of glucose homeostasis and lipid parameters by LMWF. Overall, 

these results suggest that LMWF improves glucose metabolism and adipokine profiles in 

db/db mice. 

LMWF improved glucose and lipid metabolism via AMPK activation in L6 myotubes 

 The activation of AMPK involves the phosphorylation of Thr172 in the activation domain 

of its catalytic α subunit (Hardie et al., 1998; Hayashi et al., 2000). Accordingly, we 

investigated whether LMWF affects the phosphorylation of AMPK at this locus. It was found 

that, like metformin, LMWF stimulated AMPK activation in differentiated L6 myotubes. 

Moreover, LMWF significantly and time-dependently increased the phosphorylations of 
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AMPK (Thr172) and ACC (Ser79) (Fig. 3A), and effectively dose-dependently stimulated the 

AMPK-ACC axis in L6 myotubes (Fig. 3B). We next examined the effect of LMWF on 

glucose uptake in L6 myotubes, because one of the major acute effects of AMPK is to 

stimulate muscle glucose uptake (Bergeron et al., 1999). Glucose uptake was increased by 

LMWF, in a manner similar to that observed for metformin (Fig. 3C). LMWF or metformin 

markedly reduced intracellular triglyceride and cholesterol content (Fig. 3D, E). Recently, the 

activation of AMPK by metformin was shown to reduce intracellular lipid contents and to 

increase fatty acid oxidation in liver cells and tissues (Hawley et al., 2002; Zang et al., 2004). 

Accordingly, we next examined the effect of LMWF on fatty acid oxidation in L6 myotubes 

using radioisotope-labeled palmitate. As was expected, fatty acid oxidation was enhanced by 

both LMWF and metformin versus untreated controls (Fig. 3F). Taken together, these 

findings show that LMWF controls glucose and lipid profiles in muscle cells. 

LMWF controlled glucose and lipid contents through AMPK 

 To investigated the effects of LMWF on AMPK activity, we treated L6 myotubes with 

compound C (Com C; an inhibitor of AMPK), as reported previously (Zhou et al., 2001). 

LMWF or metformin significantly elevated glucose uptake in L6 myotubes versus untreated 

controls, and this was markedly prevented by Com C (Fig. 4A). Furthermore, LMWF or 

metformin also markedly reduced triglyceride and cholesterol contents in L6 myotubes, and 

these inhibitory effects were prevented by Com C (Fig. 4B, C). Interestingly, LMWF or 
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metformin significantly elevated fatty acid oxidation, and this was markedly reduced by 

pretreated with Com C (Fig. 4D). Furthermore, siRNA-mediated knockdown of AMPKα2 

completely abolished glucose uptake and fatty acid oxidation by LMWF or metformin 

(Supplemental Fig. 1). LKB1 is the major upstream kinase of AMPK and regulate AMPK 

activity (Sakamoto et al., 2005). To determine which upstream kinase, LKB1, is primarily 

involved in the activation of AMPK by LMWF, we treated L6 myotubes with LKB1-specific 

siRNA. Interestingly, this silencing of LKB1 reduced the phosphorylation of AMPK and 

ACC by LMWF (Supplemental Fig. 2A). Furthermore, LMWF-stimulated glucose uptake 

was also reduced by siRNA LKB1 (Supplemental Fig. 2B).  

Overall, activation of the LKB1/AMPK pathway was found to have a positive impact on 

glucose and lipid homeostasis in L6 myotubes due to improved glucose uptake and fatty acid 

oxidation. 

LMWF improved ER stress-induced insulin resistance in L6 myotubes 

 Previous studies have shown that tunicamycin promotes the activations of ER stress 

markers, such as, RNA-activated protein kinase-like ER resident kinase (PERK), inositol-

requiring kinase-1 (IRE-1), c-Jun NH2-terminal kinase (JNK), and mTOR-S6K, and that 

these activations reduces insulin signaling (Ozcan et al., 2004; Ozcan et al., 2006; Um et al., 

2004). Based on these findings, we investigated the relation between ER stress and the action 

of insulin in L6 myotubes. ER stress-dependent signal pathways, such as, PERK, IRE, JNK, 
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and mTOR-S6K were markedly increased by tunicamycin as compared with untreated 

controls (Fig. 5A). Interestingly, although the insulin-mediated induction of Akt 

phosphorylation and basal AMPK phosphorylation are dramatically inhibited under ER stress, 

we found that this effect was abolished by LMWF (Fig. 5A). A previous report showed that 

insulin plays a central role in glucose transport via the activations of phosphatidylinositol 3-

kinase (PI3K) and Akt in muscle cells (Wang et al., 1999). In the present study, insulin-

induced glucose uptake was markedly reduced by tunicamycin and significantly increased by 

LMWF in untreated controls (Fig. 5B). Moreover, improved glucose uptake by LMWF was 

blocked by wortmannin (a specific PI3K inhibitor) (Fig. 5B). Furthermore, the ER stress-

mediated inhibition of fatty acid oxidation was significantly increased by LMWF, and this 

phenomenon was reversed by Com C pretreatment, confirming the effect of LMWF on fatty 

acid oxidation in L6 myotubes (Fig. 5C). However, although LMWF decreased the 

activations of PERK, IRE-1, and of JNK in muscle tissues from db/db mice (Fig. 2G), it had 

no modulatory effect on the activations of PERK, IRE-1, or JNK in tunicamycin-treated L6 

myotubes (Fig. 5A). On the other hand, ER stress-induced phosphorylations of mTOR and 

