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ABSTRACT

 

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease characterized by 

hyperglycemia resulting from progressive loss of β-cell insulin secretion frequently on the 

background of insulin resistance. T2DM, also known as non-insulin-dependent diabetes, 

accounts for more than 90% of all cases of diabetes. Insulin resistance (IR) refers to the reduced 

sensitivity of peripheral tissues to insulin and is one of the important triggers of type 2 diabetes. 

Sargassum fusiforme polysaccharide exhibits diverse biological activities, and more and more 

studies have shown it has a significant effect in improving insulin resistance with almost no 

side effects. Sargassum fusiforme fucoidan (SFF) is one of the main active components with 

active ingredients such as antioxidants and hypoglycemic lipids. However, the ameliorative 

effects of SFF on high-fat diet-induced insulin resistance mice and its underlying physiological 

mechanisms are not clear. Hence, the polysaccharides were extracted and purified from 

Sargassum fusiforme, and fucoidan (SFF), which has good antioxidant activity, was screened 

using a drosophila melanogaster aging model. The effect of SFF on the amelioration of insulin 

resistance in mice was investigated with a high-fat obese insulin resistance mice model. By gut 

microbiota and metabolomics techniques, the effect of SFF on intestinal metabolites and its 

mechanism of alleviate IR were investigated. After treatment with 200 mg/kg SFF for 8 weeks, 

it was found that SFF could reduce body weight, fasting blood glucose and homa-IR in insulin 

resistance mice. SFF could effectively activate Nrf2/ARE antioxidant signaling pathway in the 

liver and promote Nrf2 entry into the nucleus and downstream gene transcription. 

Metabolomics and intestinal microecology revealed that SFF could upregulate TUDCA level 

and downregulate ceramide level in mice colon and serum, and this change was dependent on 

gut microbiota. TUDCA effectively inhibits the FXR/SHP signaling pathway activated by a 
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high-fat diet, thereby reducing the biosynthesis of enteric-derived ceramides. In addition, 

TUDCA in the liver could compete with Nrf2 to bind Keap1 to reduce the formation of the 

Nrf2/Keap1 complex, reduce Nrf2 ubiquitination, and thus contribute to Nrf2/ARE signaling 

activation. In conclusion, fucoidan from S. fusiforme was able to modulate gut microbiota, 

increased the levels of the intestinal metabolite TUDCA, reduced biosynthesis of enteric-

derived ceramides and activated the Nrf2/ARE pathway, which in turn significantly improved 

insulin resistance induced by high-fat diet in mice. This study provides a new research idea for 

the study of brown algae fucoidan in metabolic diseases. 

Keywords: Sargussum fusiforme; Fucoidan; insulin resistance; ceramide; TUDCA; Nrf2 
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Chapter 1 

GENERAL INTRODUCTION 

1.1. Background 

Sargassum fusiforme belongs to the genus Sargassum in the family Sargassaceae and is 

a typical dual-purpose brown algae, considered one of the most important cash crops in 

China, Japan and Korea1,2. S. fusiforme is farmed on a large scale in the coastal areas of 

China's Zhejiang, Liaoning and Fujian provinces and up to 10,000 tonnes of S. fusiforme are 

produced annually in China3,4, together with Porphyra, Laminaria and Undaria are known as 

the four most valuable edible brown algae in China5,6. Consumed as a health food, it is now 

mostly exported to other Asian countries such as Japan and Korea6. The nutritional value of 

brown algae itself drives its market demand further up, year after year7. At the same time, 

brown algae contain numerous active ingredients such as proteins, lipids, polysaccharides 

and esters8-10. Among these, brown algae polysaccharides are a family of highly sulphated 

homologous and heterologous polysaccharides widely distributed in brown algae and several 

marine invertebrates8-11. 

Metabolomics is an emerging histological technique developed after genomics and 

proteomics to analyse the complex metabolites of the human body. It focuses on the 

qualitative and quantitative analysis of molecules of less than 1000 relative molecular weight 

produced by cells, tissues, blood and other biological systems that receive external stimuli or 

disturbances. Metabolomics technology offers the possibility of prediction and early 

diagnosis of type 2 diabetes12. In recent years, several studies have used metabolomics 

techniques to conduct comprehensive and systematic studies on the changes of metabolites in 

patients with type 2 diabetes, searching for bio-markers and possible metabolic pathways of 
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type 2 diabetes, and providing data to reveal the pathogenesis of type 2 diabetes. Numerous 

studies have shown that the metabolites that undergo significant changes after the onset of 

T2DM are mainly amino acids, esters, carbohydrates and their upstream and downstream 

metabolites13. In amino acid metabolism, diabetes causes upregulation of leucine, isoleucine, 

phenylalanine, methionine, taurine, valine and glutamine metabolism, and downregulation of 

glutamate, tryptophan, alanine, histidine, lysine, tyrosine, glycine and serine; in lipid 

metabolism, diabetes causes upregulation of free fatty acids, acetoacetate, acetylcarnitine, 

palmitic acid and cholesterol, and downregulation of phosphorylcholine and sphingomyelin 

In glucose metabolism, citric and lactic acid are upregulated and pyruvate, malate, succinic 

acid and ferredoxin are downregulated14,15. These findings not only provide a basis for early 

diagnosis and active treatment of diabetes, but also provide new ideas and references for the 

development of hypoglycaemic drugs. 

Gut microbiota, composed of trillions of microorganisms, plays a number of important 

physiological roles involving food digestion and metabolism. Recently, accumulated 

evidence has demonstrated that the modulation of the gut microbiota by dietary ingredients 

can ameliorate obesity and its complications16. Especially, indigestible marine plant-derived 

polysaccharides (MPPs) and marine animal-derived polysaccharides (MAPs) can be 

metabolized and fermented in the gut as nutraceuticals and gut microbiota modulators 

affecting intestinal ecology17. Shang et al.18 found that dietary fucoidan from brown 

seaweeds can modulate the gut microbiota to the advantage of the host probably in a 

structure-dependent way (such as linkage mode, molecular weight and monosaccharide 

composition) by enriching the amount of Lactobacillus and Ruminococcaceae and decreasing 

the abundance of Peptococcus, which is a gut microbiota modulator for health promotion and 

treatment of intestinal dysbiosis. Another example is the attenuation of HFD-induced obesity 
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and inflammation by high molecular weight Ganoderma lucidum polysaccharide via 

increasing the raito of Bacteroidetes/Firmicutes in gut microbiota and maintaining the 

integrity of intestinal barrier19. Gut microbiota analysis has shown that Ophiocordycecep 

sinensis polysaccharides could selectively promote the growth of Parabacteroides 

goldsteinii, a bacterium that has been shown to be negatively associated with obesity20. These 

studies suggest that fucoidan and polysaccharides can positively regulate the gut microbiota, 

thereby achieving an anti-obesity effect. 

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease characterized by 

hyperglycemia resulting from progressive loss of β-cell insulin secretion frequently on the 

background of insulin resistance. T2DM, also known as non-insulin-dependent diabetes, 

accounts for more than 90% of all cases of diabetes15. Insulin resistance (IR) refers to the 

reduced sensitivity of peripheral tissues to insulin and is one of the important triggers of type 

2 diabetes. Insulin resistance (IR) affects nearly one-third of the world’s population, and it is 

a key pathophysiological feature of metabolic syndrome, defined as a decrease in the  

response of the peripheral tissues to insulin, and inhibition of several insulin-stimulated 

metabolic pathways, such as glucose transport, glycogen synthesis and anti-lipolysis21,22. 

Individuals with IR are predisposed to several serious metabolic disorders, including T2D, 

dyslipidemia, hypertension, atherosclerosis, and nonalcoholic fatty liver disease (NAFLD)23. 

IR is generally caused by an excessive nutrient intake (e.g. massive fat intake) attributable to 

an energy imbalance24,25. Abnormality in lipid metabolism is associated with the 

overproduction of reactive oxygen species (ROS), and long-term HFD aggravates the burden 

of anti-oxidative system26. Therefore, the impairment of endogenous redox system by chronic 

HFD feeding is essential to the occurrence of IR in peripheral metabolic tissues.  

Nrf2 (NF-E2-related factor 2) is a potent transcription factor and plays an essential role 
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in regulating the expression of many cytoprotective genes, such as superoxide dismutase 

(Sod), and catalase (Cat), NAD(P)H:quinone oxidoreductase-1 (Nqo1), heme oxygenase 1 

(Ho-1), glutathione S-transferase (Gst), and glutathione peroxidase (Gpx), in response to 

oxidative stresses27. Growing evidence shows that activation of Nrf2 and Nrf2-regulated 

endogenous antioxidant system improves insulin sensitivity in the peripheral tissues, and 

prevents the development of IR28-30. In the present study, the effects of SFF on obesity and 

obesity-associated IR in HFD-fed mice was conducted. In the present study, the effects of 

SFF on obesity-associated IR, oxidative stress markers, serum biochemical parameters and 

pathological changes in liver and intestine of HFD-fed mice were investigated. Also, the 

impact of SFF on gut microbiota and metabolite were then analyzed by 16S rRNA 

sequencing and metabonomics. Our study has presented new insights into the prevention of 

energy imbalance-induced obesity and its related metabolic diseases by S. fusiforme 

fucoidan. 

1.2. Objectives of the study 

Based on the evidence and data in the literature review, the aim of this study was to 

further investigate the effects of Sargassum fusiforme fucoidan on insulin resistance, 

intestinal microecology and metabolites in mice with high-fat diet-induced obesity, and to 

analyse the relationship between changes in intestinal microecology and metabolites and the 

level of insulin resistance, obesity, and oxidative stress in mice. The results of the study also 

showed the relationship between the alteration of intestinal microecology and metabolites 

and the level of insulin resistance, obesity and oxidative stress. This will provide new 

reference data for the application of Sargassum fusiforme fucoidan in metabolic diseases and 

provide further insight into the biological mechanisms. Specifically, the research in this 

dissertation focuses on the following areas. 
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1. Antioxidant effects of Sargassum fusiforme fucoidan on aging models 

The soluble polysaccharides were extracted from Sargassum fusiforme by heat 

extraction and alcoholic precipitation to obtain alginate, aminaran and fucoidan respectively; 

the in vitro antioxidant capacity and in vivo anti-aging activity of the three polysaccharides 

were investigated, and one polysaccharide with the best antioxidant activity was selected for 

further study. 

2. Alleviating effects of fucoidan on insulin resistance in high-fat diet-induced obese mice 

The effects of fucoidan (200mg/kg) on body weight, diet, fasting blood glucose, glucose 

tolerance, insulin tolerance, insulin, free fatty acids, lipid levels, liver function, antioxidant 

enzymes, lipid peroxidation and tissue morphology were investigated in a high-fat diet-

induced insulin resistance model. 

3. Effects of fucoidan on intestinal microecology in mice on high-fat diet 

The effects of fucoidan on the intestinal microecology of mice on a high-fat diet were 

determined by PCR amplification of the 16S rRNA gene and Miseq sequencing, and by 

analysis of the gut microbiota structure (alpha diversity analysis, beta diversity analysis and 

Lefse analysis, etc.) and metabolic functions. Comparative analysis of the effects of fucoidan 

on the structure and function of the gut microbiota of HFD mice; also, analysis of the 

relationship between fucoidan-altered gut microbiota and obesity parameters, etc. 

4. Effects of fucoidan on intestinal metabolites in mice 

Based on intestinal metabolomics analysis, the relationship between TUDCA and 

sphingosine/ceramide in intestinal absorption was investigated. A pseudo-germfree mouse 

model was constructed using a combination of antibiotic treatments to investigate whether 

fucoidan has been targeted by intestinal microecology for its effect on insulin resistance. 
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5. Effects of TUDCA on insulin resistance in ob/ob mice and biological mechanism of 

TUDCA activation of Nrf2/ARE signaling pathway. 

We used the ob/ob mouse insulin resistance model to determine the physiological 

effects of TUDCA that are consistent with those of fucoidan, and combined molecular 

docking and Co-immunoprecipitation techniques to analyze the regulatory effects of TUDCA 

binding to KEAP1 to inhibit the ubiquitinated degradation of Nrf2. This will provide a 

theoretical basis for the elucidation of the ameliorative effect of fucoidan on insulin 

resistance. 

1.3. Organization of the dissertation 

The dissertation is structured as follows: in Chapter 2, literature works were reviewed 

and summarized. In Chapter 3, the in vitro and in vivo antioxidant activity of fucoidan was 

screened and the activation of the Nrf2/ARE signalling pathway by fucoidan was determined. 

In Chapter 4, the effects of fucoidan on improving insulin resistance in high-fat diet-induced 

obese mice and its effects on gut microbiota were determined. Chapters 5 and 6 investigated 

the effects of fucoidan on the absorption of TUDCA and sphingosine to alleviate IR, 

including TUDCA inhibits ceramide synthesis and the inhibition of ubiquitinated degradation 

of Nrf2 by TUDCA. Chapter 7 provides the conclusion of this research and recommendations 

for future research. 

1.4. Highlights of innovation 

(1) In this study, Sargassum fusiforme polysaccharides were extracted and purified, the 

antioxidant effects of the three extracts were compared and the polysaccharide (SFF, 

Sargassum fusiforme fucoidan)  with optimal antioxidant activity was selected from them for 

further study. 
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(2) The effects of SFF on the alleviation of insulin resistance were investigated in depth to 

increase the evidence that seaweed polysaccharides exert hypoglycemic and hypolipidemic 

activity through the reduction of oxidative stress. 

(3) The effects of SFF on intestinal microecology and metabolites in an obese IR mice model 

were analyzed through a histological approach to search for differential metabolic markers 

and their biological interpretation. 

(4) Pseudo-germfree mouse experiments demonstrated an intermediate targeting role for gut 

microbiota in the exertion of insulin resistance by SFF. 

(5) TUDCA is proposed to reduce the synthesis of enteric-derived ceramide through 

inhibition of the FXR/SHP signaling pathway, providing a new resolution of insulin 

resistance alleviation by SFF. 

(6) TUDCA binds to KEAP1 to inhibit the ubiquitinated degradation of Nrf2, elucidating the 

mechanism of action of SFF in alleviating oxidative stress. 
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Chapter 2 

LITERATURE REVIEW 

2.1. Insulin resistance 

Type 2 diabetes (T2D) has become a decisive medical challenge in the 21st century15. 

The over-consumption of relatively cheap, underfed, calorie-dense and highly palatable foods 

in developed and some developing countries has led to a significant increase in overweight 

and obesity. In the United States, the overall prevalence of pre-diabetes, diabetes and diabetic 

complications exceeds 50%31. Although not all obese individuals develop T2D (this varies 

from person to person), it has to be acknowledged that obesity is one of the main factors in 

the development of T2D and that the prevalence of T2D is positively correlated with the 

prevalence of obesity12. The current definition of T2D is mainly secondary to the inadequate 

action of the main glucose-lowering hormone: insulin. Therefore, understanding the 

physiological mechanisms of insulin is one of the essential strategies for the effective 

treatment of T2D. The term "insulin resistance" refers to a decreased metabolic response of 

target cells or peripheral tissues to insulin, or an impaired lowering effect of circulating or 

injected insulin on blood glucose at the level of the whole organism. Insulin resistance is is a 

pre-condition of type 2 diabetes, and obesity and sedentary behavior affect 9% of the US 

population susceptible to the disease. In addition, diabetes can cause serious complications, 

including neuropathy, retinopathy, kidney failure and cardiovascular disease, leading to 

ischaemic heart disease and nearly 75,000 amputations each year32. 

Subjects are identified as having insulin resistance when serum levels of circulating 

insulin are high and the necessary conditions for a glucose-lowering response cannot be met. 
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Various clinical entities- diabetes mellitus, non-alcoholic fatty liver disease, malnutrition, 

polycystic ovary syndrome -are accompanied by elevated fasting plasma insulin 

concentrations21. The continued secretion of insulin increases the workload of the pancreas, 

which in turn leads to beta cell hypofunction and is one of the main mechanisms for the 

development of overt T2D22. Unfortunately, the importance of insulin resistance in the 

pathogenesis of T2D is often overlooked and research on insulin resistance as the best 

predictor of future T2D diagnosis is urgent. Furthermore, as insulin action has different 

functions in different cell types, insulin resistance has varying response criteria in various 

insulin target tissues23,33.

Figure 2.1. briefly describes the two classical insulin signaling pathways34. The insulin 

signaling pathway is activated when insulin binds to the insulin receptor on the cell 

membrane. The interaction of insulin with its receptor activates an intrinsic tyrosine protein 

kinase that autophosphorylates the receptor as well as downstream substrates. In the classical 

pathway, a family of proteins known as insulin receptor substrates (IRS) acts as downstream 

substrates for insulin, which activates a cascade of serine-protein kinases. Akt (protein kinase 

B) is a major branching point with numerous downstream substrates leading to a variety of 

physiological functions, including balancing energy and maintaining metabolic homeostasis. 

The secondary pathway ("ras/MAP-kinase") is also a serine-protein kinase cascade. However, 

this pathway regulates transcription, cell growth and differentiation, and protein synthesis34.
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Figure 2.1 Two insulin signaling pathways mediate the numerous actions of insulin. The insulin 

receptor (IR) is a tetramer consisting of two alpha subunits and two beta subunits that span the plasma 

membrane. A gene encodes the alpha and beta subunits, which are cleaved post-translationally and 

held together by disulfide bonds. There are two pro-IR isoforms, a short one and a long one, produced 

by alternative splicing of exon 11. Thus, the alpha subunit of IR-B contains 12 additional amino acids 

at its C-terminus. These two isoforms are known to have different functions, encompassing cell 

metabolism (top) versus mitosis (bottom). In both pathways, insulin (I) binding activates an intrinsic 

tyrosine protein kinase that makes the receptor as well as downstream substrates including IRS 

(insulin receptor substrate) or SHC (Src homology domain-containing protein). 

 

2.1.1 Obesity and insulin resistance

Obesity affects physical health and can induce a variety of metabolic diseases including 

insulin resistance, type 2 diabetes, cardiovascular disease and metabolic syndrome. Obesity 

has now become a serious problem for individuals, the health-care system and society as a 

whole35. The American Medical Association (AMA), the largest organisation of doctors in 

the USA, has identified obesity as a physical disease in its own right36. Although obesity can 

lead to a variety of metabolic diseases, it is not inevitable in the development of the disease. 

What has to be acknowledged is that obesity is positively correlated with the development of 

metabolic disease and identifying obese individuals at higher risk of obesity-related disease is 
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crucial as it will allow limited resources to be used more effectively for intensive therapeutic 

approaches37,38. In recent years, several studies have demonstrated that insulin resistance, as a 

pre-diabetic condition, is likely to be a sign of early release and that insulin resistance may 

even be considered a major causative factor in diabetes, cardiovascular disease, metabolic 

syndrome, etc39. 

2.1.2. Oxidative stress and insulin resistance

The complex relationship between oxidative stress and inflammation and insulin 

resistance is now beginning to be explored in a number of studies40. The production and 

accumulation of ROS in cells or tissues activates the organism's own detoxification system, 

and when the antioxidant capacity is not in balance with the ROS produced, oxidative stress 

is induced. Low concentrations of ROS are beneficial to the signaling cascade between cells, 

but above a certain level ROS can trigger discomfort in the body. Low concentrations of 

ROS help the body's own cell proliferation and metastasis, while high concentrations of ROS 

accumulate to induce apoptosis41. Therefore, may give rise to a different cancer treatment 

method focused on enhancing ROS production in cancer cells42. A growing evidence 

suggests a close relationship between oxidative stress and insulin resistance. Firstly, 

overweight or obesity-induced insulin resistance in the body occurs through specific 

molecular signaling pathways such as oxidative phosphorylation, superoxide production by 

oxidase (NOX), aldehyde auto-oxidation, and polyol and hexosamine pathways. 

Dysregulation of these specific molecular signaling pathways can lead to systemic oxidative 

stress43,44. 

A variety of deleterious conditions can produce oxidative stress, such as 

hyperleptinemia, hyperglycemia, endothelial dysfunction, elevated lipid levels, impaired 

mitochondrial function, and vitamin and mineral deficiencies, all of which can lead to insulin 
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resistance45. Oxidative stress plays a key role in the pathogenesis and development of 

complications of insulin resistance43. It has recently been shown that by activating adipocyte 

differentiation, preadipocyte oxidative stress triggers obesity and metabolic disorders by 

activating adipocyte differentiation, preadipocyte proliferation and increasing the size of 

mature adipocytes46. In addition, oxidative stress can also influence hypothalamic neurons 

that control satiety and hunger behavior to increase food intake in the daily diet47. In addition 

to the role of oxidative stress in the pathogenesis of obesity, chronic inflammation also plays 

a non-negligible pathogenic role. Multiple studies have shown that oxidative stress plays an 

equally pathogenic role in chronic inflammatory diseases48. Pro-inflammatory cytokines, 

such as IL-1β, IL-6 and TNF-α, have been suggested to contribute to oxidative stress-induced 

inflammation. Sustained oxidative stress/inflammation may contribute to diabetes, 

cardiovascular, cancer and neurological diseases44. Oxidative stress in the body can activate a 

variety of transcription factors, including activator protein 1 (AP-1), NF-κB, tumour protein 

p53 (p53), peroxisome proliferator-activated receptor γ (PPAR-γ), hypoxia-inducible factor 

1α (HIF-1α), β catenin/Wnt and Nrf2, which are transcription factors that will further induce 

the production of inflammation and metabolic disorders48. 

2.2. The role of Nrf2 pathway in obesity and insulin resistance

As a classical antioxidant signaling pathway, the Nrf2 pathway plays a central role in 

metabolic homeostasis as an antioxidant and anti-inflammatory. A number of studies now 

suggest that the Nrf2 pathway may be a key target for improving insulin resistance and 

obesity. Studies targeting Nrf2 have mostly been conducted in animal models, and the 

regulation of Nrf2 has been investigated by two different approaches: genetic manipulation 

such as Nrf2 Knockout (KO) or Keap1 Knockdown (KD) mice and administration of Nrf2 

pharmacological activators49,50. The Nrf2 KO mouse model was constructed so that a 
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constitutive lack of Nrf2 expression, mainly manifested by the inability of cells to produce 

antioxidant enzyme genes in response to oxidative stress. In contrast to Nrf2 KO mice, 

Keap1 KD mice were genetically engineered to study the effects of constitutive over-

expression of Nrf2. Based on these two different modification methods and animal models, 

some conflicting experimental data were derived. In the following, we provide a discussion 

of the role of Nrf2 in obesity and insulin resistance in the context of recent current research. 

2.2.1. The role of Nrf2 in obesity

Chartoumpekis DV et al. investigated the role of Nrf2 in a 6-month-long high-fat diet-

induced obesity mouse model49. It was shown that Nrf2-KO mice could protect against 

partial obesity damage induced in a high-fat diet. Transcript levels of fibroblast growth factor 

21 (FGF21) were significantly increased in plasma, liver and white adipose tissue of Nrf2-

deficient mice compared to wild-type mice. In another study of high-fat diet (containing 60% 

fat) induced obese mice, Shin S. et al. found that Nrf2-deficient mice gained less weight 

compared to wild-type mice50. Combining these experimental data, it was found that a high-

fat diet induced obese mice, whereas when Nrf2 expression was reduced the body weight of 

the mice was reduced. It has also been shown that targeted knockdown of Nrf2 in mouse 

adipose tissue reduces adipose tissue mass and inhibits weight gain in mice on a high-fat diet 

(40 kcal% fat)51. Interestingly, keap1-hypo mice showed similar results to Nrf2 KO mice 

under a high-fat diet, with both showing a decrease in body weight. Slocum et al. concluded 

that the keap1-hypo mouse model suppressed high-fat diet-induced (60 kcal% fat) insulin 

resistance and obesity under sustained activation of the Nrf2 pathway, reduced accumulation 

of cholesterol and lipids in the liver 52. In addition, Xu J. et al. found that obesity and lipid 

accumulation in white adipose tissue were reduced in Keap1-knockdown mice with sustained 

activation of the Nrf2 pathway under high-fat diet induction53.  
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Gene editing of Nrf2 or Keap1 revealed a significant effect of the Nrf2 pathway on body 

weight in mice fed a high-fat diet. In contrast to this finding, some studies concluded that 

after eight weeks of high-fat diet treatment, there was instead a tendency for a slight increase 

in body weight in Nrf2-deficient mice compared to wild-type mice. In another study, Zhang 

Y et al. investigated the effects of the Nrf2 antioxidant pathway on high-fat diet-induced 

obesity in Nrf2-deficient mice54, wild-type mice and Keap1 knockout mice. The results 

showed that genetic alterations in Nrf2 did not prevent diet-induced weight gain and obesity 

in mice. In summary, most studies using Nrf2-deficient or increased Nrf2 activity mice 

showed a decrease in body weight under high-fat diet conditions compared to wild-type 

mice. However, there are still studies that have concluded that there is no significant change 

in body weight using a high-fat diet with a relatively low fat content, either in Nrf2-deficient 

mice or normal wild-type mice54,55. This also suggests that the fat content of the high-fat diet 

is critical to the effect of body weight in mice, which may be one of the reasons for the 

conflicting experimental results. 