S6K were dramatically lower by LMWF (Fig. 5A). These findings show that LMWF has an 

important effect on the ER stress-mediated mTOR-S6K pathways, which suggests that this 

inhibitory effect is associated with the improved insulin sensitivity observed following 

LMWF treatment. Similar results were obtained for rapamycin, a potent inhibitor of mTOR 
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(Fig. 5B, D), which in turn suggests that the insulin-sensitizing effect of rapamycin is the 

results of its directly targeting the mTOR-S6K pathway. Overall, these results suggest that 

LMWF improves ER stress-induced insulin resistance via an AMPK-dependent pathway. 

LMWF was essential for the preservation of insulin sensitivity via an AMPK-dependent 

pathway 

 To investigate whether the effects of LMWF in ER-stressed L6 myotubes are mediated 

via an AMPK pathway, we examined the effect of siRNA-mediated knockdown of AMPKα2 

in L6 myotubes. As was expected, AMPKα2 siRNA significantly decreased the protein levels 

and the activity of α2 AMPK (Fig. 6A). Furthermore, AMPK was highly phosphorylated by 

LMWF, but AMPKα2 siRNA this prevented the phosphorylation where control siRNA did 

not (Fig. 6A). Moreover, AMPKα2 siRNA completely abolished LMWF preserved insulin-

stimulated Akt phosphorylation and glucose uptake under ER stress (Fig. 6A, B). These 

results suggest that AMPK activation is required for LMWF-mediated increase in Akt 

phosphorylation and glucose uptake under ER stress. Furthermore, LMWF induced fatty acid 

oxidation under ER stress, but this was completely blocked by AMPKα2 siRNA pretreatment 

(Fig. 6C). In addition, the ER stress-mediated phosphorylations of mTOR and S6K were 

markedly repressed by LMWF, and this repression was prevented by AMPKα2 siRNA (Fig. 

6A). Overall, these results suggest that an increase in AMPK activity by LMWF is required 

to regulate the insulin signaling pathway and glucose uptake under ER stress. Since serine 
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phosphorylation of IRS1 by mTOR-S6K has recently shown to interrupt the interaction 

between IRS1 and PI3K, and thus, to reduce PI3K activity and PI3K-mediated downstream 

events (Tzatsos and Kandror, 2006), our findings strongly suggest that, under ER stress, the 

up-regulation of AMPK by LMWF promotes insulin sensitivity by controlling an ER-stress-

mediated signaling pathway. 

 

DISCUSSION 

LMWF has been previously reported to ameliorate the progression of atherosclerosis in 

patients with type 2 diabetes mellitus (Doronina et al., 2007). In the present study, we found 

that LMWF improves glucose homeostasis and lipid profiles in db/db mice and ER stress-

induced insulin resistance in L6 myotubes in a manner similar to metformin. Furthermore, 

LMWF was found to acutely activate the LKB1/AMPK pathway, and thus, to stimulate 

glucose uptake and fatty acid oxidation in muscle cells.  

The physiological relevances of the contributions made by LMWF to glucose and lipid 

profiles were investigated in db/db mice, which are hyperleptinemic and subsequently 

become obese. Furthermore, these mice have been used to test the efficacies of 

pharmaceuticals against obesity, type 2 diabetes, and insulin resistance (Nakagawa et al., 

2003; Neary et al., 2005). In the present study, body weight decreases were observed within 

14-42 days in db/db mice after initiating LMWF treatment, and lipid parameters, fat weights, 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 8, 2013 as DOI: 10.1124/mol.113.085100

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #85100 

18 
 

and serum leptin and triglyceride levels were dramatically decreased (Figs. 1 and 2). 

Previous studies have demonstrated excessive adipose tissue leads to increased fat 

accumulation and adipose cell hypertrophy and that it reduces adiponectin levels in obese 

rodents and humans (Morange et al., 2000; Arita et al., 1999). Furthermore,  

hypoadiponectinemia is known to be strongly associated with insulin resistance (Mitchell et 

al., 2005). In the present study, LMWF effectively reduced adipose tissue amounts and 

adipose cell hypertrophy, and significantly improved the leptin and adiponectin contents in 

the adipocytes in db/db mice (Fig. 2). Hyperglycemia is a major feature of diabetes, and must 

be controlled when treating diabetes (Sathishsekar and Subramanian, 2005). Our findings 

show that LMWF benefits glucose homeostasis by reducing blood glucose levels and 

improving glucose tolerance (Fig. 2). Diabetes generally exacerbates hyperlipidemia in db/db 

mice (Tuman and Doisy, 1977), and thus, increases lipid contents, including serum LDL, 

triglyceride, and total cholesterol levels, and decreases HDL levels (Forrester et al., 2005). 