With increasing evidence that Nrf2 plays a key role in the regulation of energy 

metabolism and lipid metabolism, various Nrf2 pharmacological activators and natural 

antioxidants targeting Nrf2 have been tested in animal models of high-fat diet-induced 

obesity to identify novel agents for the treatment of metabolic disorders. As a potent agonist 

of Nrf2, Oltipraz prevented high-fat diet-induced weight gain and fat accumulation56. In 

addition, Shin S.50 and his colleagues found that treatment of high-fat diet-induced obese 

mice with CDDO imidazolide, another potent agonist of Nrf2, prevented high-fat diet-

induced obesity by increasing energy expenditure and oxygen consumption and reducing 

high-fat food intake in mice57. The treatment of high-fat diet-induced obese mice with CDDO 

imidazolide prevented diet-induced weight gain, adipose tissue and liver lipid accumulation 
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by increasing energy expenditure and oxygen consumption and reducing high-fat food intake. 

However, these functions were absent in Nrf2-deficient mice, suggesting that activation of 

the Nrf2 pathway could prevent obesity and metabolic disorders. Finally, under high-fat diet 

conditions, some of the active small molecules (phenolactone, epigallocatechin 3-gallate, 

etc.) can alleviate insulin resistance and insulin resistance-induced inflammatory responses 

through Nrf2/Keap1 signalling58,59. 

2.2.2. The role of Nrf2 in insulin resistance

Due to the critical antioxidant, cytoprotective and anti-inflammatory roles played by the 

Nrf2 pathway, many scientists have conducted numerous studies to investigate the effects of 

the Nrf2 pathway on insulin resistance and potential therapeutic mechanisms. With the 

current development of gene editing technology, the use of transgenic mouse models after 

knocking down Nrf2 and Keap1 to investigate the strong link between the Nrf2 pathway in 

obesity and insulin resistance is promising60. 

In the Nrf2-deficient mouse model, the lack of Nrf2-induced antioxidant enzymes and 

cytoprotection is hypothesized to exacerbate insulin resistance and obesity under high-fat 

dietary conditions (containing 60% fat). In another study, Nrf2-KO mice were found to 

induce insulin resistance and lipid accumulation in the mouse liver through activation of the 

NF-κB signaling pathway under high-fat diet-feeding conditions. In addition, Nrf2-deficient 

mice showed an increase in the associated oxidative stress indicators 4-HNE and 

malondialdehyde, and a decrease in SOD and glutathione levels59. This suggests that Nrf2 

deficiency has a positive effect on insulin resistance and glucose homeostasis in a high-fat 

diet-induced obese mouse model, but experimental results that are inconsistent with this 

remain. Under high-fat diet feeding, Nrf2-KO improved insulin resistance in the liver 

compared to wild-type mice54, and, Nrf2 KO mice showed better insulin sensitivity than WT 
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mice under high-fat diet feeding61. Finally, both in vitro and in vivo settings, Meher A.K. et

al. demonstrated that Nrf2 deficiency protects mice from insulin resistance in chronic high-

fat diet feeding by reducing adipose tissue inflammation59. It is interesting to note these 

studies showed a positive effect of Nrf2 deficiency on insulin resistance, provided that 

systemic Nrf2-deficient mice were used, rather not tissue-specific deletion mice62. A recent 

study used a targeted specific knockout Nrf2 mouse model to further investigate the specific 

effects of Nrf2 on different metabolic organs63. The results of this study showed that cell-

specific deletion of Nrf2 in mouse adipocytes induced insulin resistance and continued to 

worsen under high-fat diet feeding conditions. In contrast, insulin sensitivity was 

significantly improved in the hepatocytes of Nrf2-deficient mice64. Similarly, a study using 

leptin-deficient ob/ob mice showed that specific knockout of the Nrf2 gene in adipocytes 

resulted in reduced white adipose tissue mass, but not improved insulin resistance, and even 

led to a more severe metabolic syndrome. This study revealed that activation of the Nrf2 

pathway in adipocytes upregulates the expression of antioxidant genes, which in turn reduces 

the accumulation of cellular ROS and plays a novel role in improving insulin sensitivity65. 

Thus, it can be concluded from all the studies discussed above that the complexity of the 

Nrf2 pathway gives rise to inconsistent results regarding its effects on obesity and insulin 

resistance (Table 2.1). 
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In accordance with previous findings, the sustained activation of the Nrf2 pathway 

prompted in Keap1-deficient mice may provide a novel therapeutic strategy to investigate the 

role of Nrf2 in various metabolic diseases. It was shown that insulin signaling in the liver of 

Keap1-KD leptin-deficient ob/ob mice was inhibited and insulin resistance was not improved 

under short-term high-fat feeding54. In contrast, Uruno A. et al. demonstrated increased 

activation of Nrf2 in skeletal muscle by generating a skeletal muscle-specific Keap1 

knockout lean mouse model. This sustained activation of Nrf2 increased the expression of 

glycogen branching enzymes and the phosphorylase b kinase alpha subunit protein, which in 

turn improved insulin resistance and increased glucose uptake66. Constitutive enhancement of 

Nrf2 signaling induced by knockout of Keap1 prevented impaired metabolism and insulin 

resistance in lipodystrophic mice by inhibiting lipid synthase in the liver67. 

The physiological mechanisms underlying the role of Nrf2 in insulin resistance have not 

been fully elucidated. Studies using the Nrf2 KO and Keap1 KD mouse models have yielded 

inconsistent results on the role of the Nrf2 pathway in insulin resistance. This suggests that 

deletion or activation of Nrf2 in different specific tissues (liver, muscle, adipose tissue) may 

lead to different effects on insulin resistance (Table 2.2)60. In addition, the variability of the 

mice themselves, the fat content of the high-fat diet and the duration of feeding, the degree of 

variability in mouse strains, and differences in the genetic background of the animals may also 

have an effect on insulin resistance. What is certain is that, in addition to studies on systemic 

deficient Nrf2, more attention needs to be paid in the future to the specific targeting of Nrf2 to 

tissue deletion or activation. 
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Studies have shown that the decreased antioxidant capacity caused by obesity may lead 

to insulin resistance and even type 2 diabetes68. Other studies have also shown that compared 

with healthy individuals, the activity of antioxidant enzymes (such as SOD, CAT, GPX, etc.) 

in obese patients is significantly reduced69. In addition, another mouse study found that 

compared with the normal group, the activity of antioxidant enzymes in obese rats was 

inhibited by a high-fat diet70. Therefore, as a potential drug for improving metabolic diseases, 

it is urgent to develop the medicinal value of Nrf2 activators. The Nrf2 pathway is expected to 

improve insulin resistance by counteracting oxidative stress and inflammation caused by 

obesity to maintain the body's redox homeostasis. Studies have shown that resveratrol (an 

Nrf2 agonist) can activate Nrf2 by activating the ERK pathway instead of the p38 or JNK 

pathway, thereby alleviating the insulin resistance of HepG2 cells induced by methylglyoxal 

and increasing HO-1 and glyoxalase expression level71. In addition, other effective Nrf2 

agonists, such as oltipraz, curcumin and notoginsenoside R1, etc., have been 

pharmacologically studied in obese mice. The study by Yu Z. et al. proved that oltipraz 

treatment of obese mice induced by a high-fat diet can upregulate Nrf2 target antioxidant 

enzymes in the mouse liver, such as CAT and SOD, and reduce endoplasmic reticulum stress 

and inflammation61. Another group of studies extracted natural plant compound curcumin for 

research and found that curcumin can also significantly reverse the increase in 

malondialdehyde and ROS caused by high-fat diet, and increase the expression of antioxidant 

enzyme HO-1 in skeletal muscle, thereby improving obesity-induced insulin resistance72. 

Finally, the latest research shows that one of the main components of notoginseng saponins, 

notoginsenoside R1, can significantly improve dyslipidemia and insulin resistance in diabetic 

mice73. 

2.3. Gut microbiota
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At present, obesity has become a global health challenge. In both developed and 

developing countries, the proportion of obese people is increasing sharply74. Today, there are 

more than 500 million obese people in the world, which will not only increase a lot of 

economic costs but also pose a threat to public health75. Obesity is not only an increase in 

weight, it also makes individuals prone to obesity. Obesity can cause many diseases, 

including cardiovascular disease, diabetes, non-alcoholic fatty liver, cancer and some aging-

related diseases. Several key genes are involved in the determination of obesity, but this 

genetic susceptibility may only explain a small part of the disease mechanism in obese 

people, but cannot explain the increase in this pathological incidence. Obesity stems from the 

relationship between complex genetic interactions and environmental factors (such as diet, 

food composition, and/or lifestyle). In general, it is caused by the long-term imbalance 

between energy intake and expenditure and the excessive accumulation of body fat76. 

Currently, the complex pathways leading to the development of overweight and obesity have 

not been fully studied. Recent studies have shown that intestinal flora (the trillions of bacteria 

that usually exist in the human gastrointestinal tract) is likely to also be involved in the 

regulation of obesity77. The body is a complex whole, and more and more evidences show 

that the gut microbiota and its bacterial genome may directly affect the acquisition of lipids 

and participate in the physiological processes of energy regulation and fat storage78. In 

general, these findings increase the possibility that the gut microbiota plays a role in 

regulating the host's energy metabolism, and provide a new treatment strategy for the study 

of obesity and related metabolic diseases. 

2.3.1. Development and stability of the gut microbiota

It is currently believed that the placenta is not interfered by bacteria in the mother's 

body, although a small amount of bacteria will enter the placenta through the circulation of 
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body fluids during the entire gestation process to form tiny microflora79. After the baby is 

born, bacteria from the mother and the surrounding environment will quickly invade the 

baby's intestines and colonize to form a stable microbial community. The composition of this 

microbiota depends on various factors, including the method of birth (cesarean section or 

vaginal delivery), breastfeeding or formula feeding, antibiotic treatment or environmental 

hygiene80. Because of the continuous changes in the environment, the community 

composition of babies will still change in the first few years of the formation of the 

microbiota. Influencing factors include developmental changes in the intestinal environment, 

host genotypes and the introduction of solid foods, etc. Basically, a more complex and stable 

community close to the adult gut microbiota is established in the intestines of infants when 

they are about 3 years old81. In the adult population, if the surrounding environment and diet 

of the settlers remain unchanged, the gut microbiota remains basically stable. Then, when the 

digestive physiology and diet of the elderly change, the gut microbiota will be greatly 

changed82. In the adult population, dietary factors or antibiotic treatment can cause changes 

in the gut microbiota, but this change is short-lived. For example, in adults with a single oral 

antibiotic for short-term treatment, the gut microbiota will change its original structure for up 

to 4 weeks, and then the gut microbiota tends to return to its original composition after 4 

weeks83. 

Of course, some antibiotics may have super effects, and some bacteria may not recover 

after several months of treatment. Repeated contact with antibiotics may cause the diversity of 

the flora to decrease84. Similarly, changes in diet can also lead to changes in the composition 

of the gut microbiota. Food provides nutrients to the host and microbiota, and their bacterial 

species may be favorably or adversely affected by the dietary species. A current study believes 

that genetic mutations cause no more than 12% of the changes in the structure of the gut 
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microbiota, and changes in the diet structure of mice can explain 57% of the total structural 

variation of the gut microbiota85. In humans, the gut microbiota in babies and their mothers 

has been identified, and the two are extremely similar. The gut microbiota is affected by both 

genotype and environmental exposure. The results show that family members have more 

similar microbiota than unrelated individuals, but the degree of variation between identical 

twins is similar, indicating that early environmental exposure is a key determinant of adult 

intestinal bacterial communities86. In addition, this study also shows that if the bacterial 

composition of each microbial group is different (all 154 individuals have no shared bacterial 

species), there are a variety of shared microbial genes called "core microbiomes", reflecting 

The evolutionary convergence of unrelated bacterial species. Since the genotype and 

environmental exposure of each individual is different, the final composition of the microbiota 

is unique and specific to each individual87. A recent study believes that due to the uniqueness 

of the gut microbiota, individuals can be uniquely identified based on the microbiota alone88. 

Nevertheless, the intestinal flora is still a controversial issue, and further in-depth research 

needs to be carried out. 

2.3.2. Composition of the gut microbiota

In humans, the gut microbiota accounts for about 1 kilogram of our body weight. It is a 

complex and dynamic ecosystem. Current studies have shown that it co-evolves with the 

host89. It is now recognized that the microbial community in our intestines is regarded as a 

new organ that affects the health of the body by regulating human metabolism, immunity and 

endocrine90. However, there are still a large part of intestinal bacteria that cannot be cultivated 

due to the special growth environment, so our understanding of the gut microbiota is still very 

one-sided91. For a long time, the cultivation of microbiota has been restricted by technical 

problems. As early as the 1980s, it introduced a new culture-independent method to identify 
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bacteria based on 16S rRNA gene sequencing. Now, more and more molecular technology 

developments make it possible to reliably assess the gut microbiota. Although archaea and 

eukaryotes also exist in the intestines, bacteria clearly dominate. A total of nine families of 

bacteria and at least one family of archaea colonize the adult human intestine92. This is only a 

small part of the more than 70 bacterial families and 13 archaea families known in the 

biosphere. In addition, three bacterial families, namely Fimanticutes (Gram-positive), 

Bacteroidetes (Gram-negative) and Actinobacteria (Gram-positive) dominate the intestinal 

flora of adults, accounting for more than 90% of all bacteria. Methanobrevibacter smithii 

hydrogen-consuming methanogens dominate the archaeal domain93. The above data are 

obtained from stool samples corresponding to colonic populations. But this part of the data 

only comes from the colon. It is reported that the proportion and types of bacteria in the 

gastrointestinal tract are affected by changes in the intestinal environment, such as oxygen, 

pH, and nutrient utilization. Therefore, the bacterial concentration in the lower part of the 

gastrointestinal tract is higher, that is, close to the hind-gut. Assuming that this intestinal 

segment is mainly composed of anaerobic bacteria, aerobic bacteria dominate in the proximal 

intestine. However, the results of molecular analysis show that the same bacteria are present in 

different areas of the intestine, but the proportions of different species are different94. 

With the advancement of science and technology, the human microbiome project has 

entered a new era. The improvement of sequencing and bioinformatics capabilities not only 

enables people to understand the types of bacteria that exist, but also their gene content95-97. It 

is estimated that using these technologies, there are about 1014 types of microorganisms in 

the human gastrointestinal tract (ten times more cells than the entire human body), and each 

intestinal flora is composed of 500–1000 different bacteria98. At present, the MetaHit 

Alliance has released a bacterial catalog, which contains nearly 10 million non-redundant 
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genes. The results obtained by sequencing the stool samples of 1267 individuals indicate that 

the human microbiome contains at least 100 times that of the human genome99-101.  

The human body has an average of 500-600,000 bacterial genes, about half of which are 

shared by most individuals (functional core). The intestinal flora has many functions in 

humans, and may greatly promote the diversity of metabolism in the human population, but 

not all individuals have this function. In addition, according to the composition of the 

intestinal flora, humans divide it into three different bacterial groups102. This intestinal type 

concept is based on the co-occurrence of bacterial species. The intestinal type is dominated 

by Bacteroides, Prevotella, and Luminococcus. Although differences in bowel types were 

found to be independent of geographic location, age, gender, or body mass index, these 

bowel types were associated with differences in long-term eating patterns103,104. Although the 

concept of intestinal type is still controversial, it is crucial to establish a relationship between 

intestinal flora and health and define what constitutes healthy and undesirable bacterial 

communities. 

2.3.3. Gut microbiota functions

The intestinal flora is in a symbiotic relationship with the human body, and it can 

perform basic functions that the human body cannot perform. Therefore, the intestinal 

microbiota is essential for maintaining normal gastrointestinal and digestive functions as well 

as immune function105,106. Studies have found that the microbiota in the intestine can ferment 

food components that cannot be digested by human digestive juices, and synthesize vitamins 

and other essential micronutrients. In addition, the intestinal flora can also metabolize toxins 

and carcinogens in the diet, convert cholesterol and bile acids to ensure the maturity of the 

immune system. The intestinal flora also has the function of affecting the growth and 

differentiation of intestinal epithelial cells, and prevents intestinal pathogens by regulating 
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intestinal angiogenesis107. In the past few decades, a close relationship has been established 

between the gut microbiota and human health. Studies have reported that the imbalance of the 

intestinal flora can induce many diseases, including immune dysfunction and viral infections. 

Studies have shown that the intestinal microbiota is also related to several non-intestinal 

diseases, including diabetes, cardiovascular disease, obesity, liver and even brain diseases, 

etc.108.  

2.3.4. Gut microbiota and insulin resistance

There is growing evidence that the gut flora is one of the key factors regulating host-

environment interactions, particularly the absorption and digestive response to food 

intakeb109. It is now widely accepted that the gut flora can influence the body's differential 

metabolic and energy balance regulatory responses to nutrient intake, which may be related 

to microbiota structure. Consistent with specific bacterial flora being detrimental to 

metabolic homeostasis in metabolic regulation, it is hypothesized that organisms without gut 

bacteria may be protected from diet-induced obesity110. On the other hand, the high 

heterogeneity of human gut bacteria has been found to be protective of the organism and has 

the potential to reduce the risk of obesity and its complications111. The risk of obesity and its 

complications may be reduced by the heterogeneity of human intestinal bacteria. 

Interestingly, genetic clustering analysis indicated that dietary restriction was also able to 

modulate the gut microbiota112. The results of this analysis suggest that this process involves 

an increase in the proliferation of certain bacteria, and that this flora may reverse certain 

diseases when recovered113. Notably, it has been reported that in experimental models, diet-

induced metabolic disturbances may be directly associated with the development of insulin 

resistance, and not with obesity. This may be mediated by direct regulation of flora or at least 

partial regulation of metabolism by gut bacteria114. There is conclusive evidence that 
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excessive consumption of saturated fat-rich diets can increase bacterial production of pro-

inflammatory lipopolysaccharides and can increase intestinal permeability and enhance 

systemic inflammation. The concept of metabolic endotoxaemia has now emerged as 

representing a potential key dietary modifier of diet-related obesity-related metabolic 

disorders, including insulin resistanceb114. From a mechanism of action perspective, the level 

of short-chain fatty acids (SCFA) produced by bacterial fermentation plays an important role 

in nutrient intake, which is tied to the occupancy and function of the gut microbiota itself 115. 

2.4. Fucoidan in insulin resistance

The marine environment provides humans with a wealth of chemical and biological 

supplies. The unique compounds of marine plants and algae are considered to be an 

important source of cosmetics, dietary supplements, agrochemicals and pharmaceuticals116. 

Seaweeds, classified as green algae, red algae and brown algae, among others, are capable of 

producing a variety of biologically active metabolites117. Currently, research has been 

conducted on several components of marine seaweeds with nutritional health and 

pharmaceutical activities118,119. In about 2000 For about 2000 years, brown algae (e.g. 

Sargassum spp.) have been used as a Traditional Chinese Medicine (TCM) to treat a variety 

of diseases120. Traditionally, brown algae have been used to treat tumours, kidney disease, 

eczema, oedema, testicular pain, swelling, cardiovascular disease, atherosclerosis, ulcers, 

frostbite, psoriasis and asthma, among other conditions121. The therapeutic effects of brown 

algae are now scientifically approved. Brown algae contain several components that can be 

explained by their pharmacological effects in vivo and in vitro. Brown algae metabolites have 

several biological activities as anti-cancer, anti-inflammatory, anti-bacterial, anti-viral, 

neuroprotective and anti-HIV. Fucoidan polysulphate is one of the active ingredients in 

brown algae and several studies and reviews have previously been carried out on its 
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biological activity, for example by producing antioxidant, antitumour, immunomodulatory, 

antiviral and anticoagulant activities for the treatment of several metabolic diseases122. 

2.4.1. Fucoidan

The first extraction process for fucoidan was carried out in 1913 from a brown algae 

such as Fingerling kelp, fucus vesiculosus and Nocosum nodosum123. Fucoidan is a 

negatively charged and highly hygroscopic complex polysaccharide124. Fucoidan is found in 

high concentrations in brown algae, mainly in Fingerling kelp, Nodosum nodosum,

Aspergillus macrosporidian and chlorella leaves. Fucoidan is soluble in water and acid 

solutions. Since its first publication in 1913, the number of studies on fucoidan has increased 

significantly, especially in the last few years. The reason for this increase in research is that 

fucoidan may have antitumour, anticoagulant and antioxidant effects, as well as an important 

role in the regulation of glucose and cholesterol metabolism125. In addition, fucoidan is of 

considerable interest as a component of fucoidan polysaccharides. It has also been reported 

that fucoidan may provide protection against liver damage and urinary failure. Clearly, these 

studies are gradually flourishing as the biological activity of fucoidan is carried out. As the 

research continues to accumulate, the biological activity and health-related benefits of 

fucoidan are becoming increasingly available. 

2.4.2. Structure of Fucoidan

Fucoidan is known as a polysaccharide rich in fucose and sulphate groups and is mainly 

derived from the extracellular matrix of brown algae. Fucose is composed of L-fucose, a 

sulphate group and one or more small proportions of glucose, xylose, mannose, rhamnose, 

arabinose, galactose, glucuronide and acetyl groups and is present in a variety of brown 

algae126-128. The researchers also used galacto-humulose to represent a type of rock algae 

etiolated glycan. Galacto-humicans are referred to as monosaccharides and the 
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monosaccharides are composed of galactose and fucose, similar to rhamnose fucoglycans 

(rhamnose and fucose) and rhamnogalacto-humicans (rhamnose, galactose and fucose). In 

addition to the structure of fucose, there are differences between the different types of algae. 

However, rockweed dependans usually have two types of homogamellose (Figure 2.2). One 

type (I) contains repeating (1→3)-L-furanoglucan and the other type (II) contains alternating 

and repeating (1→3)- and (1→4)-L-furanoglucan129.  

 

Figure 2.2 Type I and type II of common backbone chains in brown seaweed fucoidan. R can be 

fucopyranose, glucuronic acid and sulfate groups, while the location of galactose, mannose, xylose, 

rhamnose, arabinose and glucose in several kinds of seaweed species remains unknown. 

 

Reports based on the fucoidan structure have led to further structural refinement of 

fucoidan sulfates. Studies have reported that most fucoidan-derived rockweed species have 

alternating bonds of (1→3)-α-L-fucose and (1→4)-α-L-fucose130,131. The structures nodule 

algae rockweed and fucoidan resemble each other, differing significantly only according to 

the sulphate pattern and the presence of glucuronic acid132. There are many species of 

fucoidan, such as Fusarium fuciformis, Fusarium distichulate and Pelvetia canaliculate, for 
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example, Fuscus serratus, Fusus distichus and Pelvetia canaliculate133. Exceptions do exist, 

from Bifurcaria bifucardia and Himanthalia elongated rockweed dependans do not follow or 

are attributed to this structural feature134. Identifying the structure of rockweed dependans 

according to the species to which they belong presents a challenge. 

Another important fact worth noting is that the structure of the rockweed etiolated 

glycans is also highly dependent on the harvesting season. This is based on the fact that 

Undaria pinnafida, a rockweed dependant glycan, shows unique properties and biological 

activity, especially when harvested in different seasons135,136. In addition, it should be noted 

that purification methods also play a crucial role in the structure of rockweed dependant 

glycans. To some extent, new purification methods have revealed that the structure of 

rockweed etiolated glycans consists of multiple components137. One investigation reported 

that the structure of crude rockweed etiolated glycans derived from Aspergillus nodosus 

revealed the predominance of [→(3)-α -L-Fuc(2SO3-)-(1→4)-α-Fuc(2,3diSO3-)-(1)] n138. 

However, from the same species, the rockweed glycosyl residues, consisting mainly of α-

(1→ 3) with sparsely attached α-(1→4), are highly branched139. Thus, the use of various 

extraction methods can lead to different structures. For example, one report indicated that one 

species yielded two different structures of rockweed etiolated glycans, in particular galactan 

and ureidoalkaloids140. It should therefore be emphasised that the purification technique is 

one of the determinants of the structure and associated biological activity. 

2.4.3. Fucoidan and Metabolic Syndrome

In recent years, fucodian has received a lot of attention as a treatment for diabetes and 

other types of metabolic syndrome (MetS). Fucose derived from Fusarium verticillioides has 

been suggested as an alpha-glucosidase inhibitor for the treatment of diabetes141. In other 

studies, fucose has been cited as having the ability to attenuate diabetic retinopathy by 
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inhibiting VEGF signaling142. Low molecular weight fucose has been found to provide 

protection against diabetes-related symptoms in Goto-Kakizaki rats143. Fucose can also 

provide protection against diabetes-related symptoms by modulating AMPK signaling and 

GLUT4 activity. Fuc-Pg can also improve glucose tolerance by modulating AMPK signaling 

and GLUT4 activity144. Some studies have mentioned that Fuc-Pg with 310 kDa Mw can be 

used as a functional food for the treament of MetS145. Fuc-Pg reduces body weight in mice 

fed a high-fat diet and also reduces hyperlipidaemia and protects the liver from steatosis146. 

degeneration. At the same time, Fuc-Pg reduced serum inflammatory cytokines and reduced 

infiltration of the macrophages into the adipose tissue. Furthermore, since it was identified as 

a tetrasaccharide repeat unit with a [→3Fuc(2S,4S)α1→3Fucα1→ backbone, the therapeutic 

effect on MetS was declared to be mainly related to the 4-O sulphated structure of the 

rockweed etiolated glycan.  

With the rapid development of gut microbial research, fucodian is considered in some 

cases to be a prebiotic that regulates the gut ecosystem or microbiome. It promotes the 

growth of beneficial bacteria, which is the mechanism that inhibits MetS development147. 

Parnell et al. showed that prebiotics containing rockweed etiolated glycans can stimulate the 

growth of probiotic organisms by providing a favourable environment for to regulate blood 

glucose and metabolism148. Cheng et al. also demonstrated that Clostridium perfringens

rockweedii glycan (SFF) could alter intestinal flora during the attenuation of streptozotocin-

induced hyperglycaemia in mice149. SFF had a yield of 6.02%, a sulphate content of up to 

14.55% and a mean Mw of 205.8 kDa. This study was conducted on diabetic mice After 6 

weeks of administration, SFF significantly reduced fasting blood glucose, diet and water 

intake. In additional, SFF reduced pathological changes in heart and liver tissue, thus 

improving liver function. Similarly, SFF inhibited oxidative stress in STZ-induced diabetic 
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mice, a manifestation associated with MetS. Also, SFF significantly altered the intestinal 

flora of diabetic mice, notably SFF reduced the relative abnormalities of intestinal bacteria 

associated with diabetes, which may be a potential mechanism for alleviating diabetic 

symptoms. 

Even though the results shown in this section seem to have important implications for 

the reversal of diabetes and MetS, it should be noted that related research is still being 

conducted globally. The reason for this is based on the fact that scientists are still searching 

for the mechanism that gives fucoidan the ability to reverse diabetes or MetS. Other factors 

to consider are short-chain fatty acids (SCFA), which are well known to provide a beneficial 

environment in the gut after oral administration of oral fucoidan, as fucoidan cannot be 

digested by gastrointestinal enzymes, although their fermentation is thought to be possible. 

They are ideal for SCFA production by intestinal flora. Therefore, depending on interest, 

others may study fucoidan through the physiology or pathophysiology of the gut, and some 

may explore the liver and/or pancreas as they play an integral role in digestion, particularly in 

the gut, and some may study the microbiological background alongside the exact mechanism 

of fucoidan dependency. The reality is that research, which is still in its early stages, needs to 

be completed before fuocidan can be considered as a drug or future therapy for MetS and 

diabetes. A solid future program and/or direction may need to be well established when using 

a particular type of fucoidan.  
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Chapter 3 

SARGASSUM FUSIFRORME FUCOIDAN SP2 EXTENDS THE LIFESPAN OF 

DROSOPHILA MELANOGASTER BY UPREGULATING THE NRF2-MEDIATED 

ANTIOXIDANT SIGNALING PATHWAY1,2 

Abstract 

Damage accumulated in the genome and macromolecules is largely attributed to increased 

oxidative damage and a lack of damage repair in a cell, and this can eventually trigger the 

process of aging. Alleviating the extent of oxidative damage is therefore considered as a 

potential way to promote longevity. SFPS, a heteropolysaccharide extracted from the brown 

alga Sargassum fusiforme, has previously been shown to alleviate oxidative damage during the 

aging process in mice, but whether SFPS could extend the lifespan of an organism was not 

demonstrated. Furthermore, the precise component within SFPS that is responsible for the 

antioxidant activity and the underlying mechanism of such activity was also not resolved. In 

this study, SFF, a fucoidan derived from SFPS, was shown to exhibit strong antioxidant activity 

as measured by in vitro radical-scavenging assays. SFF also improved the survival rate of D. 

melanogaster subjected to oxidative stress. The flies that were fed with a diet containing SFF 

from the time of eclosion displayed significant enhancement in lifespan and reduced 

accumulation of triglyceride at the old-age stage. In addition, SFF markedly improved the 

activities of the antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT), and 

                                                      
1 This work has been published as Ya Zhang, Man Xu, Chenxi Hu, Amei Liu, Junjie Chen, Chenfei Gu, Xu Zhang, 

Cuiping You, Haibin Tong, Mingjiang Wu, Peichao Chen. Sargassum fusiforme Fucoidan SP2 Extends the 

Lifespan of Drosophila melanogaster by Upregulating the Nrf2-Mediated Antioxidant Signaling Pathway. Oxid 

Med Cell Longev. 2019,14:8918914. DOI: 10.1155/2019/8918914. 

2 This work has been published as Peichao Chen, Ya Zhang, Man Xu, Huixi Zou, Haibin Tong, Cuiping You, and 

Mingjiang Wu. Proteomic landscape of liver tissue in old male mice that are long-term treated with 

Polysaccharides from S. fusiforme. Food Funct., 2020, 11(4):3632-3644. DOI: 10.1039/D0FO00187B. 
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glutathione peroxidase (GSH-Px) and reduced the contents of the malondialdehyde (MDA) and 

oxidized glutathione (GSSG) in old flies. Furthermore, SFF also upregulated the expression 

levels of the nuclear factor-erythroid-2-like 2 (nfe2l2 or nrf2) and its downstream target genes, 

accompanied by a dramatic reduction in the expression of kelch-like ECH-associated protein 1 

(keap1, a canonical inhibitor of the Nrf2) in old flies. Additional support linking the crucial role 

of the Nrf2/ARE pathway to the antioxidant effect of SFF was the relatively high survival rate 

under heat stress for D. melanogaster individuals receiving SFF supplement, an effect that was 

abolished by the inclusion of inhibitors specific for the Nrf2/ARE pathway. Collectively, the 

results indicated that SFF, a S. fusiforme fucoidan, could promote longevity in D. melanogaster 

by enhancing the Nrf2-mediated antioxidant signaling pathway during the aging process.  

Keywords: S. fusiforme; SFF; Nrf2/ARE; oxidative stress; aging 
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3.1. Introduction 

Aging is a time-dependent and gradual decline in the physiological function of an 

organism, which ultimately results in diseases and death. It is now well accepted that the cause 

of aging and the factors that promote aging are related to genes, oxidative stress, signaling 

pathways, and energy metabolism150-152. Although the exact cause of aging is still a 

controversy, it is well acknowledged that these factors are interconnected and they also 

interact with each other. The concept that oxidative damage can promote aging is well 

recognized153,154. Cumulative genomic and cellular damages might induce the time-dependent 

loss of function in living organisms, and this is predominantly a result of oxidative damage155. 

However, the anti-aging effect conferred by antioxidants remains inconclusive, since the 

extension of lifespan achieved by long-term consumption of antioxidants such as vitamin E, 

vitamin A, beta-carotene, and glutathione (GSH) is not consistent among different organisms, 

and in human, an increase in the mortality has even been observed156-158. Therefore, the 

strategy of using antioxidant to promote longevity should be optimized.  

Free radicals such as reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

are considered as the major drivers of oxidative damage. These free radicals and the onset of 

oxidative damage can be neutralized or alleviated by detoxifying and antioxidant enzymes 

such as SOD, CAT, and GSH-Px, which are transcriptionally regulated by the Nrf2/ARE 

signaling pathway159. Nrf2 is a transcriptional factor that plays an indispensable role in the 

detoxification and antioxidant systems, and nef2l2, the gene encoding Nrf2, has even been 

proposed to act as a longevity gene160,161. Unsurprisingly, knocking out the nfe2l2 gene in 

mice has been shown to dramatically reduce the capacity of stress resistance and cellular 

protection, thus accelerat- ing the aging process162,163. Additionally, Nrf2 is highly expressed 

in young mice and naked mole rats164,165. There have been numerous studies showing that 
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activa- tion of the Nrf2/ARE signaling pathway can slow down the aging process or 

ameliorate aging-related diseases166,167. However, more substantial evidence is still needed to 

confirm the antiaging effect conferred by the activation of the Nrf2/ARE signaling. 

Sargassum fusiforme is a seaweed that has earned its reputation as a longevity-promoting 

vegetable in Northeastern Asia since it can modulate metabolism, strengthen immune response, 

and maintain redox homeostasis168. Many studies have shown that polysaccharides extracted 

from S. fusiforme possess antioxidant, antitumor, and immunomodulatory activities169. Our 

previous studies have revealed that SFPS, a heteropolysaccharide extracted from S. fusiforme, 

can significantly improve the antioxidant defense in aging mice by promoting Nrf2-dependent 

stress resistance and cellular protection170. However, whether SFPS might also extend the 

lifespans of organisms, in general, remains undetermined.  

In this study, we screened several fractions of polysaccharides derived from SFPS. The 

screening procedure combined in vitro cell-free antioxidant assay with in vivo oxidative- 

resistant test. The results suggested that long-term SFF supplement could significantly prolong 

the lifespan of D. melanogaster and enhance its antioxidant capacity. Subsequent experiment 

further showed that the SFF could significantly activate the CncC/Nrf2-mediated antioxidant 

signaling pathway, thus enhancing the stress resistance and antiaging capacity of D. 

melanogaster. Collectively, the data suggested that SFF might promote longevity in D. 

melanogaster through activating the Nrf2/ARE signaling pathway.  

3.2. Materials and methods 

3.2.1. Materials and reagents 

Sargassum fusiforme was harvested from the coast of Wenzhou, Zhejiang Province, 

China. L-Rhamnose (L-Rha), D-galacturonic acid (D-GalA), D-mannose (D-Man), and D-



 
37

xylose (D-Xyl) were purchased from China National Institute for the Control of Pharmaceu- 

tical and Biological Products. Luteolin, all-trans-retinoic-acid (ATRA), D-glucuronic acid (D-

GlcA), D-glucose (D-Glc), D-galactose (D-Gal), and L-arabinose (L-Ara) were pur- chased 

from Sigma-Aldrich. 1-Phenyl-3-methyl-5-pyrazo- lone (PMP) was purchased from Major 

Chemicals Co. Ltd. (Hangzhou, China). Acetonitrile (HPLC-grade) was obtained from Merck 

(E. Merck, Darmstadt, Germany). Other utilized chemicals used were of analytical reagent 

grade.  

3.2.2. Extraction of Polysaccharides from S. fusiforme.  

Fresh S. fusiforme was dried to a constant weight and then pulver- ized to powder, which 

was then used for polysaccharide extraction as described previously. In brief, the powder was 

initially defatted in 95% ethanol, and then the heteropolysaccharide SFPS was isolated from 

the residual fraction by hot-water extraction and ethanol precipitation. Subsequently, 

fractionation of SFPS, which involved CaCl2 precipitation to separate the fucoidan from the 

alginate, yielded three fractions, designated as SP1, SP2, and SP3 (Figure 3.1).  
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Figure 3.1. The extract technological process of the polysaccharides from S. fusiforme.

3.2.3. Stress-Induced Survival Rate Assays and Lifespan Assay.  

Drosophila melanogaster individuals (male and female) were maintained at 25°C and 

60% relative humidity and under a 12 h light : 12 h dark cycle. According to the gender, the 

virgin flies were separated within 8h after eclosion. They were reared on basal medium 

(10.5% cornmeal (w/v), 10.5% sucrose (w/v), 2.1% yeast (w/v), 1.3% agar (w/v), and 0.4% 

propionic acid (v/v)) without or with polysaccharide. Male flies were randomly divided into 

four groups, with at least 100 flies per group. One group was reared on basal medium only 

(Con group) while the remaining groups were each reared on basal medium plus 1.6g/L SP1, 

SP2, or SP3 for 10 days. After that, the flies were transferred to a medium containing 5 

mmol/L paraquat, and the number of dead flies from each group was recorded every 10 h. 

Lifespan assay: the lifespan assay was carried out from the time of eclosion to death. The flies 

were reared on basal medium without or with different concentrations of SP2 (0.4 g/L: low 
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concentration of SP2, LSP; 0.8g/L: median concentration of SP2, MSP; and 1.6g/L: high 

concentration of SP2, HSP). The number of dead flies from each group was recorded every 

day until all the flies were dead. Heat stress-induced survival rate assay with/without 

inhibition of the Nrf2/ARE signaling pathway: to block the Nrf2/ARE signaling, flies were 

reared on basal medium containing, in addition to SP2, the chemical inhibitor of the 

Nrf2/ARE pathway, luteolin or all-trans-retinoic acid (ATRA). The flies were divided into 

five groups: C or control group (no inhibitor), L1 group (15 μmol/L luteolin), L2 group (30 

μmol/L luteolin), A1 group (0.125 g/L ATRA), and A2 group (0.25 g/L ATRA). The 

concentration of SP2 used was the concentration that yielded the best antiaging effect for each 

sex, as determined from the result of the life- span experiment. The flies were reared in a 30°C 

incubator to provide heat stress, and the number of dead flies from each group was recorded 

every day until all the flies were dead. In addition, another lot of flies were prepared in the 

same way; but after 10 days, 15 flies per sample and 3 samples per group were taken for RNA 

extraction, whereas 25 flies per sample and 3 samples per group were used taken for protein 

extraction at a specific time. The RNA and protein samples were used for subsequent qRT-

PCR and antioxidant activity assays, respectively.  

3.2.4. HPLC Analysis.  

The molecular weight of SP2 was determined by high-performance gel-permeation 

chromatography (HPGPC) using a Waters HPLC apparatus equipped with a TSK-gel G-

5000PWXL column (Φ7 8 mm × 300 mm ID, TOSOH, Japan) and a Waters 2414 refractive 

index detector. The SP2 sample (20 μL of 5 mg/mL preparation) was injected into the column 

and eluted with 0.2M NaCl at a flow rate of 0.6mL/min and a column temperature of 45°C. 

The molecular weights were estimated by reference to the calibration curve obtained from the 

elution of Dextran T-series standards of known molecular weights. HPLC was performed with 
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a Hypersil ODS-3 column (4 6 mm × 250 mm) using a mobile phase consisting of 83.0% (v/v) 

phosphate-buffered saline (PBS, 0.1 mol/L, pH6.9) and 17% acetonitrile (v/v). The flow rate 

was set at 0.8mL/min, and the eluent was monitored by absorbance at 254nm. D-Glc, D-Gal, 

L-Ara, L-Rha, D-Xyl, D- Man, L-Fuc, D-GalA, and D-GlcA were used as reference 

monosaccharides.  

3.2.5. Fourier Transform-Infrared (FT-IR) Spectroscopy.  

The FT-IR spectrum of the SP2 was obtained with a Tensor 27 spectrophotometer 

(Bruker Daltonics, Ettlingen, Germany). The SP2 sample was mixed with KBr powder and 

then pressed into a 1mm thick disk, which was then used to obtain the spectrum, recorded in 

the frequency range of 4000-400cm-1. 

3.2.6. Detection of Triglyceride (TG) Content.  

Twenty-five flies from each experimental group were randomly taken at a specific time 

point to determine the content of triglyceride. Triglyceride content was determined by 

measuring the concentration of soluble triglyceride. The flies were first combined and 

homogenized in normal saline. The homogenate was centrifuged at 3000 × g, and the 

concentration of TG in the supernatant was measured using a Genzyme Triglyceride Kit 

purchased from Nanjing Jiancheng Incorporation (Nanjing, China).  

3.2.7. Scavenging Activity of DPPH (1,1-Diphenyl-2- Picrylhydrazyl Radical 2,2-

Diphenyl-1-(2,4,6-Trinitrophenyl) Hydrazyl) Radical.  

The effect of SP2 on free radical- scavenging activity was evaluated by measuring the 

level of DPPH-scavenging activity using a DPPH-scavenging assay kit purchased from 

Nanjing Jiancheng Incorporation (Nanjing, China). Polysaccharide solution was prepared by 

dissolving the polysaccharide powder in distilled water as previously described169. Next, the 
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polysaccharide solution was added to DPPH reagent (in 95% ethanol) to yield a final 

concentration of 0.4, 0.8, or 1.6g/L, and the reaction mixture was thoroughly mixed by 

shaking and then incubated in the dark for 30 min at room temperature. After that, the 

absorbance of the resulting solution was read at 517 nm against a blank. DPPH radical-

scavenging activity was calculated using the equation: DPPH − scavenging rate(%) = 1‐ 

A1‐A2 /A0 × 100%, where A0 is the absorbance of the DPPH alone, A1 is the absorbance of 

DPPH+polysaccharide, and A2 is the absorbance of the polysaccharide only.  

3.2.8. FRAP (Ferric Ion Reducing Antioxidant Power) and ABTS (2,2′-Azino-Bis(3-

Ethylbenzothiazoline-6-Sulfonic Acid)) Assays.  

FRAP and ABTS assays were performed using assay kits purchased from Nanjing 

Jiancheng Incorporation (Nanjing, China) but with an additional control consisting of the 

sample only to account for the absorbance due entirely to the polysaccharide170. FRAP reagent 

was prepared by mixing 300 mmol/L acetate buffer (pH 3.6) with 10 mmol/L 2,4,6-tripyridyl-

s-triazine (TPTZ) and 20 mmol/L FeCl3 in a volume ratio of 10:1:1, while ABTS radical was 

prepared by mixing the ABTS solution (7mmol/L) with potassium persulfate (2.45 mmol/L). 

3.2.9. Measurements of the MDA Content and the Enzymatic Activities of CAT and SOD. 

Twenty-five flies from each group were randomly collected at a specific time and then 

homogenized as one sample. After centrifugation at 3000 × g, the supernatant was used for 

MDA, CAT, and SOD assays performed with assay kits purchased from Nanjing Jiancheng 

Incorporation (Nanjing, China). The principles of the assay kits were based on previously 

described methods.  

3.2.10. qRT-PCR Analysis.  

Total RNA was extracted from whole flies using the TRIzol reagent. Fifteen flies per 
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sample and three samples per group were taken for total RNA extraction. The total RNA 

extracted from each sample was then subjected to qRT-PCR analysis using the AffinityScript 

qPCR cDNA synthesis kit. The primers for the target genes were designed based on the 

sequences retrieved from FlyBase (http://flybase.org). The sequences of the primers are listed 

in Table 1. Quantitative RT-PCR assay was performed in a Roche LightCycler 480 platform 

using the SYBR Green II method. The transcript level of each gene was calculated by the 

ΔΔCt method with reference to that of the Rp49 gene and then normalized to the 

corresponding control group (Table 3.1).  

Table 3.1. The sequence and use of primers

Gene FlyBase no. Forward primers (5′-3′) Reverse primers (5′-3′) 

cncC FBgn0262975 GTCGCCACTAAAACCGCATC TTGTTCTTTCCACGCCGACG 

Keap1 FBgn0038475 TACGAAGATAGTGACGCCCC GTGAAAGACGCTGGTGGAGT 

ho-1 FBgn0037933 ATGACGAGGAGCAGCAGAAG ACAAAGATTAGTGCGAGGGC 

gclc FBgn0040319 GAGCCATTAGTGCCGTTAGT GTCTTTCGTCTTCGTCTTGG 

Rp49 FBgn0002626 CCCTCTTCCAGCCATCGTTC CCACCGATCCAGACGGAGTA 

 

3.2.11. Statistical Analysis.  

The data were expressed as mean ± SD of, at least, three separate experiments. Statistical 

analyses were carried out by two-way ANOVA and Fisher’s LSD multiple comparison tests 

by SPSS 17.0. Differences among groups were considered statistically significant at the P < 

0.05 level.  

3.3. Results  

3.3.1. The Fucoidan SP2 Exhibits Excellent Antioxidant Activity.  
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It is well acknowledged that oxidative damage contributes to aging, and therefore, factors 

that enhance resistance to oxidative stress are considered to have anti-aging effects. We have 

previously reported that the SFPS, an S. fusiforme heteropolysaccharide, possesses antioxidant 

activity and shown that it can significantly alleviate aging- related stresses. However, the active 

component of SFPS responsible for the antiaging effect was not further evaluated. To address 

this issue, SFPS was fractionated into three fractions, which were designated as SP1, SP2, and 

SP3 (Figure 3.1). SP1 and SP2 were both fucoidan whereas SP2 was alginate. In order to select 

the most promising candidate, the antioxidant capacities of SP1, SP2, and SP3 were determined 

by both in vitro and in vivo methods. SP2 displayed the highest antioxidant activity as shown 

by radical- and ion-scavenging activities, in particular, the ABTS clearance rate of SP2 was 

twice the rate of SP1 (Figure 3.2). All three polysaccharides significantly enhanced the average 

survival time of D. melanogaster individuals that were treated with 5 mmol/L paraquat to 

induce oxidative stress. The flies that did not receive polysaccharide supplement died within 48 

h of paraquat treatment. Twenty-four hours after paraquat treatment, the survival rate of the 

flies that had been given SP2 was 70%, whereas those of flies that had been given SP2 and SP3 

were 55.4% and 57.2%, respectively, while flies that did not receive polysaccharide had a 

survival rate of just 39.5% (Figure 3.2). The results suggested that SP2 might be an effective 

antioxidant, and therefore, it was chosen for further antiaging assessment.  
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Figure 3.2. Antioxidant capacity of the different polysaccharides fractionated from SFPS.

Antioxidant activity of the polysaccharides was assayed in three different cell-free systems. (a) DPPH-

scavenging activity, (b) ABTS-scavenging activity, and (c) radical-scavenging activities and Fe2+ 

reducing. Data are shown as mean±SD from three determinations. (d) Fruit flies were randomly 

collected (100 flies/group) and reared on basal medium without (control group) or with 1.6 g/L of SP1, 

SP2, or SP3 for 10 days. Subsequently, the in vivo oxidative resistant capacity was evaluated by 

determining the survival rate of the flies following exposure to oxidative stress induced by 5 mmol/L 

paraquat, given as a diet.  