We found that LMWF markedly reduced serum LDL, triglyceride and total cholesterol levels 

but did not affect serum HDL levels in db/db mice (Fig. 1), which suggests LMWF might be 

effective at ameliorating metabolic abnormalities. However, more detailed investigations are 

required to study the effects of LMWF on insulin resistance are required in other animal 

models, such as, in AMPK null mice and models of diet-induced metabolic dysfunction. 

ER stress is receiving more attention because it has been linked to the pathogenesis of type 
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2 diabetes and to the inhibition of insulin signaling (Ozcan et al., 2004; Ozcan et al., 2006). 

ER stress also plays a crucial role in the loss of AMPK activity caused by ER stress inducers, 

such as, thapsigargin and tunicamycin (Rahman et al., 2009). Thus, agents that alleviate 

AMPK activation may prevent ER stress-induced insulin resistance (Dong et al., 2010). 

Therefore, we examined the effect of LMWF on AMPK phosphorylation. We found that 

treatment with LMWF significantly stimulated the AMPK-ACC axis both time- and dose-

dependently, and subsequently elevated glucose uptake and fatty acid oxidation in L6 

myotubes, and that these effects of LMWF were abolished by pretreatment with compound C, 

an inhibitor of AMPK (Fig. 3 and 4). Plasma concentrations of LMWF measured using a 

liquid chromatography coupled to tandem mass spectrometry at steady state range 18~30 

μg/ml and 38~46 μg/ml at the dose of 250 and 500 mg/kg, respectively, in mice (data not 

shown). The concentrations (150 μg/ml) of LMWF exerting the maximum pharmacodynamic 

effects in L6 myotubes were comparable to the area under the plasma LMWF concentration-

time curve at steady state (AUCτ, ~576 μg·h/ml at the doses of 250 mg/kg) which represents 

the systemic exposure of the compound in mice following a 6-week repeated oral 

administration once daily. 

As mentioned above, tunicamycin was found to stimulate ER stress markers, PERK, 

IRE-1, JNK, mTOR, and S6K and to repress insulin-stimulated Akt activation and glucose 

uptake (Fig. 5A, B). On the other hand, LMWF enhanced the action of insulin and reduced 
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the ER stress-mediated mTOR-S6K axis, which we found to be correlated with S6K activity 

(Fig. 5A). Because activation of the mTOR-S6K axis has been shown to down-regulate 

insulin-stimulated Akt phosphorylation and glucose uptake (Tzatsos and Kandror, 2006), 

these results suggest that LMWF improves insulin sensitivity by down-regulating the mTOR-

S6K axis. Interestingly, rapamycin-mediated increases of Akt phosphorylation and glucose 

uptake were found to be correlated with reduced S6K phosphorylation, which in turn, was 

found to be correlated with S6K activity under ER stress (Fig. 5B, D). These results suggest 

that rapamycin (a mTOR pathway inhibitor) acts as a key regulator of insulin sensitivity by 

down-regulating the S6K-dependent pathway, which is consistent with the beneficial effects 

of LMWF in muscle cells. In skeletal muscle, AMPK directly phosphorylates at least two 

proteins and rapidly suppresses the activities of mTORC1 (a TSC2 tumor suppressor) and the 

critical mTORC1 binding subunit Raptor. Furthermore, activated AMPK has been suggested 

to inhibit mTORC1-dependent phosphorylations of S6K1 and 4E-BP1 (Inoki et al., 2003). 

Our findings demonstrated that the AMPK downregulation of mTORC1 could help explain 

the insulin-sensitizing effects of AMPK activators. Because mTORC1 activity dictates the 

extent of feedback inhibition of PI3-kinase activity, AMPK activation actually serves to 

attenuate this feedback and to promotes autonomous restoration of IRS protein levels in cells 

and IRS signaling to PI3-kinase. The net effect is most clearly observed on IRS protein levels 

and Akt activation (Harrington et al., 2004; Shah et al., 2004). When mTORC1 activity is 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 8, 2013 as DOI: 10.1124/mol.113.085100

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #85100 

21 
 

high, IRS protein levels are low and Akt is inhibited, but when AMPK is activated, it 

suppresses mTORC1, and thus, restores IRS protein levels and Akt activation. 

AMPK (Hayashi et al., 2000) and insulin receptor signaling pathways (Krook et al., 

2004; Saltiel and Kahn, 2001) importantly regulate glucose homeostasis in muscle cells. 

Activated insulin receptor transduces insulin action by stimulating PI3K-Akt pathway, and 

subsequently promotes glucose uptake in muscle cells. In a previous study, we attempted to 

ameliorate insulin resistance by controlling the up-regulation of the PI3K-Akt axis and 

restoring insulin sensitivity (Chang et al., 2004). In the present study, glucose uptake results 

indicated that LMWF or rapamycin might be able to restore the ER stress-mediated 

inhibition of insulin sensitivity by promoting insulin signaling, glucose transport, and fatty 

acid oxidation (Fig. 5). Although it is possible that ER stress adversely affects the AMPK-

ACC pathway in L6 myotubes, our findings show that LMWF enhances insulin sensitivity by 

stimulating an AMPK-dependent pathway, which concurs with previous reports (Iglesias et 

al., 2004; Merrill et al., 1997). Furthermore, we found that by controlling this AMPK-

dependent pathway in L6 myotubes, LMWF reduced intracellular triglyceride and cholesterol 

levels (Fig. 3 and 4). Thus, our findings suggest that LMWF reduces lipid levels in L6 

myotubes, which is consistent with the stimulation of the AMPK-ACC axis by LMWF, and 

implies a link between lipolysis and lipogenesis events. However, additional studies are 

required to determine to what extent the lipid-lowering effects of LMWF are due to; 1) the 
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phosphorylation of AMPK in AMPK knockout mice, and 2) to effects of insulin signaling via 

AMPK on the mTORC1-S6K axis. 