3.3.2. Chemical Composition of SP2.  
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The bioactivity of a compound is closely related to its chemical composition and 

structure. Therefore, it is vital to explore the structure-activity relationship of SP2. SP2 was 

determined to be a fucoidan with fucose being the major monosaccharide (52.89%), while 

sulfate radical, which is a unique modification of fucoidan, accounted for about 15.3%. SP2 

also contained a relatively high content of Xyl (12.1%), Gal (11.51%), and Glc (11.33%) 

(Table 3.2).  

Table 3.2. Chemical composition of SP2

Molecular 

weight（kDa） 

Sulfate 

content（%） 
Monosaccharide composition（%） 

2.4×105 15.3 
Man Rha Glc A GalA Glc Gal Xyl Ara Fuc 

3.50 1.77 1.11 2.61 11.33 11.51 12.10 -- 52.89 

Notes: Man: D-mannose; Rha: L-rhamnose; GlcA: D-glucuronic acid; GalA: D-galacturonic acid; Glc: 

D-glucose; Gal: D-galactose; Xyl: D-xylose; Ara: L- arabinose; Fuc: L-fucose. 

3.3.3. SP2 Promotes Longevity in D. melanogaster.  

The in vitro antioxidant activity assay and the in vivo oxidative stress resistance assay 

both demonstrated the remarkable antioxidant capacity of SP2. However, the question as to 

whether SP2 could promote longevity under normal condition needed to be addressed. First, 

the flies were reared, from the time of eclosion, on media supplemented with different 

concentrations of SP2. The result revealed a significant increase in lifespan for the flies 

receiving SP2 supplement (Figure 3.2, Table 3.3). Interestingly, the effect of SP2 on the 

lifespan of the flies varied with gender. At a concentration of 1.6 g/L in the medium, SP2 

extended the mean lifespan by about 22%, but it extended the male lifespan by a maximum of 

10%. At 0.8 g/L, SP2 extended the mean lifespan by about 24% and the female lifespan by a 

maximum of 10% (Table 3.3). Further- more, SP2 also slowed down the accumulation of 
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triglyceride (TG) in the aging flies (Figure 3.4). Old flies are known to accumulate high levels 

of TG because of a significant decline in their metabolism, and thus, the accumulation of TG 

has been considered as an aging index. Our data was therefore consistent with SP2 having an 

antiaging effect, which was clearly demonstrated by its ability to increase the lifespan of D. 

melanogaster.  

Figure 3.3. SP2 extends the lifespan of D. melanogaster. Male (a) and female (b) fruit flies were 

reared on medium containing no SP2 (Con) or different concentrations of SP2 (0.4 g/L (LSP), 0.8 g/L 

(MSP), and 1.6 g/L (HSP)); the number of dead flies from each group was counted daily; n > 250 flies.  

Table 3.3. Effect of the SP2 to the lifespan of D. melanogaster.

 
Female Male 

Con LSP MSP HSP Con LSP MSP HSP 

N 270 288 281 288 291 283 272 275 

Max. lifespan 83.0±1.7 85.1±1.0 91.5±1.1* 87.1±2.3 80.2±1.2 84.3±3.6 84.5±2.2 88.4±1.9* 

Mean lifespan 59.7±1.3 66.9±1.3* 74.1±0.9* 70.4±0.8* 58.2±2.5 56.0±3.6 65.3±1.9 71.1±3.0* 

Notes: mean ± SD, ∗ P < 0 05.  
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Figure 3.4. SP2 decreases the accumulation of triglyceride (TG) in D. melanogaster during the

aging process. The flies were supplemented with varied concentrations of SP2 (0 (Con), 0.4 g/L (LSP), 

0.8 g/L (MSP), and 1.6 g/L (HSP), and the contents of soluble TG in the male (a) and female (b) flies of 

different ages were then measured. Data are shown as the mean ± SD from three determinations, each 

used the extract obtained from 25 flies. * and ** indicate a significant difference at the P < 0.05 and P < 

0.01 levels, respectively.  

3.3.4. SP2 Enhances the Endogenous Antioxidant Capacity of D. melanogaster. 

Endogenous antioxidant activity is an important indicator for determining the aging 

status of an organism. For example, significant declines in peroxidase and superoxide 

dismutase activities have been observed in aging organisms, from yeast to human. Analysis of 

the antioxidant capacity of D. melanogaster over time revealed an overall decrease in 50-day-

old individuals (Figures 3.5 and 3.6). Furthermore, the content of MDA in these individuals 

also increased during the aging process, and the ratio of GSH/GSSG, commonly used as an 

oxidant index, was reduced. In contrast, 50-day-old flies that had been given SP2 supplement 

exhibited significant increases in the levels of SOD, CAT, and GSH-Px activities. SP2 

supplement also reduced the content of MDA in these individuals by as much as 50% and 

increased the GSH/GSSG ratio by about two folds (Figures 3.5). Taken together, these results 

suggested that SP2 supplement could slow the decline in antioxidant defense of D. 
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melanogaster during the aging process.  
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Figure 3.5. SP2-supplemented diet slows down the decline in the antioxidant capacity of D.
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melanogaster during the aging process. The fruit flies were reared on a medium containing no SP2 

(Con) or different concentrations of SP2 (0.4 g/L (LSP), 0.8 g/L (MSP), and 1.6 g/L (HSP)), and their 

antioxidant capacity was analyzed at different ages. SOD activity (a, b); GSH-Px level (c, d); CAT 

activity (e, f); CSSG content (g, h); MDA content (i, j), and GSH/GSSG (k, l). The antioxidant 

capacity was determined for both male flies (a, d, e, g, i, and k) and female flies (b, d, f, h, j, and l). 

Data are shown as mean ± SD from three determinations, each used the extract obtained from 25 flies. 

*, ** and *** indicate a significant difference at the P < 0.05, P < 0.01, and P < 0.001 levels, 

respectively.  

 

3.3.5. Expansion of D. melanogaster Lifespan by SP2 Involves the CncC/Nrf2/ARE 

Signaling Pathway.  

Nuclear factor erythroid 2-related factor 2/antioxidant responsive element (Nrf2/ARE) is 

one of the most important antioxidant path- ways that counteract oxidative stress and damage. 

Nrf2 is conserved in metazoan, and in D. melanogaster, it is called CncC. Previous studies 

have shown that SFPS can upregulate the Nrf2/ARE signaling pathway to alleviate aging 

stress in mice169,170. Whether SP2 might stimulate the Nrf2/ARE signaling pathway to enhance 

the lifespan of D. melanogaster was the focus of this study. First, the mRNA levels of CncC

(nrf2) and its classical inhibitor keap1 in the flies of different ages were measured. The results 

revealed a remarkable upregulation of the CncC, and dramatic downregulation of keap1 

mRNA levels in the old flies that had been given moderate (MSP) and high (HSP) 

concentrations of SP2 supplement (Figures 3.6.a-d). The transcriptional activity of Nrf2 was 

further determined by measuring the mRNA levels of its representative downstream target 

genes: Ho-1 and Gclc. As expected, the mRNA levels of these downstream antioxidant genes 

were markedly upregulated at the 30-day-old and 50-day-old old stages in both sexes (Figures 

3.6.e-h). Collectively, the results suggested that the Keap1/Nrf2/ARE signaling pathway 

might be significantly activated by SP2 during the aging process, thereby enhancing the 
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antioxi- dant capacity of D. melanogaster individuals that had been given SP2 supplement, 

with the consequence of extending their lifespans.  
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Figure 3.6. SP2 supplement upregulates the Keap1/CncC/ARE signaling pathway in aging flies.

Fruit flies were reared on basal medium containing no SP2 (Con) or different concentrations of SP2 (0.4 

g/L (LSP), 0.8 g/L (MSP), and 1.6 g/L (HSP)) over 50 days. The flies were taken at different time 

intervals, and the mRNA levels of the representative genes (cncC, keap1, gclc, and ho) of the 

Keap1/CncC/ARE signaling pathway were measured by qRT-PCR using the rp49 gene as the reference 

gene. (a, b) cncC, (c, d) keap1, (e, f) gclc, and (g, h) ho. The expression levels of the genes were 

evaluated by the ΔΔCt method and normalized to those of the corresponding control. Data are shown as 

mean±SD from three determinations, each used the RNA extracted from 15 flies. *, ** and *** indicate 

a significant difference at the P < 0.05, P < 0.01, and P < 0.001 levels, respectively.  
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3.3.6. SP2-Alleviated Heat Stress Depends on the CncC/Nrf2 Signaling Pathway.  

To validate that SP2 might exhibit anti- stress effect via the Nrf2-mediated signaling 

pathway, the Nrf2/ARE signaling was blocked by the chemical inhibitor, luteolin or ATRA. In 

order to accelerate the aging process, the flies were subjected to heat stress at 30°C. SP2 

supplement significantly extended the lifespan of the flies under heat stress, but this effect was 

neutralized when the flies also received luteolin or ATRA in the medium (Figures 3.7A and 

B). Furthermore, the mRNA levels of the cncC gene and its representative downstream target 

genes, ho, cat, and gclc, in flies that were given just SP2 supplement were significantly 

upregulated compared with the control (no SP2 supplement) but declined relative to the 

control when the flies received both SP2 plus luteolin or ATRA (Figures 3.7C and F). The 

effect of SP2 on stress resistance, therefore, appeared to be largely dependent on the 

CncC/Nrf2/ARE signaling pathway.  
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Figure 3.7. SP2-mediated stress-resistant effect in fruit flies is dependent on the CncC/Nrf2/ARE

signaling. Fruit flies were reared on medium containing no SP2 (Con) or different concentrations of 

SP2 (0.4 g/L (LSP), 0.8 g/L (MSP), and 1.6 g/L (HSP)) without and with all-trans- retinoic-acid (A1, 

0.125 g/L; A2, 0.25 g/L) or luteolin (L1, 15 μmol/L; L2, 30 μmol/L), and the survival rates of the flies 

were determined. (a) Survival rate of male flies; (b) survival rate of female flies. In addition, samples 

of the flies were also taken after 10 days of treatment, and the transcript levels of cncC (c), cat (d), ho 

(e), and gclc (f) were then measured by qRT-PCR using the rp49 gene as a reference gene. The 

expression levels of the genes were evaluated by the ΔΔCt method, and then normalized to those of the 

corresponding control. Data are shown as mean ± SD from three determinations, each used the RNA 

extracted from 15 flies. *, ** and *** indicate a significant difference at the P < 0.05, P < 0.01, and P 

< 0.001 levels, respectively.  

 

3.3.7. SP2 Has No Significant Effect on Body Weight.  
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To investigate whether SP2 might affect food intake or trigger calorie restriction in fruit 

flies, the body weights of the flies given SP2 supplement were compared with those not 

receiving SP2. SP2 appeared to increase the body weights of the flies as measured at 10, 30, 

and 50 days, but the increases were not significant for both male or female groups (Figure 

3.8). This suggested that SP2 did not restrict the food intake in D. melanogaster.  

 

Figure 3.8. Effect of SP2 on D. melanogaster body weight. Body weights of male and female  flies at 

different ages and reared on medium without (Con) or with different concentrations of SP2: LSP (0.4 

g/L), MSP (0.8 g/L), and HSP (1.6 g/L). Data are shown as mean ± SD from three determinations, each 

based on 10 flies.  

 

3.4. Discussion 

The use of Sargassum fusiforme by Traditional Chinese Medicine to treat thyroid 

diseases and as a health maintenance agent was first recorded in the ancient pharmaceutical 

book Shennong Bencaojing, but information concerning the effective components and the 

related mechanisms is still lacking. S. fusiforme has even been regarded as a longevity-
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promoting vegetable because it helps to modulate metabolism, strengthen immune response, 

and maintain redox homeostasis163. However, the claim that it promotes longevity has not 

been supported by any direct evidence, despite numerous studies demonstrating that extracts 

prepared from S. fusiforme, which contain predominantly polysaccharides, have different 

biological activities, such as antitumor and antioxidant activities167,168. We have previously 

reported that the heteropolysaccharide SFPS extracted from S. fusiforme can enhance 

resistance to oxidative stress and even ameliorate the aging process in mice169,170. However, 

there was no evidence to prove that S. fusiforme can extend the lifespan of an organism. In this 

study, we showed that the fucoidan SP2 (SFF), which was extracted from SFPS, could 

markedly prolong the lifespan of D. melanogaster, and to the best of our knowledge, this 

could be the first direct evidence to support the claim that S. fusiforme is a longevity-

promoting vegetable.  

We have integrated in vitro and in vivo antioxidant assays to screen for a promising 

antiaging candidate from among the different fractions extracted from SFPS. Initial tests 

revealed SFF to be a promising candidate, as it exhibited the best antioxidant activity and gave 

the highest survival rate when fed to the flies (Figure 3.2). SFF was therefore chosen for 

further study to examine its longevity-promoting effect. Indeed, SFF could increase the 

lifespan of the flies, further supporting its role as a longevity-promoting polysaccharide 

(Figures 3.3 and 3.4). Although the integrated screening method described in this study was 

robust, the extent of its validity and practicality may require further study, as the in vitro 

antioxidant assay may simply depend on a redox reaction, while the in vivo antioxidant assay 

depends on both nonenzymatic antioxidant and enzymatic systems. Previous studies that 

attempted to evaluate the antiaging effect of some antioxidants such as vitamin C, vitamin E, 

and β-carotene did not produce conclusive. Good consistency in antioxidant capacity between 



 
57

in vivo and in vitro assays was obtained for SFF (Figure 3.2). Therefore, regardless of the 

extent of application for this anti-aging screening, the data gathered for SFF alone indicated 

that at least, our integrated method might provide a feasible and effective screening approach 

for other polysaccharides derived from brown alga, which might have the ability to slow down 

aging caused by oxidative damages.  

It is worth noting that we merely provided one evidence of a promising anti-aging 

compound based on its strong antioxidant activity. However, aging is a complex process that 

also correlates with the down-regulation of metabolism and protection of cellular components 

against internal or external inflicted damage171. A decrease in antioxidant capacity and an 

accumulation of TG have been suggested as the hallmarks of aging.172 The content of TG 

decreased significantly in 50-day-old flies but increased slightly in 10-day-old flies when the 

flies were given SFF supplement (Figure 3.4). This suggested that SFF significantly promoted 

metabolism during the aging process and yet exerted no negative impact on development in 

young flies. The activities of SOD, GSH-Px, and CAT and the contents of MDA and GSH are 

usually used to provide a comprehensive assessment of the antioxidant capacity of an 

organism. SFF supplement significantly up-regulated the levels of SOD, CAT, and GSH-Px 

activities in the aging flies but down-regulated the content of MDA and the ratio of 

GSSG/GSH in these flies (Figure 3.5). Intriguingly, SFF did not interfere with the redox 

balance in 10-day- old flies but comprehensively slowed down both the decline in antioxidant 

capacity and the increase in oxidative stress in 30-day-old and 50-day-old flies (Figure 3.5). 

In addition, the lack of statistical significance in body weight increase for the flies given SFF 

supplement compared with their control counterparts suggested that long-term SFF 

supplement could significantly restore the loss of antioxidant capacity in D. melanogaster 

during the aging process without having any significant effect on growth (Table 3.3), and this 
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applied to both male and female flies.  

Aging is also a process of time-dependent decline in function, with cumulative damage in 

biomacromolecules and down-regulation of cellular defense and damage repair. This is 

reminiscent of the expression pattern of Nrf2, a crucial stress regulator in the aging process, 

which is down-regulated in aging organisms173, although the expression starts to decrease 

from the middle-age stage169. Defect in Nrf2 can result in a decline of stress resistance and 

hence a shortened lifespan. Thus, it is of great importance to show whether reversing the 

decline of the Nrf2 expression would slow down the aging process. It has been validated that 

upregulation of the Nrf2 expression, either by genetic manipulation or by pharmacological 

interference, can significantly ameliorate the extent of aging-related diseases and/or retard the 

aging process174-176. In flies given SFF supplement, significant upregulation in the expression 

of cncC and its downstream target genes (gclc, cat, and ho) occurred, which further promoted 

stress resistance and longevity (Figures 3.3–3.6). Conversely, the stress-resistant effect of 

SFF was dramatically repressed by inhibitors of the CncC/Nrf2/ARE signaling, such as trans-

retinoic-acid and luteolin (Figure 3.7). Although our data have clearly demonstrated the 

involvement of CncC/Nrf2/ARE signaling in enhancing lifespan, other anti-stress-related 

signaling path- ways should not be excluded, since these inhibitors might also act on other 

genes or their products. Nevertheless, the data did indicate that the Nrf2/ARE signaling 

pathway plays pivotal roles in anti-aging, and targeting this pathway would be a promising 

approach for the screening of anti- aging compounds177,178.  

However, it must be stressed that the ectopic expression of Nrf2 in an organism can 

adversely affect its development179. For example, constitutive activation of the Nrf2 gene 

induces hyperkeratosis in the esophagus and forestomach, leading to postnatal lethality180. It is 

also fatal to overexpress Nrf2 during embryonic development, as Nrf2 also modulates 
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decisions concerned with the fate of the cell181. Therefore, spatiotemporal manipulation of 

Nrf2 should also be considered. Intriguingly, under normal condition, SFF did not seem to 

influence the overall antioxidant capacity and CncC/Nrf2/ARE signaling pathway at the 

young-age stage of the flies (Figures 3.5 and 3.6), suggesting that it might have no adverse 

effects on postnatal development and growth. Though the underlying mechanism requires 

further study, this could be an important property of SFF when carrying out future anti-aging 

development.  

An increasing number of studies suggest that polysaccharides from other sources such as 

mushroom, hemp seed, and okra can also up-regulate the Nrf2/ARE signaling thus 

ameliorating oxidative damages, aging, diabetes, and other aging-related diseases182. In 

addition to S. fusiform fucoidan, the fucoidans from other algae have also been shown to 

enhance the Nrf2/ARE signaling, which can ameliorate liver injury and neurodegenerative 

diseases183,184. However, the underlying mechanism by which polysaccharides upregulate the 

Nrf2/ARE signaling pathway remains unclear. It is possible that the bioactivities of 

polysaccharides may be intensively related to their molecular structures, which are determined 

by the molecular weight, chemical modification, monosaccharide composition, linkage types, 

and chain conformation of the polysaccharides. Fucoidans consist of a group of certain fucose-

containing sulfated polysaccharides, which have been reported to possess many biological 

activities, including immunomodulatory, anti-inflammatory, antitumor, antioxidation, 

antivirus, and anti-coagulant activities185,186. However, the precise structure-activity 

relationships (SAR) for these polysaccharides remain largely undetermined. A fucoidan 

usually has a backbone of (1 → 3)-linked or (1 → 3)- and (1 → 4)-linked α-L-fucopyra- nosyl 

but also contains sulfated galactofucans, glucuronic acid, glucose, or xylose at different 

locations and to different extents187. Relatively high contents of xylose (12.10%), 
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galactofucans (11.51%), and glucose substitutions (11.33%) were found in SFF (Table 3.2), 

and this might be crucial for its antioxidant and antiaging functions. Thus, future study should 

focus on the relationship between monosaccharides and their bioactivity in oxidative aging. 

Polysaccharides administered via diets would not be directly absorbed by the small 

intestine189, and thus, their biological effects in the organisms are thought to be associated 

with their roles in modulating gut environment. For this reason, we speculated that SFF might 

modulate the gut environment of D. melanogaster, but confirmation of this aspect, including 

the elucidation of the relationship between microbiota composition and the structure of the 

SFF, will be a subject of further investigation.  

 

3.5. Summary 

We have optimized an effective method for screening the antiaging property of 

polysaccharides by integrating in vitro antioxidant screening and in vivo antioxidant resistance 

assay. Based on this method, SFF, a fucoidan extracted from the S. fusiforme 

heteropolysaccharide SFPS, was shown to have longevity-promoting activity. SFF 

significantly activated the Nrf2/ARE signaling pathway, hence slowing down the decline in 

antioxidant defense capacity of D. melanogaster and increased its lifespan. This study has 

provided direct evidence of a longevity-promoting polysaccharide and revealed the worthiness 

of further research into SFF as a health supplement.  
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Chapter 4 

SARGASSUM FUSIFORME FUCOIDAN ALLEVIATES HIGH-FAT DIET-INDUCED 

OBESTIY AND INSULIN RESISTANCE ASSOCIATED WIHT THE IMPROVEMENT 

OF HEPATIC OXIDATIVE STRESS AND GUT MICROBIOTA PROFILE3 

Abstract

Sargassum fusiforme fucoidan (SFF) exhibits diverse biological activities. Insulin 

resistance (IR) implicated in type 2 diabetes (T2D) has become an epidemic health issue 

worldwide. In this study, we investigated whether SFF can improve insulin sensitivity in high-

fat diet (HFD)-fed mice. Our present data showed that SFF significantly reduced fasting blood 

glucose and IR index along with improved glucose tolerance. Impaired phosphorylation of 

Akt was also restored by SFF. Furthermore, SFF decreased the levels of MDA and 4-HNE-

modified protein and increased GSH/GSSG ratio as well as elevated antioxidant enzymes and 

activated Nrf2 signaling. SFF also increased the abundance and diversity of gut microbiota in 

the obese mice, as well as improved intestinal integrity and inflammation. Our findings 

suggested that SFF ameliorated HFD-induced IR through activating the Nrf2 pathway, 

remodeling gut microbiota, and reducing intestinal inflammation, thus providing a novel 

perspective into the treatment strategy on metabolic disease.  

Keywords: Sargassum fusiforme, fucoidan, insulin resistance, Nrf2, gut microbiota  

 

 
                                                      
3 This work has been published as Zhang, Ya; Zuo, Jihui; Yan, Liping; Cheng, Yang; Li, Qiaojuan; Wu, Siya; 

Chen, Ling; Thring, Ron; Yang, Yue; Gao, Yitian; Wu, ming; Tong, Haibin. Sargassum fusiforme fucoidan 

alleviates high-fat diet-induced obesity and insulin resistance associated with the improvement of hepatic oxidative 

stress and gut microbiota profile. J Agric Food Chem. DOI: 10.1021/acs.jafc.0c02555. 
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4.1. Introduction 

Sargassum fusiforme is one of the most popular brown algae that are used as food in China, 

Japan, and South Korea1,2
.
 As S. fusiforme is considered as an alga with great economic 

importance, it is cultured on a vast scale in the coastal zone of Zhejiang and Fujian Provinces, 

China, with as much as 10 000 tons of the dried seaweed produced per year in China, making 

this seaweed one of the four most valuable cultivated edible seaweeds (along with Porphyra, 

Laminaria and Undaria) in China, and most of which is exported to Japan and South Korea, 

where it is consumed as health food3-5. The market demand for S. fusiforme has greatly 

increased because of its nutritional values. Among the many active components of S. fusiforme 

is fucoidan, a family of highly sulfated homo- and hetero-polysaccharides extensively 

distributed in the brown algae and several marine invertebrates6,7. Fucoidan is considered as 

one of the most important bioactive macromolecules in S. fusiforme, and S. fusiforme fucoidan 

has been reported to possess multiple bioactivities, such as hypolipidemic, immunomodulatory 

and anti-tumor, and antioxidant activity8-11.  

Gut microbiota, composed of trillions of microorganisms, plays a number of important 

physiological roles involving food digestion and metabolism. Recently, accumulated evidence 

has demonstrated that the modulation of the gut microbiota by dietary ingredients can 

ameliorate obesity and its complications16. Especially, indigestible marine plant-derived 

polysaccharides (MPPs) and marine animal-derived polysaccharides (MAPs) can be 

metabolized and fermented in the gut as nutraceuticals and gut microbiota modulators affecting 

intestinal ecology17. Shang et al.18 found that dietary fucoidan from brown seaweeds can 

modulate the gut microbiota to the advantage of the host probably in a structure-dependent way 

(such as linkage mode, molecular weight and monosaccharide composition) by enriching the 

amount of Lactobacillus and Ruminococcaceae and decreasing the abundance of Peptococcus, 
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which is a gut microbiota modulator for health promotion and treatment of intestinal dysbiosis. 

Another example is the attenuation of HFD-induced obesity and inflammation by high 

molecular weight Ganoderma lucidum polysaccharide via increasing the raito of 

Bacteroidetes/Firmicutes in gut microbiota and maintaining the integrity of intestinal barrier.19 

Gut microbiota analysis has shown that Ophiocordycecep sinensis polysaccharides can 

selectively promote the growth of Parabacteroides goldsteinii, a bacterium that has been shown 

to be negatively associated with obesity20. These studies suggest that fucoidan and 

polysaccharides can positively regulate the gut microbiota, thereby achieving an anti-obesity 

effect. 

Insulin resistance (IR) affects nearly one-third of the world’s population, and it is a key 

pathophysiological feature of metabolic syndrome, defined as a decrease in the  response of the 

peripheral tissues to insulin, and inhibition of several insulin-stimulated metabolic pathways, 

such as glucose transport, glycogen synthesis and antilipolysis21,22. Individuals with IR are 

predisposed to several serious metabolic disorders, including T2D, dyslipidemia, hypertension, 

atherosclerosis, and nonalcoholic fatty liver disease (NAFLD)23. IR is generally caused by an 

excessive nutrient intake (e.g. massive fat intake) attributable to an energy imbalance.24,25 

Abnormality in lipid metabolism is associated with the overproduction of reactive oxygen 

species (ROS), and long-term HFD aggravates the burden of anti-oxidative system.26 Therefore, 

the impairment of endogenous redox system by chronic HFD feeding is essential to the 

occurrence of IR in peripheral metabolic tissues.  

Nrf2 (NF-E2-related factor 2) is a potent transcription factor and plays an essential role in 

regulating the expression of many cytoprotective genes, such as superoxide dismutase (Sod), 

and catalase (Cat), NAD(P)H:quinone oxidoreductase-1 (Nqo1), heme oxygenase 1 (Ho-1), 

glutathione S-transferase (Gst), and glutathione peroxidase (Gpx), in response to oxidative 



 
64

stresses27. Growing evidence shows that activation of Nrf2 and Nrf2-regulated endogenous 

antioxidant system improves insulin sensitivity in the peripheral tissues, and prevents the 

development of IR28-30.  In the present study, the effects of SFF on obesity and obesity-

associated IR in HFD-fed mice was conducted. In the present study, the effects of SFF on 

obesity-associated IR, oxidative stress markers, serum biochemical parameters and 

pathological changes in liver and intestine of HFD-fed mice were investigated. Also, the 

impact of SFF on gut microbiota was then analyzed by 16S rRNA sequencing. Our study has 

presented new insights into the prevention of energy imbalance-induced obesity and its related 

metabolic diseases by S. fusiforme fucoidan SFF. 

4.2. Materials and methods 

4.2.1. Materials and chemicals 

Normal chow diet (NCD, containing 10% fat by energy) and high-fat diet (HFD, 

containing 60% fat by energy) were purchased from Beijing HFK Bio-Technology Co., Ltd. 

(Beijing, China). HFD was stored at -20 °C throughout the study to maintain freshness and 

prevent degradation of fat. Insulin from bovine pancreas was provided by Sigma–Aldrich (St. 

Louis, MO, USA). Radioimmunoprecipitation assay (RIPA) buffer was purchased from 

Beyotime (Shanghai, China). Anti-Nrf2 and anti-4-HNE antibodies were purchased from 

Abcam (Cambridge, UK). Antibodies against Akt, phospho-Akt (Ser473), AMPKα, phospho-

AMPKα (Thr172), IκB, phospho-IκB (Ser32), p65, phospho-p65 (Ser536), GAPDH, β-tubulin 

and Lamin B were purchased from Cell Signaling Technology (Beverly, MA, USA). All other 

chemical reagents used were analytical grade. 

4.2.2. Extraction of S. fusiforme Fucoidan 

Sargassum fusiforme fucoidan (SFF) was prepared and characterized as previously 

reported27, the brief steps are as follows. After drying and milling, the S. fusiforme was defatted 
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in 80% ethanol for 12 h. The fucoidan from defatted algal powder was extracted by soaking 

0.01 M HCl (1:20, w / v), stirred for 6 h and filter through a mesh nylon sieve. Then, add 4M 

CaCl2 to remove impurities such as alginate. Supernatant was dialyzed (MWCO 1000 Da) 

against deionized water for 48 h. The sample was then concentrated and precipitated with four 

volumes of 95% ethanol, kept at 4 °C for 12 h. The precipitate was collected by centrifugation 

and further deproteinated by a freeze–thaw process and Sevag method.28 Briefly, Sevag reagent 

(chloroform:n-butanol = 4:1, v/v) was added to sample aqueous solution in the ratio of 1:5 (v/v), 

and then the mixed solution is violently shaken for 1 h. Denatured proteins jelly will appear in 

the interface between aqueous phase and solvent phase, and removed via centrifugation. Then, 

the sample was collected, dialyzed, and lyophilized to yield S. fusiforme fucoidan (SFF). 

Through physical and chemical analysis, SFF contained 81.33% carbohydrate, 12.53% uronic 

acid, and 17.36% sulfate. SFF was composed of 8 kinds of monosaccharides, including 

mannose, rhamnose, glucose, glucuronic acid, galacturonic acid, galactose, xylose and fucose 

with molar ratios of 10.89: 3.29: 4.32: 4.53: 14.02 : 18.33: 3.57: 41.05 respectively. 

4.2.3. Experimental animals 

Male ICR mice (32 ± 2 g) were purchased from Laboratory Animal Center at Wenzhou 

Medical University (Certificate no. SYXK Z2015-0009). The mice were kept at 22-24 °C and 

50 ± 5% humidity, with a 12 h light/dark cycle. They were given access to diet and water at 

adlibitum and were allowed to acclimatize for one week before the start of the experiment. The 

NCD group was fed NCD whereas the other groups were fed HFD throughout the study. All 

animal experiments were approved by the Wenzhou University Animal Care and Use 

Committee.  

4.2.4. Experimental design 
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A total of 30 mice were initially divided into NCD group (n = 10), whereas the other 20 

mice were fed HFD. After 8 weeks of HFD feeding, the 20 mice were randomly divided into 

two groups HFD group (n = 10) and HFD+SFF group (n =10). NCD group and HFD group 

received physiological saline, while HFD+SFF group received physiological saline with SFF at 

200 mg/kg. Treatments were administered intragastrically once per day for 6 weeks. Figure 4.1 

shows a schematic diagram for the design of the experiment. After the test for glucose and 

insulin tolerance, the blood samples were obtained from the mice fasted overnight by eyeball 

extirpating and centrifuged to collect serum, and stored at -80 °C for further assay. 

Subsequently, the mice were sacrificed, the livers were harvested, weighed and snap-frozen in 

liquid nitrogen, and then stored at -80 °C. The abdominal fat, colon and ileum were peeled off 

and weighed, fixed in 10% formalin for haematoxylineosin (H&E) staining. Abdominal fat was 

calculated by the following formula:   

Subcutaneous fat index = wet weight of adipose tissue/bw * 100% 

 

Figure 4.1. Schematic overview for the animal experimental design

4.2.5. Intraperitoneal glucose and insulin tolerance tests

Intraperitoneal glucose tolerance test (IPGTT) and intraperitoneal insulin tolerance test 

(IPITT) were performed as previously described30. Briefly, mice were fasted overnight and 
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intraperitoneally injected with glucose (2 g/kg·bw in saline) or fasted for 4 h and then 

intraperitoneally injected with insulin (0.75 U/kg·bw in saline) for IPGTT and IPITT, 

respectively. Blood glucose (BG) level was measured at the tip of tail by using Accu-Chek 

glucometer (Abbott, USA) at 0, 15, 30, 60, and 120 min after glucose administration. A BG 

concentration-time plot showed the changes in glucose levels with time. Changes in glucose 

levels with time were determined from a blood glucose concentration versus time plot, by 

calculating the AUC (area under curve) from IPGTT and IPITT results. 

4.2.6. H&E staining

Freshly isolated subcutaneous adipose tissues and colon from each group of mice were 

rapidly fixed in 10% formalin at room temperature for 24 h, followed by dehydration and 

embedding in paraffin. The specimens were then serially sliced into 5-μm thick slices. The 

slices were then subjected to H&E staining to examine the sizes of the adipocytes and colon 

morphology. Five random fields from each section were examined, and the numbers of 

adipocyte was measured using the Image-Pro Plus (Version 6.0, Media Cyberetics) software. 

4.2.7. Biochemical analysis

Total cholesterol (T-CHO), triacylglycerol (TG), free fatty acid (FFA), high-density 

lipoprotein (HDL-c), low-density lipoprotein (LDL-c), fasting blood glucose (FBG), fasting 

serum insulin (FINS), catalase (CAT), malondialdehyde (MDA), aspartate aminotransferase 

(AST), alanine aminotransferase (ALT), acid phosphatase (ACP) and alkaline phosphatase 

(AKP) were determined using biochemical kits purchased from Jiancheng Bioengineering 

Institute (Nanjing, China). The ratio of reduced glutathione (GSH) to oxidized glutathione 

(GSSG) was determined by a GSH:GSSG kit (Jiancheng Bioengineering Institute, Nanjing, 

China). Homeostasis model assessment-estimated insulin resistance (HOMA-IR) was 

calculated by the following formula:  
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HOMA-IR = serum glucose (mmol/L) × serum insulin (mU) /22.5 

4.2.8. Immunoblotting

Liver tissues were homogenized with ice-cold RIPA lysis buffer containing protease and 

phosphatase inhibitors (Beyotime, Shanghai, China). The homogenates were centrifuged at 10 

000 × g for 20 min at 4 °C to remove the insoluble precipitate. The protein concentration in the 

supernatant was determined using a BCA protein assay kit (Beyotime, Shanghai, China) 

according to the manufacturer’s protocol. The protein concentration for each sample was 

adjusted to an equal amount and denatured in boiling water for 5 min. Equal aliquots (40 μg) of 

protein samples were subjected to 10% SDS-PAGE and transferred to PVDF membranes 

(Millipore, Bedford, MA, USA). After blocking with 5% nonfat milk (dissolved in TBST) for 1 

h, the membranes were incubated with the indicated antibodies at 4 °C overnight, followed by 

incubation with the appropriate HRP-conjugated second antibodies for 1 h at room temperature. 

Chemiluminescent detection was performed using the ECL Plus Western blotting reagent 

(TransStart, Beijing, China). The semi-quantitative analysis for the densitometry of each band 

was performed using ImageJ software. 

4.2.9. Quantitative RT-PCR

The samples were extracted by a TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The 

cDNA was synthesized from RNA using a reverse transcription kit (Takara, Dalian, China) in 

accordance with the manufacturer’s protocol. SYBR Green PCR Master Mix (Applied 

Biosystems, Foster City, CA, USA) was used for real-time PCR. The sequences of the specific 

primers are shown in Table 4.1. A LightCycler480 qRT-PCR system (Roche, Mannheim, 

Germany) was used for the amplification under the following reactions: 95 °C for 15 min, 

followed by 40 cycles at 95 °C for 10 s, 60 °C for 20 s, and 72 °C for 20 s. The level of the 

transcripts, expressed as fold change, was calculated according to formula 2−ΔΔct method.  
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Table 4.1. Designed primer sets for qRT-PCR

Gene Primer 5’- 3’ Size（bp） 

Nrf2 sense 

antisense 

AAGAATAAAGTCGCCGCCCA 

GAAAAGGCTCCATCCTCCCG 

326 

Cat sense 

antisense 

GCAGATACCTGTGAACTGTC 

GTAGAATGTCCGCACCTGAG 

229 

Sod2 sense 

antisense 

GCACATTAACGCGCAGATCA 

AGCCTCCAGCAACTCTCCTT 

241 

Slc7a11 sense 

antisense 

GCCAGCGAAGGCTGAAACAC 

CTGTTCGGTCGTGACTTCCC 

101 

Gpx2 sense 

antisense 

CATCCTGTCTTCGCCTACCT 

TTGATGGTTGGGAAGGTGCG 

97 

Gpx4 sense 

antisense 

GCCTCGCAATGAGGCAAAAC 

GGGAAGGCCAGGATTCGTAA 

124 

Txnrd1 sense 

antisense 

ATTTCTGGCTGGTATCGGCT 

ATGGTCTCCTCGCTGTTTGT 

95 

Tnfα sense 

antisense 

ACCCTCACACTCACAAACCA 

ATAGCAAATCGGCTGACGGT 

212 

Il-1β sense 

antisense 

TGCCACCTTTTGACAGTGATG 

AAGGTCCACGGGAAAGACAC 

220 

Il-6 sense 

antisense 

CCCCAATTTCCAATGCTCTCC 

CGCACTAGGTTTGCCGAGTA 

141 

Zo-1 sense 

antisense 

ACTATGACCATCGCCTACGG 

GGGGATGCTGATTCTCAAAA 

114 

Occludin-1 sense 

antisense 

CGGTACAGCAGCATTGGTAA 

CTCCCCACCTGTCGTGTAGT 

123 

G6pd2 sense 

antisense 

AGGCTGGCGTATCTTCACAC 

CTCAGTGCTTGTGAGTACCCT 

163 

Prdx1 sense 

antisense 

GGGACCCATGAACATTCCCTT 

CCAACGGGAAGATCGTTTATTGT 

159 

Ho-1 sense 

antisense 

CACGCATATACCCGCTACCT 

CCAGAGTGTTCATTCGAGCA 

175 

Nqo1 sense 

antisense 

TCACCTGGGCAAGTCCATTC 

TGCCCTGAGGCTCCTAATCT 

241 

Keap1 sense 

antisense 

TACACAGCGGGCGGTTACT 

TCATAGAGGCACAGGGCGA 

244 

β-actin sense 

antisense 

CGTGGGCCGCCCTAGGCACCA 

TTGGCCTTAGGGTTCAGGGGGG 

214 
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4.2.10. Analysis of gut microbiota by 16S rRNA amplicon sequencing

Total fecal DNA was extracted using CTAB/SDS method. The V4 region of the 16S 

rRNA was amplified using the universal primers 515F and 806R. All PCR reactions were 

carried out with Phusion® High- Fidelity PCR Master Mix (New England Biolabs). Then, the 

mixture PCR products were purified with GeneJETTM Gel Extraction Kit (Thermo Scientific). 

Sequencing libraries were generated using Ion Plus Fragment Library Kit 48 rxns (Thermo 

Scientific) following manufacturer's recommendations. The library quality was assessed on the 

Qubit@ 2.0 Fluorometer (Thermo Scientific). At last, the library was sequenced on an Ion 

S5TM XL platform (Thermo Scientific) and 400 bp/600 bp single- end reads were generated. 

Paired-end reads were merged using FLASH (V1.2.7), and the raw fastq files were 

processed by QIIME (version 1.7.0). Sequence analysis was performed by Uparse software 

(v7.0.1001), and Sequences with ≥ 97% identity were assigned to the same Operational 

Taxonomic Units (OTUs). Pair-group method with arithmetic means (UPGMA) clustering was 

generated using the average linkage and conducted by QIIME software (V1.7.0). Linear 

discriminant analysis (LDA) was carried out to determine the highly dimensional gut microbes 

and characteristics associated with NCD mice, HFD mice and HFD+SFF mice. The 

Spearman’s rho nonparametric correlations between the gut microbiota and obesity-related 

indexes were determined using R packages (V2.15.3), and the indexes of α diversity, including 

FBG, weight, BMI, FFA, T-CHO, TG, LDL-c, liver weight, adipocytes weight, HOMA-IR, and 

HDL-c were displayed. 

4.2.11. Statistical analysis

Statistical analysis for bacterial diversity with a small sample size was conducted using the 

Mann–Whitney U test (SPSS, Chicago, USA). Statistical comparisons among experimental 

groups were analyzed by one-way ANOVA and Duncan’s multiple-comparison test using the 
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SPSS software program (Version 21; SPSS). Data are represented as mean ± SD. A P < 0.05 

was considered statistically significant. 

4.3. Results  

4.3.1. SFF suppresses body weight gain and fat accumulation in HFD-fed mice. 

After eight weeks of HFD-feeding, the mice in HFD group developed various metabolic 

disorders reminiscent of diabetes, such as overweight, hyperglycemia, and glucose intolerance 

(Figures 4.2 and 4.3). HFD-fed mice that received SFF treatment exhibited reduced body 

weight gain and the significant differences in body weight began to appear from the fourth 

week. After feeding SFF for 6 weeks, HFD feeding had significantly increased body weight 

and weight gain compare with NCD group, however, SFF treatment led to a significant 

decrease in body weight (52.4 ± 1.45 g) compared to that of HFD group (57.6 ± 1.93 g) 

(Figures 4.4a and 2b). In addition, BMI was significantly reduced in the HFD+SFF group 

compared with the HFD group (Figure 4.4c). It is worth noting that the amounts of food intake 

(Figure 4.4d) for the HFD+SFF and HFD groups were roughly the same, but water 

consumption by the HFD+SFF group was slightly reduced compared with the HFD group 

(Figure 4.4e). Abdominal fat (Figure 4.4f) was significant reduced in the HFD+SFF group 

compared with the HFD group. H&E staining revealed much larger adipocytes in the HFD-fed 

mice than in the NCD-fed mice. The adipocytes in the mice from the HFD+SFF group were 

significantly reduced compared with mice from the HFD group but were still larger than those 

of the NCD group. While the dietary supplementation with SFF significantly reduced the 

adipose size of HFD group (Figure 4.4g). Furthermore, the number of adipocytes in the HFD 

group was also much less than that of the HFD+SFF group. These results showed that SFF 

could suppress body weight gain and fat accumulation caused by HFD feeding.  
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Figure 4.2. HFD-induced metabolic disorder in a mouse model. ICR male mice were fed NCD or 

HFD for 8 weeks. (a) Body weight; (b) food intake; (c) FBG;  (d) BMI are shown. Data are represented 

as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001.  
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Figure 4.3. HFD-induced insulin resistance in a mouse model. ICR male mice were fed NCD or 

HFD for 8 weeks. (a) IPGTT; (b) AUC of IPGTT; (c) IPITT; (d) AUC of IPITT. Data are represented as 

mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001.  
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Figure 4.4. S. fusiforme fucoidan reduces fat accumulation in HFD-fed mice. (a) body weight; (b) 

weight gain; (c) BMI; (d) food intake; (e) water consumption; (f) abdominal fat and (f’) abdominal fat 

weight; (g) H&E staining of epididymal adipose tissue (400×, scale bar = 200 μm) and (g’) number of 

adipocytes. Data are represented as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001.  
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Table 4.2. The Effect of S. fusiforme Fucoidan on Serum/Liver Lipid Levels in HFD-fed Mice

 NCD HFD HFD+SFF 

Serum    

T-CHO (mmol/L) 3.97±0.76*** 10.29±1.24 8.49±1.15* 

TG (mmol/L) 2.141±0.20 2.743±0.34 1.76±0.43*** 

HDL-c (mmol/L) 0.31±0.067*** 0.211±0.043 0.273±0.073 

LDL-c (mmol/L) 1.44±0.38*** 3.532±0.44 2.835±0.50* 

FFA (mmol/L) 1.828±0.221** 2.518±0.242 2.05±0.341* 

Liver     

T-CHO (mmol/gprot) 0.085±0.010*** 0.123±0.022 0.094±0.015* 

TG (mmol/gprot) 0.090±0.013 0.140±0.033 0.094±0.019** 

Data are expressed as mean ± SD. 

* Indicates significantly different from the HFD group at the *P < 0.05, **P < 0.01, and ***P < 0.001 

level. 

 

4.3.2. SFF inhibits hyperlipidemia and liver steatosis in HFD-fed mice

As shown in the Table 4.2, the HFD-fed mice had higher serum levels of T-CHO, TG, and 

LDL-c than the NCD group (P < 0.05), indicating the abnormal lipid metabolism caused by 

chronic HFD feeding. SFF intervention significantly decreased the serum levels of T-CHO, TG, 

and LDL-c (P < 0.05, compared with the HFD group). In addition, the serum of the HFD group 

contained a higher concentration of FFA, which was 27.3% higher than that of the NCD group, 

while the concentration of FFA decreased significantly of the HFD+SFF group relative to HFD 

group. Compared with the HFD group, the levels of T-CHO and TG in the liver of the 

HFD+SFF group were significantly reduced, suggesting that SFF treatment probably prevented 

the onset of diet-induced hepatic dyslipidemia and steatosis. As for the physiological functions 

of the liver (Table 4.3), ALT and AST levels in the serum of the HFD group increased by 1.35- 

and 1.49-fold, respectively, compared with those of the NCD group. ALT and AST levels in the 
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HFD+SFF group decreased by 13.4% and 32.2%, respectively, compared with HFD group. 

Similar trends were observed for serum AKP and ACP levels. These data indicated that SFF-

treatment could alleviate the damage in liver function caused by HFD diet.  

Table 4.3. The Effect of S. fusiforme Fucoidan on Liver Function in HFD-fed Mice.

Group ALT (U/L) AST (U/L) ACP (U/L) AKP (U/L) 

NCD 50.0±8.9** 35.6±3.8** 0.57±0.113** 0.83±0.179* 

HFD 71.7±10.3 51.5±5.6 0.81±0.153 1.21±0.237 

HFD+SFF 56.8±6.3* 37.8±6.9** 0.54±0.135* 0.89±0.103* 

Data are expressed as mean ± SD. 

* Indicates significantly different from the HFD group at the *P < 0.05 and **P < 0.01 level. 

4.3.3. SFF alleviates HFD-induced insulin resistance

After six weeks of SFF-treatment, the overnight-fasted mice were subjected to IPGTT 

assay. Oral administration of glucose increased BG level within 30 min in the HFD group, and 

it remained at a high level over the next 90 min (Figure 4.5a). In the case of the NCD group, 

the level of BG reached the peak within 30 min of glucose administration, but was restored to 

almost the initial level after 120 min. SFF-treatment significantly inhibited the rise of BG level 

in HFD-fed mice after oral administration of glucose. The AUC of HFD+SFF group was 

significantly decreased compared with that of the HFD group (Figure 4.5b, P < 0.05), 

suggesting that SFF improved the insulin sensitivity of the HFD-fed mice. The improvement of 

insulin resistance (IR) was also supported by the results from IPITT. All mice fasted for 4 h 

were evaluated on the basis of IPITT. After the mice were intraperitoneally injected with 

insulin at a dose of 0.75 U/kg, the BG levels measured at 0, 15, 30, 60, and 120 min revealed 

that the mice in NCD group took more advantage of insulin than the HFD-fed mice (Figure

4.5c). Significant (P < 0.01) difference in AUC (Figure 4.5d) between the HFD group and 
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HFD+SFF group suggested that SFF increased the utilization of insulin and improved insulin 

sensitivity in the HFD-fed mice. 

 

Figure 4.5. SFF improves insulin sensitivity in diet-induced obese mice. At week 19, mice were 

fasted overnight (12 h) and submitted to intraperitoneal glucose tolerance tests (a) and it's area under 

curve (b). At week 18, mice were fasted for 4h and insulin tolerance tests (c), it's area under curve (d) 

were carried out after intraperitoneal insulin injections (ipITT, 0.75 IU/kg). Blood was collected and 

used to assess fasting glucose (e), insulin (f), and HOMA-IR (g). One-way repeated measures ANOVA 

with a Student-Newman-Keuls post hoc test was used to assign significance to the differences groups. 