In conclusion, our results suggest LMWF reduces whole-body adiposity and improves 

lipid and glucose homeostasis, and imply that LMWF improves ER stress-induced insulin 

resistance, at least in part, by activating AMPK both in vitro and in vivo. This mechanism of 

insulin resistance improvement via the LMWF-AMPK pathway provides new insights of 

means of alleviating the effects of ER stress-mediated metabolic dysfunction, and hopefully, 

aid the development of novel therapeutic agents for the treatment of obesity, insulin 

resistance, and type 2 diabetes. 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 8, 2013 as DOI: 10.1124/mol.113.085100

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #85100 

23 
 

Authorship Contributions 

Participated in research design: Hwang, Y.D. Kim, and Jeong. 

Conducted experiments: Jung, Park, D.S. Lee, Ku, Li, Lu, Chao, K.J. Kim, J.Y. Lee, Baek, 

and Kang. 

Contributed new reagents or analytic tools: Baek, Kang, and Ku.  

Performed data analysis: Hwang, Y.D. Kim, and Chang. 

Wrote or contributed to the writing of the Manuscript: Hwang, Y.D. Kim, and Chang. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 8, 2013 as DOI: 10.1124/mol.113.085100

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #85100 

24 
 

REFERENCES 

 

Arita Y, Kihara S, Ouchi N, Takahashi M, Maeda K, Miyagawa J, Hotta K, Shimomura 

I, Nakamura T, Miyaoka K, Kuriyama H, Nishida M, Yamashita S, Okubo K, 

Matsubara K, Muraguchi M, Ohmoto Y, Funahashi T, and Matsuzawa Y (1999) 

Paradoxical decrease of an adipose-specific protein, adiponectin, in obesity. 

Biochem Biophys Res Commun 257: 79-83. 

Aschenbach WG, Sakamoto K, and Goodyear LJ (2004) 5' adenosine monophosphate-

activated protein kinase, metabolism and exercise. Sports Med 34: 91-103. 

Bergeron R, Russell RR, 3rd, Young LH, Ren JM, Marcucci M, Lee A, and 

Shulman GI (1999) Effect of AMPK activation on muscle glucose metabolism in 

conscious rats. Am J Physiol 276: E938-944. 

Bailey CJ and Turner RC (1996) Metformin. N Engl J Med 334: 574-579. 

Berteau O and Mulloy B (2003) Sulfated fucans, fresh perspectives: structures, 

functions, and biological properties of sulfated fucans and an overview of 

enzymes active toward this class of polysaccharide. Glycobiology 13: 29R-40R. 

Cabrero A, Alegret M, Sanchez RM, Adzet T, Laguna JC, and Vazquez M (2001) 

Bezafibrate reduces mRNA levels of adipocyte markers and increases fatty acid 

oxidation in primary culture of adipocytes. Diabetes 50: 1883-1890. 

Carling D (2004) The AMP-activated protein kinase cascade--a unifying system for 

energy control. Trends Biochem Sci 29: 18-24. 

Chang L, Chiang SH, and Saltiel AR (2004) Insulin signaling and the regulation of 

glucose transport. Mol Med 10: 65-71. 

Cnop M, Havel PJ, Utzschneider KM, Carr DB, Sinha MK, Boyko EJ, Retzlaff BM, 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 8, 2013 as DOI: 10.1124/mol.113.085100

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #85100 

25 
 

Knopp RH, Brunzell JD, and Kahn SE (2003) Relationship of adiponectin to 

body fat distribution, insulin sensitivity and plasma lipoproteins: evidence for 

independent roles of age and sex. Diabetologia 46: 459-469. 

Cumashi A, Ushakova NA, Preobrazhenskaya ME, D'Incecco A, Piccoli A, Totani L, 

Tinari N, Morozevich GE, Berman AE, Bilan MI, Usov AI, Ustyuzhanina NE, 

Grachev AA, Sanderson CJ, Kelly M, Rabinovich GA, Iacobelli S, and 

Nifantiev NE (2007) A comparative study of the anti-inflammatory, 

anticoagulant, antiangiogenic, and antiadhesive activities of nine different 

fucoidans from brown seaweeds. Glycobiology 17: 541-552. 

Dong Y, Zhang M, Wang S, Liang B, Zhao Z, Liu C, Wu M, Choi HC, Lyons TJ, and 

Zou MH (2010) Activation of AMP-activated protein kinase inhibits oxidized 

LDL-triggered endoplasmic reticulum stress in vivo. Diabetes 59: 1386-1396. 