*P < 0.05, **P < 0.01 and ***P < 0.001. Data are expressed as the mean ± SEM. 
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Figure 4.6. SFF improves hepatic insulin signaling. Protein levels of p-Akt (Ser473), total Akt, p-

AMPK (Thr172) and total AMPK were analyzed by western blotting (a). The ratio of phosphorylated 

Akt/total Akt and phosphorylated AMPK/total AMPK was quantified by densitometry using ImageJ 

software (b). Data are represented as mean ± SD. Statistical significance considered as *P < 0.05, **P < 

0.01 and ***P < 0.001. 

Mice in the HFD group had significantly higher FBG level than mice in the NCD group 

(Figure 4.5e). When these mice were also given SFF, the level of FBG decreased, resulting in 

as much as 25% reduction, but remained higher than that of the NCD group. FINS stayed at a 
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high level in HFD group (Figure 4.5f), whereas decreased in HFD+SFF group, but there was 

no significant difference in FINS level between HFD group and HFD+SFF group (P = 0.1419). 

While HOMA-IR was significantly decreased in HFD+SFF group compared with that of the 

HFD group (P < 0.05), indicating that SFF could lead to a reduction in HFD-induced IR 

(Figure 4.5g). The phosphorylation of liver Akt (at Ser473) in the HFD group was decreased 

compared with the NCD group (Figures 4.6), indicating that insulin signaling was impaired by 

HFD feeding. In contrast, the phosphorylation of liver Akt in the HFD+SFF group was 

significantly (P < 0.05) enhanced compared with the HFD group, suggesting that SFF could 

enhance insulin sensitivity in the HFD-fed mice. 

4.3.4. SFF increases mRNA expression of lipolysis-related genes

 

Figure 4.7. SFF increases mRNA expression of lipolysis-related genes. (a)organ index and (d) the 

relative mRNA levels of Fasn, Cpt1, Acc in liver and Ucp1 in WAT were shown. Data are represented 
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as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001. 

After 16 weeks of HFD feeding, multiple organ weights were analysed in mice. White 

adipose tissue weight and liver weight were significantly higher in HFD mice compared to 

NCD (Figure 4.7a). This suggests that the main cause of weight gain in mice is from an 

increase in liver and white adipose tissue. The mRNA expression of genes related to lipid 

metabolism in WAT and liver was analysed. The mRNA levels of fatty acid synthase (FASN), 

acetyl CoA hydroxylase (ACC), carnitine palmitoyltransferase (CPT1) and uncoupling protein-

1 (UCP1) showed differences in white adipose tissue and liver of mice. The mRNA expression 

of Ucp1 was greatly lower in white adipose tissue of mice in the HFD group than in the NCD 

group; however, this gene was significantly upregulated in the HFD+SFF group (P < 0.05). 

Similarly, mRNA expression of Cpt1 in the liver of mice in the HFD group was significantly 

lower than that in the NCD group, while it was dramatically increased in the HFD+SFF group 

(Figure 4.7b). These data suggest that SFF promotes lipolysis in mice liver and white adipose 

tissue by upregulating lipolytic gene expression. 

4.3.5. SFF reverses HFD-induced oxidative stress and Nrf2 repression 

To investigate the effects of oxidative stress during alleviating HFD-induced IR by SFF, 

we further measured the MDA level in the plasma and liver (Figure 4.8b), a product of lipid 

peroxidation. The liver MDA level was significantly higher in the HFD group (11.34 nmol/mg 

of protein) than that in the NCD group (9.10 nmol/mg protein). This suggests SFF exhibited a 

well protective effect against lipid peroxidation, the increase of MDA level both in plasma and 

liver can be significantly (P < 0.05) inhibited by SFF. CAT activity in the HFD group strongly 

decreased due to the increased oxidative stress compared to the NCD group. In contrast, SFF 

significantly inhibited the decrease of CAT activity both in plasma and liver induced by HFD 

feeding (Figures 4.8). In addition, the GSH:GSSG ratio is also an essential index of redox 
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status, was determined. HFD feeding was found to reduce the GSH:GSSG ratio by 

approximately 75%, while SFF administration strongly prevented the reduction (Figure 4.9). 4-

HNE is one of the most studied cytotoxic products of lipid peroxidation. HFD feeding 

significantly increased the amount of 4-HNE-modified proteins, while SFF administration 

clearly reduced this protein modification (Figures 4.9).  

 

Figure 4.8. S. fusiforme fucoidan increased the activity of antioxidant enzymes in the liver and

serum of mice on a high-fat diet. Serum/liver CAT, SOD, and MDA are shown. Data are represented 

as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001.  
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Figure 4.9. S. fusiforme fucoidan ameliorates HFD-induced oxidative stress. (a) GSH:GSSG ratio in 

the liver; (b) Western blot and quantification of 4-HNE-modified proteins in the liver. Data are 

represented as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001.  

Furthermore, both of the expression levels of Nrf2 and KEAP1, as well as their 

transcriptional levels of Nrf2 and Keap1 were evaluated by immunoblotting and quantitative 

RT-PCR, respectively. Compared with the HFD group, the Nrf2 expression in the liver 

cytoplasm was significantly up-regulated in the HFD+SFF group (Figures 4.10a and b). In 

addition, SFF can promote more Nrf2 to enter or remain in the nucleus, and continuously 

stimulate the activation of Nrf2/ARE signaling and initiate the expression of downstream genes. 

KEAP1 binds to Nrf2 and promotes rapid ubiquitination and degradation of Nrf2. HFD 
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accelerates the degradation of Nrf2, and after administration of SFF, the expression of KEAP1 

in the liver was decreased (Figure 4.10c). These changes are consistent with increased mRNA 

level of Nrf2 by SFF administration (Figure 4.10d). Nrf2 regulates the expression of a variety 

of detoxification and antioxidant enzymes, SFF significantly up-regulated the mRNA levels of 

Cat, Sod2, Slc7a11, G6pd2, Prdx1, Gpx2 and Gpx4, these genes are essential for the balance of 

oxidative stress in the body. Meanwhile the activation of NF-κB signaling was weakened by 

SFF treatment, evidenced by the lower levels of p-p65 and p-IκB in SFF-treated versus HFD-

fed mice (Figures 4.11). Overall, SFF reverses the hepatic oxidative stress and Nrf2 repression, 

as well as inflammation induced by HFD feeding. 
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Figure 4.10. S. fusiforme fucoidan reverses HFD-induced Nrf2 repression and improves the

expression of detoxification and antioxidant enzymes. Western blot of phosphorylated Nrf2 in 

nuclear (a) and plasma (b) and quantitative analysis for the densitometry of phosphorylated Nrf2 in 

protein level performed using ImageJ software; (c) Western blot and quantitative analysis of KEAP1; (d) 

relative mRNA levels of Nrf 2 and representative downstream genes: Cat, Sod2, Slc7a11, Txnrd1,

G6pd2, Prdx1, Gpx2, and Gpx4. Data are represented as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 

0.001.  
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Figure 4.11. SFF relieves liver inflammation in HFD feeding mice. (a) Western blot of p65/IkB and 

phosphorylated p65/IkB in liver; (b) quantitative analysis for the densitometry in protein level using 

ImageJ software. Data are represented as mean ± SD. ***P < 0.001. 

 

4.3.6. SFF remodels the structure of gut microbiota in HFD-fed mice

Gut microbiota is closely related to the development of metabolic syndrome. We further 

assessed the effects of SFF treatment for 6 weeks on gut microbiota in the HFD-fed obese mice 

by performing the V4 hypervariable regions of 16S rRNA-based amplicon sequencing of fecal 

samples. Following all quality trimming and checking, a dataset consisting of 80004 highly 

qualified reads was collected for subsequent analysis. To profile the specific changes in the gut 

microbiota, we analyzed the UPGMA clustering and the relative abundance of the predominant 

taxa identified from sequencing in the three groups. Comparing with the HFD group, the 

microbiota structure in the HFD+SFF group had higher similarity with the NCD group (Figure 

4.12a). Furthermore, a detailed overview of the intestinal bacteria composition of each group 

was illustrated at the phylum level, and the dominant phyla including Firmicutes, Bacteroidete, 

Proteobacteria and Deferribacteres showed significant differences among all the groups. 

Firmicutes was the most abundant phylum in all samples, accounting for 41.1% in the NCD 

group, 61.7% in the HFD group and 54.3% in the SFF group of the microbiota composition 

(Figure 4.12b), indicating that SFF significantly decreased the abundance of Firmicutes. The 

relative abundance of Bacteroidetes showed a sharp decrease in the HFD group when compared 

to the NCD group. The gut microbiota of the HFD group was characterized by an increased 

Firmicutes/Bacteroidetes ratio (Figure 4.12c). A detailed overview of the gut microbiota 

composition was illustrated at the genus level (Figure 4.12d), the HFD group showed a 

decrease in the bacteria proportion of Bacteroides, Lactobacillus and Alistipes compared with 

the NCD group, whereas SFF treatment reshaped the structure of gut microbiota and improved 
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those bacteria. In addition, compared with the HFD group, the proportion of Helicobacter in the 

SFF group was significantly reduced. 

 

Figure 4.12. S. fusiforme fucoidan remodels the structure of gut microbiota in HFD-fed mice. (a) 

composition of gut microbiota at the phylum level; (b) relative abundance of the main phylum; (c) ratio 
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of Bacteroidetes to Firmicutes; (d) composition of gut microbiota at genus level. Data are represented as 

mean ± SD. *P < 0.05 and **P < 0.01.  

To identify the specific bacterial taxa in each group, the composition of the microbiota 

from NCD, HFD and HFD+SFF groups were compared by linear discriminant analysis (LDA). 

The LDA scores (Figure 4.13) were higher than 3 indicating a higher relative community 

abundance in the corresponding group than in the other two groups. The composition of gut 

microbiota among the three groups showed distinct variations. HFD+SFF showed selective 

enrichment in 9 communities including: p_Bacteroidetes, o_Bacteroidales, g_Alistipes, 

s_Alistipes_shahii, g_Parabacteroides, s_Parabacteroides_goldsteinii, g_dubosiella, 

s_Faecalibacterium_prausnitzi, and s_Clostridium_sp_A5F502. Erysipelotrichia, Romboutsia, 

Peptostreptococcaceae, Turicibacter, Desulfovibrionaceae, etc., which were enriched due to 

HFD feeding, appeared in the HFD group. To determine the potential association between the 

gut microbiota and obesity-related physiological parameters, including body weight, weight 

gain and BMI, HOMA-IR; FBG, weights of liver and adipose tissue; serum levels of T-CHO, 

TG, LDL-c HDL-c and FFA, Spearman correlation analysis was performed. Heatmaps revealed 

that Rikenella, Candidatus_Saccharimonas, Anaerotruncus, Odoribacter, Parasutterella, 

Bifidobacterium, Roseburia, Turicibacter, Alistipes, Faecalibaculum, Romboutsia, and 

Bacteroides are closely associated with obesity-related physiological parameters (Figure 4.14 

and 4.15). Of these bacteria, Faecalibaculum, Turicibacter, and Romboutsia enriched in the 

HFD group were strongly positively correlated with obesity-related physiological parameters, 

such as body weight, HOMA-IR, BMI, T-CHO, LDL-c and adipose tissue index. However, 

Alistipes and Bacteroides, which were negatively correlated with obesity-related physiological 

parameters, were significantly up-regulated in the HFD+SFF group. The data suggest that SFF 
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may play a role in improving insulin resistance by remodeling the structure of the gut 

microbiota. 

 

Figure 4.13. Linear discriminant analysis (LDA) score for taxa differing between treatment

groups. LDA scores threshold > 3 were listed.  
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Figure 4.14. Spearman’s correlation between gut microbiota and obesity-related indexes (Genus).

Good’s coverage and the genus with significant correlations are shown. Good’s coverage and the specie 

with significant correlations are shown. The colors range from blue (negative correlation) to red 

(positive correlation). Significant correlations are marked by *p < 0.05 and **p < 0.01.  
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Figure 4.15. Heatmap of Spearman's correlation between the gut microbiota and obesity-related

indexes (species). Good’s coverage and the specie with significant correlations are shown. The colors 

range from blue (negative correlation) to red (positive correlation). Significant correlations are marked 

by *p < 0.05 and **p < 0.01.  
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4.3.7. SFF improves intestinal integrity and inflammation

Increasing the proportion of pernicious bacteria in the intestine will secrete a large amount 

of endotoxin, increase intestinal permeability; excessive endotoxin can enter the blood to cause 

systemic inflammation and IR. Because of the presence of Bacteroides in the gut microbiota, 

they have been linked in improving the intestinal barrier and the integrity of mucus layer. 

Therefore, the up-regulation of Bacteroides by SFF treatment may alleviate intestinal 

inflammation due to HFD and improve the intestinal mucosal barrier. To evaluate the effects of 

SFF on the, we examined the gene expression of encoding inflammatory cytokines (Il-6, Tnf-α, 

and Il-1β) and tight junction proteins (Zo-1 and Occludin-1). The mRNA levels of Il-6, Tnf-α, 

and Il-1β were found to be higher in the HFD group than in the NCD group; however, these 

mRNAs were downregulated in the HFD+SFF group (P < 0.05) when compared with those in 

the HFD group (Figure 4.16a). The mRNA levels of Zo-1 and Occludin-1 were increased in 

the HFD+SFF group (P < 0.01 and P < 0.05, respectively) compared with those in the HFD 

group (Figure 4.16b). In addition, the LPS content in the serum of the HFD+SFF group was 

slightly lower than that of the HFD group (Figure 4.16c). H&E staining showed normal 

histomorphology of the small intestine without epithelial disruption in the NCD group (Figure 

4.16d). The pathological changes occurring in the HFD group were characterized by extensive 

destruction of the villi, multiple erosions and necrosis of the intestinal wall. SFF treatment 

significantly improved the histological structure of the intestinal wall impaired by HFD. The 

above data demonstrates that SFF treatment can maintain intestinal integrity and reduce 

intestinal inflammation, which may be associated with altered gut microbiota. 
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Figure 4.16. S. fusiforme fucoidan relieves intestinal inflammation and maintains intestinal wall 

integrity. (a) the relative mRNA levels of Zo1, Occludin and (b) pro-inflammatory cytokines in the 

ileum and colon;  (c) serum LPS;  (d) H&E staining of ileum (200×, scale bar = 200 μm). Data are 

represented as mean ± SD. *P < 0.05 and **P < 0.01. 
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4.4. Discussion 

Insulin resistance (IR) is as a major risk factor for developing T2D, and it is present in 

about 90-95% of the diabetic patients worldwide17. The consequence of IR is the restriction of 

glucose transport into the adipose tissue, liver or skeletal muscle, causing many metabolic 

syndromes, such as hyperinsulinemia, obesity and diabetes. As the mostly studied algal sulfated 

glycans from brown algal, fucoidan has been reported to be able to alleviate the development of 

metabolic disorders9,190. For example, Heeba and Morsy reported that fucoidan can ameliorate 

the development of HFD-induced NAFLD, an effect that could be related to its hypolipidemic, 

insulin sensitizing, antioxidant and anti-inflammatory capacity191. Another research by Shang et 

al.192 shows that that fucoidans from Laminaria japonica and Ascophyllum nodosum can 

profoundly attenuate body weight gain, improve glucose homeostasis, and reduce chronic low-

grade inflammation in diabetic mice. The hypoglycemic effect of fucoidan might be linked to 

its stimulation of pancreatic release of insulin and/or by reduction of insulin metabolism193. A 

highly sulfated fucoidan derived from Undaria Pinnatifida showed strongly suppression of 

blood glucose and improvement of insulin sensitivity in diabetic mice194. Consistent with 

previous studies, our findings demonstrate that the insulin sensitivity of HFD+SFF group was 

significantly improved as compared with that of HFD group. Therefore, the application of 

natural fucoidan for the treatment of metabolic syndrome with insulin resistance as the main 

cause has been considered as a promising strategy. 

Growing evidence has shown that insulin signaling can be impaired by redox imbalance. 

Although the precise relationship between oxidative stress and impaired insulin signaling is not 

fully understood, several mechanisms have been proposed, and these include the abnormal 

serine/threonine phosphorylation of insulin receptor (IR) and the family of IR substrate (IRS) 

proteins, which can subsequently disturb the cellular redistribution and recruitment of insulin 
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signaling components, with the ultimate effect of the translocation of GLUT4 to the cell 

membrane and alteration of mitochondrial activity195-197. It is widely accepted that FFA is the 

essential link between ROS and IR196. Oxidative stress has been proven to be caused by 

increased intake of HFD. Long-term HFD can elevate the levels of circulating FFA, leading to 

numerous adverse effects on mitochondrial function, such as the uncoupling of oxidative 

phosphorylation and the generation of ROS198,199. The situation of redox imbalance is 

exacerbated by the ability of FFA to induce oxidative stress and to impair the endogenous 

antioxidant defenses through decreasing the concentration of intracellular glutathione200,201. 

According to our data, mice subjected to chronic HFD feeding developed increased 

oxidative stress, as judged by a decline in reduced/oxidized glutathione ratio, increased 

malondialdehyde level, and enhanced 4-HNE protein modification, concomitantly with higher 

FBG, FINS, and HOMA-IR. GSH and GSSG are acting as the main redox buffer of the cell, 

and they are found throughout all cellular compartments. GSH is one of the most important 

protective antioxidants and scavengers of ROS, and the ratio change between total GSH and 

GSSG is a biological index to assess oxidative damage202. MDA is a toxic metabolite of lipid 

peroxidation, and it is widely used as a biomarker of oxidative stress during the onset of 

numerous metabolic diseases203. 4-HNE is a highly reactive end product of lipid peroxidation 

and it can react with a large number of macromolecules, such as proteins that principally 

contain histidine, cysteine and lysine residues. The modification of proteins, called HNE-

protein adduction, would impair their activities and contribute to protein cross-linking, 

eventually inducing a carbonyl stress204,205. When the constituents of antioxidant system are 

reduced, numerous free radicals are not sufficiently scavenged, causing redox imbalance, which 

further induce the occurrence and development of IR. A recent report has shown that fucoidan 

exhibits remarkable neuroprotective effect against transient global cerebral ischemia in HFD-
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induced obese gerbils through the reduction of oxidative stress indicators (dihydroethidium, 8-

hydroxyguanine and 4-hydroxy-2-nonenal) and the enhancement of endogenous antioxidant 

enzymes (SOD1 and SOD2)206. The decreased levels of MDA and 4-HNE protein modification, 

and the increased GSH/GSSG ratio and CAT activity that we observed in HFD-fed mice that 

received SFF treatment were also consistent with the neuroprotective effect of fucoidan. 

Nrf2 plays a central role in the expression of over 250 genes, including those encoding 

antioxidant and detoxification enzymes, such as Sod, Cat, Gst, Gpx4, Nqo1 and Ho-1207. The 

dysfunction of Nrf2/KEAP1/ARE pathway is associated with the development of IR and a wide 

range of metabolic disorders because of the intimate relationship between oxidative damage 

and IR208. Uruno and colleagues reported the Nrf2 overexpression in murine models via both 

genetic KEAP1 knockdown and pharmacological induction suggests that Nrf2 activation can 

improve insulin secretion and insulin sensitivity, markedly alter antioxidant-, energy 

consumption-, and gluconeogenesis-related gene expression in metabolic tissues, and 

eventually suppress the onset of diabetes in high-calorie-diet feeding mice209. Furthermore, 

Nrf2 activation can suppress HFD-induced weight gain and increase skeletal muscle oxygen 

consumption, mitochondrial redox homeostasis, and ATP production, as well as augment 

cellular glucose uptake210. Growing evidence indicate that dietary polysaccharides are potential 

activators of Nrf2 signaling. Yang et al.211 reported that the administration of Lycium barbarum 

polysaccharide (LBP) increased the expression of antioxidant enzymes and reduced ROS levels 

via PI3K/Akt/Nrf2 axis, accompanied by the alleviation of HFD-induced IR in C57BL/6J mice. 

Moreover, fucoidan from Laminaria japonica possesses the neuroprotective effect in a 

rotenone-induced rat model of Parkinson's disease through the reduction of oxidative products 

by reserving mitochondrial function involving the PGC-1α/Nrf2 pathway212,213. A recent study 

also found fucoidan could alleviate acetaminophen-induced hepatotoxicity, and the mechanism 
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might be related to Nrf2-mediated anti-oxidation pathway214. Our study provides further 

evidence indicating that SFF can activate Nrf2 signaling pathway and enhance the expression 

of SOD2 and CAT to scavenge for ROS, while the enhanced expression of Slc7a11 and Txnrd1 

can increase intracellular glutathione levels to eliminate the lipid peroxidation products, such as 

MDA and 4-HNE modified proteins. Interestingly, SFF could also increase the mRNA level of 

G6pd2, which has been known as a NADPH-generating enzyme that supplies reducing power. 

Overall, SFF can enhance the expression of many detoxification and antioxidant enzymes to 

inhibit oxidative stress and, thereby attenuating IR.  

Thermogenesis in the adipose tissue plays an essential role in the whole-body energy 

homeostasis, thereby being considered for a new therapeutic target for obesity treatment. In this 

phenomenon, UCP1 acts as a vital element as it converts the idling of the mitochondrial 

electron transport chain. This results in the release of protons and thus leads to generation of 

heat instead of synthesis of adenosine triphosphate (ATP)201. The brown/beige adipocytes are 

known as the UCP1-positive adipocytes which possess thermogenic capacity in response to 

cold exposure or β3 AR activation. The factor hydrolyze triacylglycerol (TG) into FFAs via the 

activation of intracellular lipases including adipose triglyceride lipase (ATGL), hormone-

sensitive lipase (HSL), and monoacylglycerol lipase (MGL) and eventually induce 

mitochondrial biogenesis and activation203. The released FFAs serve as fuel of adaptive 

thermogenesis. The present study confirmed that SFF treatment decreased lipid droplet size in 

WAT and also promoted browning by increasing the expressions of UCP1 (Figure 4.7). 

Furthermore, we determined that SFF increased the mRNA expressions and of Cpt1 in liver. 

The process of lipid depletion begins with the activation of fatty acids to produce lipid acyl-

CoA, which then enters the mitochondria for fatty acid β-oxidation, and CPT1 is the rate-

limiting enzyme for fatty acid β-oxidation, which can promote lipid depletion. Based on our 
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findings, it is believed that SFF can promote beige induction in WAT of mice and facilitate 

lipid depletion.  

Oxidative stress is a key factor in the pathogenesis of obesity200. Studies have shown that a 

high sugar and high fat diet induces liver inflammation and lipid deposition, which may be 

caused by upregulation of ROS to interfere with lipid metabolism-related proteins. In the rat 

liver and HepG2 cells induced by high fat and high sugar, the Nrf2 antioxidant pathway was 

inactivated, ROS-driven thioredoxin (TXNIP) was overexpressed, inflammasome activation 

and peroxisome activation receptor alpha (PPAR-α), carnitine palmitoyltransferase-1 (CPT-1), 

and peroxisome activation receptor alpha (PPAR-α) were induced. element binging protein 1 

(SREBP-1) and stearoyl-CoA desaturase-1 (SCD-1) were dysregulated204. UCP1 transgenic 

mice exhibit a healthy aging phenotype, such as decreased atherosclerosis and obesity and 

prolonged life span. UCP1-Tg mice show a decrease in skeletal muscle mass, particularly in 

fast/glycolytic muscles, compared to slow/oxidative muscles, which is accompanied by an 

increase in food intake, oxygen consumption and glucose uptake in skeletal muscle. UCP1 

overexpression also increases catalase and SOD activity as well as glutathione content in 

skeletal muscle. UCP1-Tg mice exhibit an increase in respiration leak consistent with UCP1 

function, which is not affected by Nrf2 ablation. In contrast, Nrf2 deficiency lowers the 

maximum coupled respiration in wild-type and Tg mice but does not alter the expression of 

respiratory chain complexes, probably due to impaired substrate availability, as reported 

previously202. Interestingly, PGC1α expression is elevated in UCP1-Tg mice and is partially 

suppressed in Nrf2-knockout mice. Nrf2 activation might induce PGC1α expression, although 

PGC1α activation by AMPK and Sirt1 rather than transcriptional induction has been reported in 

another study205. Taken together, these results identified both Nrf2-dependent and/or Nrf2-

independent pathways in response to CPT1 and UCP1 overexpression in the HFD+SFF mice; 
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however, their activation mechanisms and biological impact on MetS remain to be understood 

in future studies. 