Doronina AM, Lipinskii B, and Bokarev IN (2007) Fibrinogens and their role in 

atherogenesis in diabetes mellitus. Klin Med (Mosk) 85: 52-55. 

Forrester JS, Makkar R, and Shah PK (2005) Increasing high-density lipoprotein 

cholesterol in dyslipidemia by cholesteryl ester transfer protein inhibition: an 

update for clinicians. Circulation 111: 1847-1854. 

Fujita H, Fujishima H, Koshimura J, Hosoba M, Yoshioka N, Shimotomai T, Morii T, 

Narita T, Kakei M, and Ito S (2005) Effects of antidiabetic treatment with 

metformin and insulin on serum and adipose tissue adiponectin levels in db/db 

mice. Endocr J 52: 427-433. 

Hardie DG, Carling D, and Carlson M (1998) The AMP-activated/SNF1 protein kinase 

subfamily: metabolic sensors of the eukaryotic cell? Annu Rev Biochem 67: 821-

855. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 8, 2013 as DOI: 10.1124/mol.113.085100

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #85100 

26 
 

Hardie DG, Scott JW, Pan DA, and Hudson ER (2003) Management of cellular energy 

by the AMP-activated protein kinase system. FEBS Lett 546: 113-120. 

Harrington LS, Findlay GM, Gray A, Tolkacheva T, Wigfield S, Rebholz H, Barnett J,  

Leslie NR, Cheng S, Shepherd PR, Gout I, Downes CP, and Lamb RF (2004) The 

TSC1-2 tumor suppressor controls insulin-PI3K signaling via regulation of IRS 

proteins. J Cell Biol 166: 213-223. 

Hawley SA, Gadalla AE, Olsen GS, and Hardie DG (2002) The antidiabetic drug 

metformin activates the AMP-activated protein kinase cascade via an adenine 

nucleotide-independent mechanism. Diabetes 51: 2420-2425. 

Hayashi S, Itoh A, Isoda K, Kondoh M, Kawase M, and Yagi K (2008) Fucoidan partly 

prevents CCl4-induced liver fibrosis. Eur J Pharmacol 580: 380-384. 

Hayashi T, Hirshman MF, Fujii N, Habinowski SA, Witters LA, and Goodyear LJ 

(2000) Metabolic stress and altered glucose transport: activation of AMP-

activated protein kinase as a unifying coupling mechanism. Diabetes 49: 527-

531. 

Hong F, Radaeva S, Pan HN, Tian Z, Veech R, and Gao B (2004) Interleukin 6 

alleviates hepatic steatosis and ischemia/reperfusion injury in mice with fatty 

liver disease. Hepatology 40: 933-941. 

Hwang SL, Li X, Lee JY, and Chang HW (2012) Improved insulin sensitivity by 

rapamycin is associated with reduction of mTOR and S6K1 activities in L6 

myotubes. Biochem Biophys Res Commun 418: 402-407. 

Hwang SL, Yang BK, Lee JY, Kim JH, Kim BD, Suh KH, Kim DY, Kim MS, Song H, 

Park BS, and Huh TL (2008) Isodihydrocapsiate stimulates plasma glucose 

uptake by activation of AMP-activated protein kinase. Biochem Biophys Res 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 8, 2013 as DOI: 10.1124/mol.113.085100

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #85100 

27 
 

Commun 371: 289-293. 

Iglesias MA, Furler SM, Cooney GJ, Kraegen EW, and Ye JM (2004) AMP-activated  

protein kinase activation by AICAR increases both muscle fatty acid and glucose 

uptake in white muscle of insulin-resistant rats in vivo. Diabetes 53: 1649-1654. 

Inoki K, Zhu T, and Guan KL (2003) TSC2 mediates cellular energy response to control 

cell growth and survival. Cell 115: 577-590. 

Kapahi P, Chen D, Rogers AN, Katewa SD, Li PW, Thomas EL, and Kockel L (2010) 

With TOR, less is more: a key role for the conserved nutrient-sensing TOR 

pathway in aging. Cell Metab 11: 453-465. 

Kim KJ, Yoon KY, and Lee BY (2012) Fucoidan regulate blood glucose homeostasis in 

C57BL/KSJ m+/+db and C57BL/KSJ db/db mice. Fitoterapia 83: 1105-1109. 

Krook A, Wallberg-Henriksson H, and Zierath JR (2004) Sending the signal: molecular 

mechanisms regulating glucose uptake. Med Sci Sports Exerc 36: 1212-1217. 

Merrill GF, Kurth EJ, Hardie DG, and Winder WW (1997) AICA riboside increases 

AMP-activated protein kinase, fatty acid oxidation, and glucose uptake in rat 

muscle. Am J Physiol 273: E1107-1112. 

Mitchell M, Armstrong DT, Robker RL, and Norman RJ (2005) Adipokines: 

implications for female fertility and obesity. Reproduction 130: 583-597. 

Morange PE, Lijnen HR, Alessi MC, Kopp F, Collen D, and Juhan-Vague I (2000) 

Influence of PAI-1 on adipose tissue growth and metabolic parameters in a 

murine model of diet-induced obesity. Arterioscler Thromb Vasc Biol 20: 1150-

1154. 

Mu J, Brozinick JT, Jr., Valladares O, Bucan M, and Birnbaum MJ (2001) A role for 

AMP-activated protein kinase in contraction- and hypoxia-regulated glucose 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 8, 2013 as DOI: 10.1124/mol.113.085100

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #85100 

28 
 

transport in skeletal muscle. Mol Cell 7: 1085-1094. 

Nakagawa T, Ogawa Y, Ebihara K, Yamanaka M, Tsuchida A, Taiji M, Noguchi H, and  

Nakao K (2003) Anti-obesity and anti-diabetic effects of brain-derived 

neurotrophic factor in rodent models of leptin resistance. Int J Obes Relat Metab 

Disord 27: 557-565. 

Neary NM, Small CJ, Druce MR, Park AJ, Ellis SM, Semjonous NM, Dakin CL, 

Filipsson K, Wang F, Kent AS, Frost GS, Ghatei MA, and Bloom SR (2005) 

Peptide YY3-36 and glucagon-like peptide-17-36 inhibit food intake additively. 

Endocrinology 146: 5120-5127. 

Ozcan U, Cao Q, Yilmaz E, Lee AH, Iwakoshi NN, Ozdelen E, Tuncman G, Gorgun C,  

Glimcher LH, and Hotamisligil GS (2004) Endoplasmic reticulum stress links 

obesity, insulin action, and type 2 diabetes. Science 306: 457-461. 

Ozcan U, Ozcan L, Yilmaz E, Duvel K, Sahin M, Manning BD, and Hotamisligil GS 

(2008) Loss of the tuberous sclerosis complex tumor suppressors triggers the 

unfolded protein response to regulate insulin signaling and apoptosis. Mol Cell 

29: 541-551. 

Ozcan U, Yilmaz E, Ozcan L, Furuhashi M, Vaillancourt E, Smith RO, Gorgun CZ, and 

Hotamisligil GS (2006) Chemical chaperones reduce ER stress and restore 

glucose homeostasis in a mouse model of type 2 diabetes. Science 313: 1137-

1140. 

Park MK, Jung U, and Roh C (2011) Fucoidan from marine brown algae inhibits lipid 

accumulation. Mar Drugs 9: 1359-1367. 

Park SB, Chun KR, Kim JK, Suk K, Jung YM, and Lee WH (2010) The differential 

effect of high and low molecular weight fucoidans on the severity of collagen-

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 8, 2013 as DOI: 10.1124/mol.113.085100

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #85100 

29 
 

induced arthritis in mice. Phytother Res 24: 1384-1391. 

Rahman SM, Qadri I, Janssen RC, and Friedman JE (2009) Fenofibrate and PBA  

prevent fatty acid-induced loss of adiponectin receptor and pAMPK in human 

hepatoma cells and in hepatitis C virus-induced steatosis. J Lipid Res 50: 2193-

2202. 

Sahai A, Malladi P, Pan X, Paul R, Melin-Aldana H, Green RM, and Whitington PF 

(2004) Obese and diabetic db/db mice develop marked liver fibrosis in a model 

of nonalcoholic steatohepatitis: role of short-form leptin receptors and 

osteopontin. Am J Physiol Gastrointest Liver Physiol 287: G1035-1043. 

Sakamoto K, McCarthy A, Smith D, Green KA, Grahame Hardie D, Ashworth A, and  

Alessi DR (2005) Deficiency of LKB1 in skeletal muscle prevents AMPK 

activation and glucose uptake during contraction. EMBO J 24: 1810-1820.  

Saltiel AR and Kahn CR (2001) Insulin signalling and the regulation of glucose and 

lipid metabolism. Nature 414: 799-806. 

Sathishsekar D and Subramanian S (2005) Beneficial effects of Momordica charantia 

seeds in the treatment of STZ-induced diabetes in experimental rats. Biol Pharm 

Bull 28: 978-983. 

Shah OJ, Wang Z, and Hunter T (2004) Inappropriate activation of the 

TSC/Rheb/mTOR/S6K cassette induces IRS1/2 depletion, insulin resistance, and 

cell survival deficiencies. Curr Biol 14: 1650-1656. 

Tuman RW and Doisy RJ (1977) The influence of age on the development of 

hypertriglyceridaemia and hypercholesterolaemia in genetically diabetic mice. 

Diabetologia 13: 7-11. 

Tzatsos A and Kandror KV (2006) Nutrients suppress phosphatidylinositol 3-kinase/Akt 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 8, 2013 as DOI: 10.1124/mol.113.085100

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #85100 

30 
 

signaling via raptor-dependent mTOR-mediated insulin receptor substrate 1 

phosphorylation. Mol Cell Biol 26: 63-76. 

Um SH, Frigerio F, Watanabe M, Picard F, Joaquin M, Sticker M, Fumagalli S, Allegrini 

PR, Kozma SC, Auwerx J, and Thomas G (2004) Absence of S6K1 protects 

against age- and diet-induced obesity while enhancing insulin sensitivity. Nature 

431: 200-205. 