Gut microbiota is closely related to the energy metabolism and the occurrence of IR, 

obesity and T2D20. With an increasing understanding of the complicated interaction between 

the gut microbiota and host, it is still unclear how polysaccharides exert insulin sensitization by 

remodeling the gut microbiota. Dietary polysaccharides generally escape digestion in the 

stomach and the small intestine, reaching the colon, where they are available for fermentation 

and thereby enhance the growth of probiotics and improve microbial diversity215. Furthermore, 

diverse dietary polysaccharides from seaweed can alleviate metabolic syndrome (e.g., obesity, 

hyperlipidemia, and inflammation) by modulating the gut microbiota12-14. Here, SFF 

significantly influenced the relative abundances of Firmicutes and Bacteroides in the HFD-fed 

mice, consistent with our previous findings that SFF can increase the species richness, 

dramatically increase the relative abundance of Bacteroides and decrease Firmicutes in diabetic 

mice30. Bacteroidetes is one of the major bacterial phyla responsible for the fermentation of 

complex indigestible polysaccharides such as fucoidan, inulin, pectin, arabinoxylan 

oligosaccharides, and arabinogalactan216. Growing evidence indicate that dietary fucoidans can 

increase the abundance of Bacteroidetes, fucoidan has been shown to promote the raito of 

Bacteroidetes/Firmicutes and increased the expression of Zo-1 and Occludin-115, 217. A fucoidan 

derived from brown marine algae significantly up-regulated the expression of BSH in the 

intestine of HFD-fed mice to alleviated obesity, and inrease the ratio of 

Bacteroidetes/Firmicutes by up-regulating the relative abundance of Bacteroidetes218. In 

addition, the declined ratio of the Bacteroidetes/Firmicutes is an indicator of microbial 

imbalance, associated with the development of metabolic syndrome30. Therefore, increasing the 

ratio of Bacteroidetes/Firmicutes is of great importance for the intervention of metabolic 
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disorders. Our present data demonstrate that SFF can effectively increase Bacteroidetes and 

decrease Firmicutes, raise the ratio of Bacteroidetes/Firmicutes, improve the diversity and 

remodel the structure of gut microbiota. This effect of SFF might be responsible for reducing 

the extent of HFD-diet-induced IR in the mice.  

It is widely accepted that the changes in bacterial abundance are closely correlated with 

the obesity-related physiological parameters. Spearman’s correlation analysis revealed 14 key 

bacteria that were significantly associated with at least one obesity-related physiological 

parameter. Rikenella, Candidatus_Saccharimonas, Odoribacter, Bacteroides and Alistipes 

were negatively correlated with multiple obesity-related physiological parameters. LDA 

analysis revealed two dominant bacteria, Bacteroides and Alistipes, in both the NCD and 

HFD+SFF groups. These two bacteria have been are markedly reduced in obese individual, a 

condition that may be related to the disorder of glutamate metabolism219. Liu et al.220 reported 

that increasing the abundance of Alisipes and Rikenella in the gut microbiota could improve 

the glucose tolerance, induce the production of SCFAs and inhibit the production of endotoxin 

LPS. In contrast, Turicibacter and Romboutsia, positively correlated with fat metabolism and 

enriched in the HFD group, can effectively promote fat decomposition and absorption221, 222. 

Turicibacter was found in high abundance in the intestinal model of NAFLD mice, and Jung 

et al.223 reported that Kombucha can reduce the abundance of the bacteria and increase the 

fermentation function of bacteria to improve liver metabolic disorders. In the analysis of flora 

function, we also found that the supplementation of SFF could increase the bacteria proportion 

of the fermentation function, and the SCFA and bile acids of the secondary metabolites 

produced by fermentation may effectively relieve insulin resistance induced by high-fat 

diet224. In Spearman's correlation analysis at species level (Figure 4.15), a negative correlation 

between Parabacteroides_goldsteinii and TG content was found. Cordyceps sinensis 
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polysaccharides can increase the abundance of P. goldsteinii and reduce the weight gain and 

the release of inflammatory cytokines caused by HFD feeding225. In addition, P. goldsteinii 

can also produce a large amount of succinic acid, and activate intestinal FXR signaling 

pathway to improve the disorder of lipid and glucose metabolism, repair intestinal integrity, 

activate intestinal gluconeogenesis, and promote liver glycogen synthesis. Therefore, the 

reduction of intestinal inflammation by SFF treatment in HFD-induced obese mice might be 

due to the increased abundance of P. goldsteinii , and it was also positively correlated with the 

decrease in serum TG.  

 

4.5. Summary

 

Figure 4.16. Therapeutic mechanism of S. fusiforme fucoidan on HFD-induced obesity.

 

With regard to IR or metabolic diseases, knowledge of the pivotal role of oxidative 
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stress in the pathogenesis and progression of these diseases originally precipitated 

investigation into natural antioxidants, such as vitamin C, vitamin E, anthocyanin and 

coenzyme Q25. Although a very logical approach, antioxidant therapy may take more than 

simple dosing with an antioxidant. The results of antioxidant therapy have generally been 

disappointing, and human clinical trials have not shown any benefit of natural antioxidants as 

adjunct therapies in preventing or treating metabolic diseases217. In the liver, SFF can activate 

the Nrf2/ARE signaling pathway, increase the expression of Nrf2 and promote its nuclear 

translocation, increase the expression of its downstream antioxidant enzymes and reduce the 

accumulation of lipid peroxides, alleviating the tissue damage caused by HFD-induced 

oxidative stress. On the other hand, SFF can increase the diversity and improve the structure 

of gut microbiota, maintain the integrity of intestinal wall, and reduce systemic inflammation. 

In summary, S. fusiforme fucoidan SFF alleviates HFD-induced insulin resistance in 

peripheral tissues via the Nrf2/ARE signaling pathway and gut microbiota remodeling, 

providing a novel potential treatment strategy for metabolic diseases.  
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Chapter 5 

SARGASSUM FUSIFORME FUCOIDAN ALLEVIATES INSULIN RESISTANCE BY 

REDUCTION OF INTESTINAL-DERIVED CERAMIDE BIOSYNTHESIS VIA 

INHIBITING FXR/SHP SIGNALING PATHWAY 

Abstract

Sargassum fusiforme fucoidan (SFF) is a highly sulfated heteropolysaccharide with 

various biological activities. As one of the causative factors of type 2 diabetes mellitus 

(T2DM), insulin resistance has become a global health issue. In this study, we investigated the 

potential pharmacological mechanisms by which SFF ameliorates insulin resistance in chronic 

high-fat diet (HFD)-fed mice. Our finding suggested that SFF significantly enhanced 

tauroursodeoxycholic acid (TUDCA, a conjugated bile acid) level and inhibited FXR signaling 

pathway in the colon. Compared to the HFD group, SFF reduced ceramide levels both in serum 

and colon as well as the gene expression of SPT and CerS, two crucial enzymes involved in the 

biosynthesis of ceramides regulated by FXR signaling. Pearson's analysis showed that the 

TUDCA level was positively correlated with the intestinal bacteria Clostridium, which was 

further validated in pseudo-germfree mice. Taken together, the present data suggest that SFF 

increased TUDCA level in the bile acid pool by remodeling the gut microbiota, then TUDCA 

as a natural FXR antagonist significantly inhibited the FXR/SHP signaling pathway to reduce 

intestinal-derived biosynthesis of ceramide and thereby improved insulin resistance in diet-

induced obese (DIO) mice. This study provides new insights into the therapeutic potential of S. 

fusiforme fucoidan in metabolic disease. 

Keywords S. fusiforme fucoidan, insulin resistance, gut microbiota, ceramides, TUDCA 

 

5.1. Introduction 
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Diabetes mellitus (DM) affect about 383 million adults, accounting for 8.3% of adult 

population worldwide226-228. For developing complications including cardiovascular diseases, 

mental and nervous system disorders, cancer, infections and liver disease, DM, in particular 

type 2 diabetes mellitus (T2DM), has grown up to be a global public health problem2-4. Most of 

these diseases are characterized by one distinct defect: insulin resistance (IR)2. IR is defined as 

a diminished ability of some kinds of cells, such as adipocytes, skeletal muscle cells, and 

hepatocytes, to respond to the action of insulin, which plays a central role in the development 

of several metabolic abnormalities and diseases, such as obesity, type 2 diabetes, and metabolic 

syndrome228-230. Due to the increasing number of insulin resistant patients and the limited 

number of anti-diabetic medicines available, the search for new compounds, especially from 

marine sources, is a hot concern in the field of pharmaceutical research and development. 

Fucoidan is a family of highly sulphated homo- and heterogeneous polysaccharides, considered 

to be one of the most important bioactive macromolecules in brown algae, and has been found 

to improve disorders of glucolipid metabolism231-234. He et al. found that fucoidan isolated from 

brown alga has a preventive effect on hyperglycemia in mice, presumably by activating the 

AMPK pathway to slow down the development of diabetes235. Sung Yi Sim found that 

Fucoidan from Undaria pinnatifida has anti-diabetic effects by stimulation of glucose uptake 

and reduction of basal lipolysis in 3T3-L1 adipocytes236. However, due to its complex chemical 

structure and difficult absorption properties, the physiological mechanisms underlying its anti-

diabetic effects remain to be investigated in depth. 

Metabolomics is an emerging histological technique developed after genomics and 

proteomics to analyse the complex metabolites of the body. It focuses on the qualitative and 

quantitative analysis of molecules of less than 1000 relative molecular weight produced by 

cells, tissues, blood and other biological systems that receive external stimuli or disturbances237-
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239. Gut microbiota, composed of trillions of microorganisms, plays a number of important 

physiological roles involving food digestion and metabolism239-241. Recently, accumulated 

evidence has demonstrated that the modulation of the gut microbiota by dietary ingredients can 

ameliorate obesity and its complications242. Especially, indigestible marine plant-derived 

polysaccharides (MPPs) and marine animal-derived polysaccharides (MAPs) can be 

metabolized and fermented in the gut as nutraceuticals and gut microbiota modulators affecting 

intestinal ecology243. Combined multi-omics techniques offer the possibility of prediction and 

early diagnosis of type 2 diabetes244. In recent years, several studies have used Combined 

multi-omics techniques to conduct comprehensive and systematic studies on the changes of 

metabolites in patients with type 2 diabetes, searching for biomarkers and possible metabolic 

pathways of type 2 diabetes, and providing data to reveal the pathogenesis of type 2 

diabetes245,246. 

As marine brown algae with great economic importance, Sargassum fusiforme is cultured 

on a vast scale in the coastal zone of Zhejiang, Liaoning and Fujian Provinces, China, and most 

of which is exported to Japan and South Korea, where it is consumed as health food247-249. S. 

fusiforme fucoidan (SFF) has been reported to possess multiple bioactivities, such as 

hypolipidemic, immunomodulatory and anti-tumor, and antioxidant activity250-252. In our 

previous studies253-255, SFF was found to alleviate insulin resistance in diet-induced obese (DIO) 

mice and other metabolic disorders, such as hyperglycemia and hyperlipidemia. However, SFF 

is a structurally complex macromolecule that is difficult to be digested and directly absorbed by 

the body, and its pharmacological mechanisms of alleviation in insulin resistance remain an 

unsolved puzzle. Therefore, in the present study, metabolomic and 16S rRNA analysis were 

performed to determine the differences in intestinal metabolites and gut microbiota in DIO 

mice after SFF treatment. The effect of TUDCA on transcript levels of ceramide biosynthetic 
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enzymes was explored by in vitro and in vivo experiments. Construction of pseudo-germfree 

mice to determine the criticality of gut microbiota on fucoidan in alleviating insulin resistance. 

The results suggest that SFF is able to increase the content of TUDCA by remodeling the gut 

microbiota, and TUDCA alleviates insulin resistance by inhibiting the FXR signaling pathway 

to reduce intestinal-derived ceramide biosynthesis. Accordingly, this study provides insight into 

the biological mechanisms by which S. fusiforme fucoidan effectively ameliorates insulin 

resistance, offering a new strategy for the therapeutic mechanisms of marine natural medicines. 

5.2. Materials and methods

5.2.1. Materials and reagents

Sargassum fusiforme fucoidan (SFF) was prepared and characterized as previously 

reported28,29. Normal chow diet (NCD, containing 10% fat by energy) and high-fat diet (HFD, 

containing 60% fat by energy) were purchased from Beijing HFK Bio-Technology Co., Ltd. 

(Beijing, China). HFD was stored at -20°C throughout the study to maintain freshness and 

prevent degradation of fat. Insulin from bovine pancreas was provided by Sigma–Aldrich (St. 

Louis, MO, USA). Sphingosine (SPH, purity ≥ 98%), chenodeoxycholine acid (CDCA, purity 

≥ 99%) and tauroursodeoxycholic acid (TUDCA, purity ≥ 99%) were purchased from Selleck 

(Houston, Texas, USA). Linerixibat and verapamil hydrochloride were purchased from 

MedChemExpress (Monmouth Junction, NJ, USA). The cocktail of antibiotics used consisted 

of 0.5 g/L vancomycin (Sigma-Aldrich, UK) and 1 g/L neomycin, metronidazole and ampicillin 

(Sigma-Aldrich, UK). Radioimmunoprecipitation assay (RIPA) buffer was purchased from 

Beyotime (Shanghai, China). Antibodies against Akt and phospho-Akt (Ser473) were 

purchased from Cell Signaling Technology (Beverly, MA, USA). All other chemical reagents 

used were analytical grade. 

5.2.2. Animal experiments
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All male mice (ICR mice, 7 weeks old, body weight 25 ± 2 g) were housed in ventilated 

cages (three animals per cage) at the SPF facility of Wenzhou University under controlled 

environmental conditions (temperature 22 ± 2°C; relative humidity 60–70%) with free access to 

standard laboratory chow and tap water. The mice were maintained on a regular 12/12 h 

light/dark cycle. All animal care and experimental procedures were approved by the Animal 

Care Ministry of Health and were performed in accordance with the guide for the Care and Use 

of Experimental Animals of Wenzhou University. 

The animals were randomly assigned to groups by a colleague blinded to the experimental 

protocol according to the needs of the experiment, which consisted of three animal 

experiments. As for the pharmacological activity of SFF, one group of ICR mice was fed with 

NCD and the other two groups were fed with HFD. After 12 weeks of HFD feeding, one group 

of HFD-fed mice was administered SFF (200 mg/kg body weight), once daily (HFD+SFF 

group, n=8) for 8 weeks, whereas the NCD-fed mice (NCD group, n=8) and other group of 

HFD-fed mice (HFD group, n=8) were treated with an equal volume of saline for 8 weeks. As 

for the pharmacological activity of TUDCA and SFF, One group of ICR mice was fed with 

NCD; three groups of mice were fed with HFD, one group was fed with TUDCA (300 mg/kg 

body weight), one group was fed with SFF (200 mg/kg body weight) and one group was treated 

with an equal volume of saline as control. As for the pharmacological activity of gut 

microbiota, three groups of animals were fed with HFD. One group of mice was administered 

SFF (200 mg/kg body weight), one group of mice was administered SFF and water-feed the 

antibiotic mixture every three days for 24 h, and one group of mice was treated with an equal 

volume of saline.  

During experiment, the body weight, water consumption and food intake were measured 

every week. At week 18, intraperitoneal glucose tolerance test (IPGTT) and intraperitoneal 
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insulin tolerance test (IPITT) were performed as described30. Fresh feces were collected and 

stored immediately at -80°C for subsequent analysis. At the end of the trial, after overnight 

fasting for 12 h, blood samples were collected, and serum was isolated by centrifugation at 

1000 × g for 15 min at 4°C, and stored at -80°C for further assay. Tissues, including liver, 

subcutaneous fat, kidney, pancreas, colon and ileum, were weighed. 

5.2.3. Biochemical Analysis 

Total cholesterol (TC), triacylglycerol (TG), fasting blood glucose (FBG) and fasting 

serum insulin (FINS) were determined by biochemical kits purchased from Jiancheng 

Bioengineering Institute (Nanjing, China). Sphingosine (SPH), Ceramides (Cer) and 

Sphingosine-1P (S1P) were determined by biochemical kits purchased from Jingkang 

Bioengineering Institute (Shanghai, China). Homeostasis model assessment-estimated insulin 

resistance (HOMA-IR) was calculated using the following formula:   

HOMA-IR = FBG (mmol/L) × FINS (mU)/22.5 

5.2.4. Determination of hepatic/serum TUDCA 

The contents of TUDCA in tissues were determined by high-performance liquid 

chromatography (HPLC). Briefly, 200 mg of frozen tissue was homogenized with a Qiagen 

TissueLyserII (Germantown, MD, USA) in 1 mL of PBS to prepare the tissue homogenates. 

The impurities were removed through a 0.22 μm filter, then the filtrate was precipitated by 

methanol and 10 µL of supernatant was analyzed using an Agilent 1290 HPLC system (Santa 

Clara, CA) equipped with a Hypersil ODS-2 column (5 µm, 4.6 × 250 mm; Waters, USA). 

The supernatant was detected at the wavelength of 210 nm, eluted with the mobile phase of 

0.03 M phosphate buffer solution (pH 4.4) and methanol (32:68, v/v) at a flow rate of 1.0 

mL/min.  

5.2.5. Quantitative RT-PCR 
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The samples were extracted by a TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The 

cDNA was synthesized from RNA using a reverse transcription kit (Takara, Dalian, China) in 

accordance with the manufacturer’s protocol. SYBR Green PCR Master Mix (Applied 

Biosystems, Foster City, CA, USA) was used for real-time PCR. The sequences of the specific 

primers are shown in Table 5.1. A LightCycler480 qRT-PCR system (Roche, Mannheim, 

Germany) was used for the amplification under the following reactions: 95°C for 15 min, 

followed by 40 cycles at 95°C for 10 s, 60°C for 20 s, and 72°C for 20 s. The level of the 

transcripts, expressed as fold change, was calculated according to formula 2−ΔΔct method.  

Table 5.1. Designed Primer Sets for qRT-PCR
 

Gene Primer 5’- 3’ Size（bp） 
Mus-Fxr sense 

antisense 
TGGGCTAGGCAAAAGATGTGA 
ACTGCTGCTTCTTGAGTGCT 

160 

Mus-Shp sense 
antisense 

CCAGTAGAGTGGTAGCCCG 
CTCCCCTCCGTACAGGTCAT 

360 

Mus-Fgf15 sense 
antisense 

AGTACCTGTACTCCGCTGGT 
ACGTCCTTGATGGCAATCGT 

148 

Mus-Spt1 sense 
antisense 

CACCGAGCACTATGGGATCA 
AGGGACTCTCCCACCACTTT 

303 

Mus-Spt2 sense 
antisense 

TCACCTCCATGAAGTGCATC 
CAGGCGTCTCCTGAAATACC 

109 

Mus-Spt3 sense 
antisense 

ACACAATCCTAAGACCCAGCA 
AGACTGGCTTATCCTCAGCATA 

141 

Mus-Cer2 sense 
antisense 

AAGTGGGAAACGGAGTAGCG 
ACAGGCAGCCATAGTCGTTC  

131 

Mus-Cer4 sense 
antisense 

GGATTAGCTGATCTCCGCAC 
CCAGTATGTCTCCTGCCACA 

197 

Mus-Cer5 sense 
antisense 

CTTCTCCGTGAGGATGCTGT 
GTGTCATTGGGTTCCACCTT 

113 

Mus-Smpd1 sense 
antisense 

GTTACCAGCTGATGCCCTTC  
AGCAGGATCTGTGGAGTTG 

158 

Mus-Smpd2 sense 
antisense 

AGCAGGATCTGTGGAGTTG 
CTCCAGCCATGAAGCTCAAC  

163 

Mus-Smpd3 sense 
antisense 

CCTGACCAGTGCCATTCTTT 
AGAAACCCGGTCCTCGTACT 

159 

Mus-β-actin sense 
antisense 

GTCCCTCACCCTCCCAAAAG 
GCTGCCTCAACACCTCAACCC 

266 

Homo-Fxr sense 
antisense 

AACCATACTCGCAATACAGCAA 
ACAGCTCATCCCCTTTGATCC 

185 

Homo-Shp sense 
antisense 

CCCCAAGGAATATGCCTGCC 
TAGGGCGAAAGAAGAGGTCCC 

104 

Homo-Fgf15 sense CCAGAAGACAGGCAGTAGT 135 
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antisense CTGGAGGGATTTGGGAAGG 
Homo-Spt1 sense 

antisense 
CTCCTCCCAGAGGAAGAACTGG 
TTGCTCTCTTTCAGGCCACT 

163 

Homo-Spt2 sense 
antisense 

TCACCTCCTGTAGTGGAGCA 
GCCCATCTCTTTCAGGCGTC 

138 

Homo-Spt3 sense 
antisense 

GGAGTTGGAGGACCTTGTGG 
GCACAAGCGATGTGTGGTTT 

152 

Homo-Cer2 sense 
antisense 

TCTTGATGCCCTCCCCTTTG 
TCTAGATCGGCCCAGGTCAA 

110 

Homo-Cer4 sense 
antisense 

TGCAGCTGCTCCGGGTA 
TGGACAGCATTCTCTGCTGG 

253 

Homo-Cer5 sense 
antisense 

TGATTTTGCAAGTCTGAGATGGG 
ACAGGTCACCTTTCCCCTGA 

323 

Homo-Smpd1 sense 
antisense 

TCGGCCTTAATCCTGTCAGC 
CACAGCAGCATTTGGGCTTT 

314 

Homo-Smpd2 sense 
antisense 

AACTTTGCGCCTGTTGCTG 
TTTTCCTCCAAGCTCGTCCC 

71 

Homo-Smpd3 sense 
antisense 

CGACTGGAAGCTGCCTCTTA 
TACCCGACGATTCTTTGGTCC 

124 

Homo-β-actin sense 
antisense 

CTCCATCCTGGCCTCGCTGT 
GCTGTCACCTTCACCGTTCC 

268 

 

5.2.6. Cell culture

Human colon cancer (Caco-2) cells were cultured in MEM (Sigma, St. Louis, MO, 

USA) supplemented with 10% FBS (Gibco, South American), non-essential amino acids, 

pyruvate, glutamine, penicillin and streptomycin, maintained in 5% CO2 at 37°C.  

5.2.7. Immunoblotting

Sample were homogenized with ice-cold RIPA lysis buffer containing protease and 

phosphatase inhibitors (Beyotime, Shanghai, China). The homogenates were centrifuged at 10 

000 × g for 20 min at 4 °C to remove the insoluble precipitate. The protein concentration in the 

supernatant was determined using a BCA protein assay kit (Beyotime, Shanghai, China) 

according to the manufacturer’s protocol. The protein concentration for each sample was 

adjusted to an equal amount and denatured in boiling water for 5 min. Equal aliquots (40 μg) of 

protein samples were subjected to 10% SDS-PAGE and transferred to PVDF membranes 

(Millipore, Bedford, MA, USA). After blocking with 5% nonfat milk (dissolved in TBST) for 1 
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h, the membranes were incubated with the indicated antibodies at 4 °C overnight, followed by 

incubation with the appropriate HRP-conjugated second antibodies for 1 h at room temperature. 

Chemiluminescent detection was performed using the ECL Plus Western blotting reagent 

(TransStart, Beijing, China). The semi-quantitative analysis for the densitometry of each band 

was performed using ImageJ software. 

5.2.8. Analysis of gut microbiota by 16S rRNA amplicon sequencing

As described previously, total bacterial DNA was extracted from the collected feces using 

CTAB/SDS method. Illumina MiSeq (Novogene Bioinformatics Technology Co., Ltd.) was 

used to analyze the 16S rRNA genes in the DNA sample to determine the composition and 

diversity of bacteria.  