Villena JA, Viollet B, Andreelli F, Kahn A, Vaulont S, and Sul HS (2004) Induced 

adiposity and adipocyte hypertrophy in mice lacking the AMP-activated protein 

kinase-alpha2 subunit. Diabetes 53: 2242-2249. 

Wang Q, Somwar R, Bilan PJ, Liu Z, Jin J, Woodgett JR, and Klip A (1999) Protein 

kinase B/Akt participates in GLUT4 translocation by insulin in L6 myoblasts. 

Mol Cell Biol 19: 4008-4018. 

Wang YX, Lee CH, Tiep S, Yu RT, Ham J, Kang H, and Evans RM (2003) Peroxisome-

proliferator-activated receptor delta activates fat metabolism to prevent obesity. 

Cell 113: 159-170. 

Wellen KE and Hotamisligil GS (2005) Inflammation, stress, and diabetes. J Clin Invest 

115: 1111-1119. 

Weyer C, Funahashi T, Tanaka S, Hotta K, Matsuzawa Y, Pratley RE, and Tataranni PA 

(2001) Hypoadiponectinemia in obesity and type 2 diabetes: close association 

with insulin resistance and hyperinsulinemia. J Clin Endocrinol Metab 86: 1930-

1935. 

Zang M, Zuccollo A, Hou X, Nagata D, Walsh K, Herscovitz H, Brecher P, Ruderman 

NB, and Cohen RA (2004) AMP-activated protein kinase is required for the 

lipid-lowering effect of metformin in insulin-resistant human HepG2 cells. J 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 8, 2013 as DOI: 10.1124/mol.113.085100

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #85100 

31 
 

Biol Chem 279: 47898-47905. 

Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, Wu M, Ventre J, Doebber T, 

Fujii N, Musi N, Hirshman MF, Goodyear LJ, and Moller DE (2001) Role of 

AMP-activated protein kinase in mechanism of metformin action. J Clin Invest 

108: 1167-1174. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 8, 2013 as DOI: 10.1124/mol.113.085100

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #85100 

32 
 

FOOTNOTES 

This research was supported by the Fisheries Technology Development Program funded 

by the Ministry for Food, Agriculture, Forestry and Fisheries of Korean government. 

Seung-Lark Hwang and Hyeun Wook Chang contribute equally to the design and 

preparation of the manuscript. 

Yong-Tae Jeong and Yong Deuk Kim contribute equally to this work. 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 8, 2013 as DOI: 10.1124/mol.113.085100

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #85100 

33 
 

LEGENDS FOR FIGURES 

Figure 1. Effect of LMWF on body weight and lipid profiles in db/db mice. Mice 

were treated for 6 weeks with different doses of LMWF (250, 500 mg/kg) or metformin 

(250 mg/kg). Effects of LMWF on body weight (A) and food intake (B). Effect of 

LMWF on weight of white adipose tissue. Histological analysis was performed by 

hematoxylin and eosin staining (C). Effect of LMWF on the morphology of white 

adipose tissue deposits (thicknesses of deposited fat pads). Histological analysis was 

performed by hematoxylin and eosin staining. Arrows indicate diameters of adipocytes. 

All H&E stained; Scale bars = 80 μm (D). Effects of LMWF on serum lipid parameters 

(E-H). Effect of LMWF on fatty droplets in liver tissues. Histological analysis was 

performed by Oil Red O staining (I). Metformin (Met, 250 mg/kg) was used as a 

positive control. Mice were allocated to experimental groups (n=5-7 mice per group). 

Wild-type (Lean, C57BL/6Jms, filled circle); db/db (db, unfilled circle), db/db + 

metformin (db/db + M, unfilled triangle), db/db + LMWF 250 (db/db + F2, unfilled 

square), db/db + LMWF 500 (db/db + F5, filled square). *P < 0.05 vs. untreated db/db 

mice. 

Figure 2. LMWF improved glucose metabolism and adipokine profiles in db/db 

mice. Mice were treated for 6 weeks with LMWF (250, 500 mg/kg) or metformin (250 
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mg/kg). Effect of LMWF on fasting blood glucose levels (A) and intraperitoneal 

glucose tolerance test results (B) after glucose injection. Effect of LMWF on serum 

insulin (C), leptin (D), adiponectin levels (E). Effect of LMWF on adiponectin levels in 

adipose tissues (F). Under same conditions, whole cell extracts were isolated from 

skeletal muscle and analyzed by Western blotting with various antibodies, and then 

normalized versus non-phosphorylated forms (total forms) (G). Metformin (Met, 250 

mg/kg) was used as a positive control. Experimental groups were composed of 5 to 7 

mice. *P < 0.05 vs. untreated db/db mice. 

Figure 3. LMWF stimulated glucose uptake and fatty acid oxidation via AMPK 

phosphorylation in L6 myotubes. (A) L6 myotubes were stimulated with LMWF (150 

μg/ml) for the indicated times. (B) L6 myotubes were incubated in serum-free medium 

overnight and stimulated for 2 h with various concentrations of LMWF. Under these 

conditions, whole cell extracts (40 μg/lane) were isolated and analyzed by 

immunoblotting using the indicated antibodies, and then normalized to versus β-tubulin 

and/or non-phosphorylated forms (total forms). (C) L6 myotubes were serum-deprived 

and then incubated with the indicated concentrations of LMWF and metformin for 2 h, 

respectively. Glucose uptakes were measured. Levels of intracellular triglyceride (D) 

and cholesterol (E) in cells treated with LMWF for 24 h were determined by 
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spectrophotometrically and results are expressed as μg of lipid/mg of protein. (F) L6 

myotubes were incubated for 24 h with either vehicle or 150 μg/ml of LMWF. Fatty 

acid (9, 10-[3H]palmitate) oxidation was determined by measuring counts per minute of 

3H2O produced per milligram of protein per hour. Metformin (Met, 2 mmol/l) was used 

as a positive control. All results are representative of at least three independent 

experiments. *P < 0.05 vs. untreated controls. 

Figure 4. LMWF improved glucose uptake and lipid contents in a AMPK-

dependent manner. (A) For glucose uptake experiments, L6 myotubes were treated 

with LMWF or metformin for 2 h and then treated with compound C (10 μmol/l, Com 

C) for 20 min. Levels of intracellular triglyceride (B) and cholesterol (C) and fatty acid 

oxidation (D) are shown. All results are representative of at least three independent 

experiments. *P < 0.05, **P < 0.01 versus untreated controls. 

Figure 5. LMWF prevented insulin action and fatty acid oxidation under ER stress. 

(A) L6 myotubes were pretreated with LMWF for 2 h and tunicamycin (Tuni, 5 μg/ml) 

for 3 h and then stimulated for 10 min with insulin (100 nmol/l, Ins). Whole cell extracts 

were isolated and analyzed by Western blotting using various antibodies. Protein 

production was normalized versus non-phosphorylated forms (total forms). (B) Cells 
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were pretreated for 30 min with wortmanin (Wort, 100 nmol/l) and treated LMWF for 2 

h or rapamycin (Rapa, 100 nmol/l) for 20 min and tunicamycin (Tuni, 5 μg/ml) for 3 h 

and then stimulated for 10 min with insulin (100 nmol/l, Ins). Glucose uptakes were 

determine described in Methods. All results are representative of at least three 

independent experiments. *P < 0.05, **P < 0.01, #P < 0.05, and &P < 0.05 versus 

untreated controls, Ins-treated cells, Ins- and Tuni-treated cells, Ins-, Tuni- and LMWF-

treated cells. (C) As described above, fatty acid oxidation under ER-stress was measured 

as counts per minute of 3H2O produced per milligram of protein per hour. *P < 0.05, 

**P < 0.01, #P < 0.05 versus untreated controls, Tuni-treated cells, or Tuni- and LMWF-

treated cells. (D) L6 myotubes were pretreated with rapamycin and treated with 

tunicamycin and then treated with insulin. Whole cell extracts were isolated and 

analyzed by immunoblotting using the indicated antibodies, and then normalized with 

respect to non-phosphorylated forms (total forms). 

Figure 6. Stimulation of glucose uptake and fatty acid oxidation by LMWF was 

mediated by AMPK. (A) L6 myotubes were infected with control siRNA (mock) or 

AMPKα2 siRNA (si AMPK) for 48 h. Cells were then pretreated with LMWF and 

treated with tunicamycin, and then treated with insulin. Whole cell extracts were 

isolated and analyzed by Western blotting using various antibodies. Protein production 
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was normalized with respect to non-phosphorylated forms (total forms). Under the same 

conditions, glucose uptake (B) and fatty acid oxidation (C) were measured as described 

in Methods. All results are representative of at least three independent experiments. *P 

< 0.05, **P < 0.01, #P < 0.05 versus untreated controls, Ins-treated cells, Tuni-treated 

cells, Ins- and Tuni-treated cells, or Tuni- and LMWF-treated cells. 
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Supplemental Figure 1. The effect of LMWF on glucose uptake and fatty acid 

oxidation is AMPK dependent manner. (A) and (B) L6 myotubes were treated with 

control siRNA (Mock) or AMPK siRNA and were then treated with LMWF for 2 h 

(glucose uptake) or 16 h (fatty acid oxidation). Glucose uptake (A) and fatty acid 

oxidation (B) were measured as described in Methods. All results are representative 

of at least three independent experiments. *P < 0.05 versus untreated controls, **P < 

0.01 versus LMWF- or metformin-treated cells with control siRNA. 



 

 

Supplemental Figure 2. Stimulation of AMPK activity and glucose uptake by 

LMWF was mediated by LKB1. (A) L6 myotubes were infected with control siRNA 

(Mock) or LKB1 siRNA for 48 h. Cells were then treated with LMWF for 2 h. Whole 

cell extracts were isolated and analyzed by Western blotting using indicated 

antibodies. Protein production was normalized with respect to non-phosphorylated 

forms (total forms). (B) Under the same conditions, glucose uptake was measured as 

described in Methods. All results are representative of at least three independent 

experiments. *P < 0.05 versus untreated controls, **P < 0.01 versus LMWF-treated 

cells with control siRNA. 

 

 