Sample preparation: Fæcal samples were freshly collected at week 16 and immediately 

stored at -80°C. Total fecal DNA was extracted using CTAB/SDS method. The V4 region of 

the 16S rRNA was amplified using the universal primers 515F and 806R. All PCR reactions 

were carried out with Phusion® High-Fidelity PCR Master Mix (New England Biolabs), and the 

mixture PCR products were purified with GeneJET Gel Extraction Kit (Thermo Scientific). 

Sequencing libraries were generated using Ion Plus Fragment Library Kit (Thermo Scientific) 

following manufacturer's recommendations. The library quality was assessed on the Qubit 2.0 

Fluorometer (Thermo Scientific). At last, the library was sequenced on an Ion S5™ XL platform 

(Thermo Scientific) and 400 bp/600 bp single end reads were generated.  

Data acquisition: Paired-end reads were merged using FLASH (V1.2.7), and the Raw 

fastq files were processed by QIIME (version 1.7.0). Sequence analysis was performed by 

Uparse software (v7.0.1001), and Sequences with ≥ 97% identity were assigned to the same 

Operational Taxonomic Units (OTUs). 

Data analysis: To compare the compositional OTUs of the gut microbiota in each group, 
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a Venn diagram was constructed using R packages (version 3.1.0) as previously documented. 

Mothur software packages (version V.1.30.1) were used to calculate the value of Chao1, Ace, 

Simpson index and Shannon index for evaluation of the community richness and community 

diversity. Pair-group method with arithmetic means (UPGMA) clustering was generated using 

the average linkage and conducted by QIIME software (V1.7.0). Linear discriminant analysis 

(LDA) was carried out to determine the highly dimensional gut microbes and characteristics 

associated with NCD mice, HFD mice and HFD+Met mice.  

5.2.9. Non-targeted metabolome analysis

A non-targeted metabolome analysis of the colon contents was performed with a liquid 

chromatography-tandem mass spectrometry (LC-MS) method (Waters ACQUITY UPLC 

(Waters, America) coupled to a Thermo LTQ Orbitrap XL system (Thermo, America)). 

Metabolites extraction from colon contents: Colon contents were added ddH2O (4°C) and 

mixed. 100 mg of sample was extracted with 1000 μL of pre-cooled methanol (-20°C). After 

centrifugation, the supernatant was evaporated and finally dissolved in 400 μL methanol 

aqueous solution (1:1, 4°C). For the quality control (QC) samples, 20 µL of extract was taken 

from each sample and mixed. These QC samples were used to monitor deviations of the 

analytical results from these pool mixtures and compare them to the errors caused by the 

analytical instrument itself. And the rest of the samples were used for LC-MS detection. 

UPLC Conditions: Chromatographic separation was accomplished in an Acquity UPLC 

system equipped with an ACQUITY UPLC® HSS T3 (150 × 2.1 mm, 1.8 µm, Waters) column 

maintained at 4°C. The temperature of the auto sampler was 4°C. Gradient elution of analytes 

was carried out with 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) at a 

flow rate of 0.25 mL/min. Injection of 5 μL of each sample was done after equilibration. An 

increasing linear gradient of solvent B (v/v) was used as follows: 0~1 min, 2% B; 1~9.5 min, 
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2%~50% B; 9.5~14 min, 50%~98% B; 14~15 min, 98% B; 15~15.5 min, 98%~2% B; 15.5~17 

min, 2%. 

Mass spectrometry conditions: The ESI-MSn experiments were executed on the Thermo 

LTQ Orbitrap XL mass spectrometer with the spray voltage of 4.8 kV and -4.5 kV in positive 

and negative modes, respectively. Sheath gas and auxiliary gas were set at 45 and 15 arbitrary 

units, respectively. The capillary temperature was 325°C. The voltages of capillary and tube 

were 35 V and 50 V, -15 V and -50 V in positive and negative modes, respectively. The 

Orbitrap analyzer scanned over a mass range of m/z 89-1000 for full scan at a mass resolution 

of 60000. Data dependent acquisition (DDA) MS/MS experiments were performed with CID 

scan. The normalized collision energy was 30 eV. Dynamic exclusion was implemented with a 

repeat count of 2, and exclusion duration of 15 s. 

Data processing: UPLC-QTOF-MS raw data were analyzed with MarkerLynx 

Application Manager 4.1 (Waters Corp.). The matrix from UPLC-QTOF-MS was introduced 

into SIMCA-P 11.0 software (Umetrics) and standardized to a mean of 0 and variance of 1, 

according to the formula [X - mean(X)]/ std (X), for multivariate statistical analysis. The t test 

with false discovery rate correction was used to measure the significance of each metabolite. 

Partial least-squared discriminant analysis (PLS-DA) and orthogonal partial least-squared 

discriminant analysis (OPLS-DA) were conducted to identify the metabolite discrimination 

between the two group samples. Differential metabolites were defined with variable importance 

in the projection (VIP) > 1.0 obtained from OPLS-DA and P values less than 0.05 obtained 

from t test. Differential metabolites were tentatively identified by database matching, i.e., 

Human Metabolome Database (HMDB) (http://www.hmdb.ca), Metlin 

(http://metlin.scripps.edu), massbank (http://www.massbank.jp/), LipidMaps 

(http://www.lipidmaps.org), mzclound (https://www.mzcloud.org). Heatmaps of differential 
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metabolites among all groups were obtained based on spearman correlation and cluster 

analyses. 

5.2.10. Statistical analysis

Statistical analysis for bacterial diversity with a small sample size was conducted using the 

Mann–Whitney U test (SPSS, Chicago, USA). Statistical comparisons among experimental 

groups were analyzed by one-way ANOVA and Duncan’s multiple-comparison test using the 

SPSS software program (Version 21; SPSS). Environmental factor correlation coefficients were 

analysed using the Novogene platform (https://magic.novogene.com/) and the sperman 

algorithm was used to correlate obesity parameters with gut microbiota and physiological 

indicators. Statistically significance was considered at the P < 0.05 level.  

5.3. Results  

5.3.1 SFF prevents obesity-driven metabolic disorder and remodels instestinal metabolites 

As shown in Figure 5.1a, after 16 weeks of HFD feeding, mice developed various 

metabolic disturbances reminiscent of diabetes, such as overweight, hyperglycaemia and 

glucose intolerance (Table 5.2). Mice treated with SFF exhibited reduced body weight, BMI, 

organ indexes, TG, TC and improved hyperglycemia, hyperinsulinism and insulin resistance 

compared to the HFD group. In addition, SFF significantly increased the expression of 

phosphorylated Akt in both muscle and adipose tissues, suggesting that SFF can reduce the 

inhibition of insulin signalling by a high-fat diet (Figure 5.2). The intestinal metabolite profiles 

were further measured using lipid chromatography and mass spectrometry (LC-MS). SFF 

caused significantly differential changes of intestinal metabolites in HFD-fed mice evidenced 

by the scatter plots of OPLS-DA. Compared to HFD group, SFF treatment up-regulated 80 of 

intestinal metabolites and down-regulated 24 metabolites (Figure 5.3). A total of 13 

significantly differential metabolites between HFD and HFD+SFF groups were shown in 
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Figure 5.1b. SFF effectively increased the content of sphingosine, 3-dehydrosphinganine, 

tauroursodeoxycholic acid, 1.2-dioleoyl PC, l-proline and 7-dehydrocholesterol; while 

decreased the content of spermidine, l-lysine, l-valine and l-ornithine in the intestine compared 

with the HFD group. Collectively, SFF alleviates the metabolic disorders in DIO mice and 

reshapes intestinal metabolites. 

Table 5.2. SFF alleviates metabolic disorders caused by high-fat diet

Parameters NCD HFD HFD+SFF 
Body Weight (g) 39.4±2.50 59.8±6.41*** 49.5±4.57* 
 Weight gain (g) 0.89±0.536 4.00±0.516*** 1.38±0.563 
 BMI 5.74±0.285 7.816±0.277* 6.71±0.285 
 Food intake (g/day) 4.32±0.174 3.75±0.164 4.24±0.174 

 
Water 
consumption(mL/day) 

8.33±0.760 10.82±0.620* 8.95±0.743 

 GTT AUC 775±60.6 1086±61.4* 882±62.6 
 ITT AUC 403±32.9 574±31.4* 453±34.0 

Serum 
Fasting blood 
glucose(mmol/L) 

4.50±0.375 7.24±0.843** 5.34±0.387 

 Insulin (mIU/L) 5.82±1.014 8.35±1.533** 6.44±1.909 
 HOMA-IR 1.18±0.251 2.37±0.241** 1.66±0.258 
 TC(mmol/L) 3.97±0.76 10.29±1.24*** 8.49±1.15** 
 TG (mmol/L) 2.141±0.20 2.743±0.34* 1.76±0.43** 
 FFA (mmol/L) 1.828±0.221 2.518±0.242** 2.05±0.341 
 HDL-c (mmol/L) 0.31±0.067 0.271±0.043 0.273±0.073 

 LDL-c (mmol/L) 1.44±0.38 3.532±0.44** 2.835±0.50* 
Liver Weight (g) 2.13±0.218 2.92±0.361* 2.5±0.351 
 Organ index 5.14±0.271 5.54±0.245 4.88±0.572 
 TC(mmol/L/gprot) 0.085±0.038 0.123±0.001* 0.094±0.028 
 TG(mmol/L/gprot) 0.090±0.013 0.141±0.012* 0.094±0.013 
 ALT (U/L) 50.0±4.45 71.71±4.30** 56.87±4.45 
 AST (U/L) 35.6±3.22 51.5±3.06*** 37.8±3.33 
 ACP (U/100ml) 0.566±0.065 0.813±0.061* 0.545±0.063 
 AKP (U/100ml) 0.827±0.092 1.211±0.089* 0.885±0.092 
WAT Weight (g) 0.42±0.053 1.67±0.232*** 1.12±0.42** 
 Organ index 0.67±0.127 3.39±0.262*** 2.24±0.238** 
Kidney Weight (g) 0.36±0.034 0.42±0.036 0.37±0.043 
 Organ index 1.76±0.127 1.50±0.097 1.41±0.123 
Pancreas Weight (g) 0.193±0.032 0.224±0.035 0.185±0.043 
 Organ index 0.049±0.006 0.041±0.008 0.041±0.011 

Data are expressed as means ± SEM (n = 10). 
⁎ Indicates significantly different from the NCD group at the *P < 0.05, **P < 0.01 and ***P < 0.001 

level.
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Figure 5.1. Intestinal metabolites and metabolite clustering heat map in the mode of HFD and 

HFD+SFF. Schematic of HFD-induced insulin resistance mice experiment (a). Metabolite clustering 

heat map (b) and plot of correlation coefficients between differential metabolites and metabolic disorder 

parameters (c). 

 

In order to verify whether differential metabolites are closely associated with insulin 

resistance (IR) and obesity, linear profiles of differential metabolites in the mice intestine were 

plotted against parameters related to metabolic disorders. Body weight, BMI, FBG, and 

HOMA-IR were selected for linear analysis with differential metabolites. Sphingosine was 



 
116

negatively correlated with body weight and HOMA-IR, with correlation coefficients of 0.7953 

and 0.7989, respectively. Similarly, TUDCA was negatively correlated with body weight and 

fasting glucose, with correlation coefficients of 0.7292 and 0.9126 respectively (Figure 5.3c). 

These data suggest that SFF alleviates insulin resistance and metabolic disturbances in which 

bile acid TUDCA and sphingolipid metabolism may play an important role.  

 

Figure 5.2. SFF alleviates the inhibition of insulin signaling in peripheral tissues by a high-fat diet.

Western blot of Akt and phosphorylated Akt in muscle and adipose tissue; quantitative analysis for the 

densitometry in protein level was performed using ImageJ software. Data are expressed as mean ± SD. 

*P < 0.05, **P < 0.01 and ***P < 0.001.  
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Figure 5.3. OPLS-DA score plot of the HFD and HFD+Met groups. (a) In the OPLS-DA score plot, 

each data point represents one mouse sample, and the distance between points in the plot indicates the 

similarity between samples. The number of up/down regulated metabolites (b).  

 

5.3.2 SFF inhibits the biosynthesis of intestine-derived ceramides.
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Figure 5.4. SFF inhibits the biosynthesis of intestine-derived ceramides. The levels of TUDCA, 

sphingosine, ceramide and S1P in serum (a) and colon (b) were determined by HPLC and ELISA. 

Sphingolipids de novo synthesis pathway (c). The relative mRNA levels of ceramide synthesis and 

degradation enzymes (Spt1, Spt2, Spt3, Cer2, Cer4, Cer5, Smpd1, Smpd2, Smpd3) were determined by 

qPCR (d). SPT (serine palmitoyltransferase), KDSR (3-keto-dihydrosphignosine reductase), CERS 

(ceramide synthase), DEGS (desaturase), SPHK (sphingosine kinase), SGPL1 (Sphingosine-1-

phosphate lyase 1), SMPD (Sphingomyelin phosphodiesterase). Data are expressed as mean ± SD. *P < 

0.05, **P < 0.01 and ***P < 0.001. 
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IR is an important pathological feature of the metabolic syndrome, in which sphingolipid 

metabolism plays an important role in the development and progression of insulin resistance. It 

is hypothesized that the inhibition of intestinal-derived ceramide biosynthesis by TUDCA is 

one of the key biological mechanisms by which fucoidan alleviates insulin resistance. To 

further analyze whether the changes in the serum and colon metabolites were consistent with 

the intestinal contents, TUDCA, sphingosine and its derivatives ceramide and Sphingosine-1-

phosphate (S1P) were measured by HPLC or ELISA assay. As shown in Figure 5.4a and b, 

TUDCA varied consistently in the intestine, serum and colon, and all showed an increasing 

trend after SFF treatment. in vivo, sphingosine is a prerequisite for ceramide synthesis, and it 

was found that serum and colon ceramide levels were significantly elevated in HFD diet mice, 

while SFF treatment mitigating the increase. Suppressed ceramide biosynthesis promotes 

insulin signaling and facilitates the alleviation of insulin resistance. Next, we analyzed key gene 

expressions involved in ceramide synthesis and degradation (Figure 5.4c) and studied the 

changes of the ceramide metabolism pathway under SFF intervention. mRNA expressions of 

enzymes involved in ceramide synthesis were significantly suppressed by SFF supplementation 

in HFD-fed mice, characterized by a significantly reduced level of Spt1, Spt2, Spt3, Cer2 and 

Cer4 compared to HFD group (Figure 5.4d). Inhibited conversion of sphingosine to ceramide 

was supposed to be the predominant way for SFF in ceramide accumulation, revealed by the 

significantly lower expression of the CerS gene compared to HFD group. Furthermore, in a 

linear analysis of ceramide and metabolic disorder parameters, it was found that fasting blood 

glucose and HOMA-IR increased with ceramide in the body under a high-fat diet (Figure 5.5). 

We speculated the suppressed ceramide synthesis predominantly contributed to the reversed 

insulin resistance status under the management of SFF.  
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Figure 5.5. ceramide positively correlated with metabolic disorders in high-fat diet. Linear 

relationship between body weight, BMI, fasting glucose and HOMA-IR and ceramide. 

 

5.3.3 TUDCA reduces ceramide biosynthesis by inhibiting the FXR signaling pathway.

Intestine-specific FXR inhibitor had an inhibitory effect on lipid absorption from the HFD. 

In contrast to the primary bile acids, CDCA is the most effective agonist for FXR, while 

conjugated bile acids, such as TαMCA, TβMCA and GUDCA, are antagonists of FXR. Caco2 

cells were used to mimic the intestinal epithelial state to verify the inhibitory effect of TUDCA 

on FXR activation and ceramide synthesis. Cells were pretreated with CDCA to activate the 

FXR signaling pathway, on the basis of which it was found that the presence of SPH provided 

the substrate for ceramide synthesis and ceramide levels were significantly elevated; however, 

ceramide biosynthesis was inhibited when TUDCA was present (Figure 5.6a and b). Similarly, 

TUDCA significantly inhibited the activation of FXR signaling and reduced the expression of 

downstream genes Shp and Fgf19 at transcript levels (Figure 5.6c). In addition, the expression 
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of genes involved in ceramide biosynthesis enzymes was also inhibited by TUDCA (Figure 

5.6d). Linerixibat (GSK2330672) is a potent, non-absorbable and orally active inhibitor of 

apical sodium-dependent bile acid transporter (ASBT) that effectively reduces TUDCA uptake 

by Caco2 cells. Sphingosine and ceramide levels were elevated in cells pretreated with 

linerixibat, and the expression of Shp and Fgf19 as well as Spts and CerS was increased 

(Figure 5.7a-d). Those data showed that linerixibat inhibited TUDCA uptake, prevented 

TUDCA from inhibiting the FXR signaling pathway and increased ceramide biosynthesis.   

 

 

Figure. 5.6 TUDCA reduces ceramide biosynthesis by inhibiting the FXR signaling pathway. After 

pretreatment with 100uM CDCA for 6h, Caco2 cells were treated with 50uM TUDCA for 12h. 

sphingosine (a) and ceramide (b) were measured in cells by ELISA. The relative mRNA levels of FXR 

signaling (c , Fxr, Shp, Fgf19) ceramide synthesis enzymes (d, Spt1, Spt2, Spt3, Cer2, Cer4, Cer5, 

Smpd1, Smpd2, Smpd3) were determined by qPCR. Data are expressed as mean ± SD. *P < 0.05, **P < 

0.01 and ***P < 0.001.  

 



 
122

 

Figure. 5.7 Linerixibat induces failure of the inhibitory effect of TUDCA on FXR. After 

pretreatment with 100 uM CDCA for 6 h, Caco2 cells were treated with 50 uM TUDCA and 50 nM 

Linerixibat for 12 h. The levels of sphingosine (a) and ceramide (b) in the cells were determined by 

ELISA. The relative mRNA levels of FXR signaling (c, Fxr, Shp, Fgf19) ceramide synthesis enzymes 

(d, Spt1, Spt2, Spt3, Cer2, Cer4, Cer5, Smpd1, Smpd2, Smpd3) were determined by qPCR. Data are 

expressed as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001.  

 

To verify that SFF and TUDCA can inhibit the intestinal FXR signaling pathway, short-

term in vivo experiments were designed (Figure 5.8a). It was found that sphingosine originates 

from intestinal absorption under high-fat feeding, while overloaded sphingosine and ceramide 

are excreted in the faeces (Figure 5.8b). Both TUDCA and SFF significantly reduced serum 

and intracolonic ceramide levels under a high-fat diet. Similarly, TUDCA and SFF can 

effectively inhibit the FXR signalling pathway (Figure 5.8c) and reduce the expression of 

ceramide biosynthesis-related enzymes (Figure 5.8d). These data suggest that SFF causes 

upregulation of TUDCA in the intestine and that TUDCA is taken up by intestinal epithelial 

cells to inhibit the FXR signaling pathway in order to reduce the biosynthesis of intestine-

derived ceramide. 
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Figure. 5.8 SFF reduces intestinal-derived ceramide biosynthesis. Schematic of short-term SFF or 

TUDCA-treated mice experiment (a). The levels of sphingosine, ceramide and S1P in serum, colon and 

feces were determined by ELISA (b). The relative mRNA levels of FXR signaling（c, Fxr, Shp, Fgf15

）ceramide synthesis enzymes (d, Spt1, Spt2, Spt3, Cer2, Cer4, Cer5) were determined by qPCR. Data 

are expressed as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001.  

 

5.3.4 Gut microbiota is a key target for SFF to alleviated insulin resistance.

In our previous studies29,30, we have found that SFF can reduce intestinal inflammation by 

reshaping the structure of gut microbiota. At the same time, gut microbiota can influence the 

composition of BA pool by producing a variety of enzymes related to bile acid metabolism, 

such as bile salt hydrolase and 7α dehydroxylase. Heat maps drawn by sperman analysis found 

ceramide and TUDCA to be closely related to a variety of gut microbiota. As shown in Figure 

5.9, ceramide was positively correlated with Helicobacter, Lactobacillus, Bifidobacterium and 

Lachnospiraceae, while ceramide was negatively correlated with Bacillus, Eubacterium, 

Parabacter and Clostridium. Conversely, TUDCA was positively correlated with Bacteroides, 

Clostridium, Ruminiclostridium and Parabacteroides, and TUDCA was negatively correlated 

with Helicobacter, Lachnospiraceae and Bambusa. Notably, several strains of Lachnospiraceae 

and Clostridium were associated with ceramide and TUDCA, and that the proportions of 
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Lachnospiraceae and Clostridium in the gut microbiota are clearly reversed. These data suggest 

that SFF is likely to up-regulated TUDCA levels in vivo by remodeling the gut microbiota 

Lachnospiraceae and Clostridium. 
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Figure 5.9. A correlation between gut microbiota and TUDCA and ceramide. Heatmap of 

Spearman's correlation between the gut microbiota and TUDCA/ceramide (a). Good’s coverage and the 

specie with significant correlations are shown. The colors range from green (negative correlation) to 

orange (positive correlation). The relative abundance of gut microbiota between HFD and HFD+SFF 

(b).  

 

Construction of pseudo-germfree mice using mixture antibiotics to verify that gut 

microbiota plays a key role in the alleviation of insulin resistance by SFF. The experimental 

procedure is shown in Figure 5.10a. After 12 weeks, HFD+SFF+Abs group were found to 

have a significant increase in fasting glucose, insulin and HOMA-IR induced by the high-fat 

diet compared to the HFD+SFF group (Figure 5.10b-e). Also, SFF was unable to reduce the 

triglycerides and cholesterol both in serum and liver in pseudo-germfree DIO mice (Figure 

5.11). The amelioration of glucose metabolism and insulin sensitivity by SFF was almost 

abolished in pseudo-germfree DIO mice, evidenced by GTT and ITT. The fasting blood 
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glucose and AUC in the HFD+SFF+Abs group were significantly higher than those in the 

HFD+SFF group but slightly lower than those in the HFD group during the 15-60 min of 

glucose injection (Figure 5.10f and g). After the intraperitoneal injection of 0.75 U/kg insulin, 

the blood glucose in the HFD+SFF+Abs group was found to be significantly higher and slightly 

higher than that in the HFD+SFF group at the 15th and 30th min; at the 60th and 120th min, 

although the blood glucose in the HFD+SFF+Abs group was lower than that in the HFD group, 

it was still higher than that in the HFD+SFF group (Figure 5.10h and i).  
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Figure 5.10. Gut microbiota is a key target for SFF to alleviated insulin resistance. Schematic of 

the pseudo-sterile mice experiment (a). Boy weight (b). Serum was prepared to assess FBG (c), FINS 

(d), and HOMA-IR (e). IPGTT (f); AUC of IPGTT (g); IPITT (h); AUC of IPITT (i) were measured at 

the 16th week of the experimental period. Data are expressed as mean ± SD. Data are expressed as mean 

± SD. 

 

 

Figure 5.11. In a pseudo-sterile mice model, the effect of SFF in alleviating hyperlipidaemia

disappeared. Total-CHO and TG in serum (a) and liver (b) are shown. Data are represented as mean ± 

SD. Statistical significance considered as *P < 0.05, **P < 0.01 and ***P < 0.001. 



 
130

 

In addition, the HFD+SFF+Abs group of mice failed to effectively reduce ceramide levels 

in the colon and serum (Figure 5.12a and b). In the absence of gut microbiota, gene expression 

of FXR signaling downstream of Shp and Fgf15 and ceramide biosynthesis-related enzymes 

Spt1, Spt2, Spt3, Cer2, and Cer4 was elevated in the colon and the inhibitory effect of SFF was 

almost negligible (Figure 5.12c and d). Phosphorylated Akt expression was not significantly 

elevated in muscle and adipose tissue of mice in the HFD+SFF+Abs group, suggesting that the 

effect of SFF in reducing the inhibition of insulin signalling by a high-fat diet was lost (Figure 

5.12e). These data suggest that SFF alleviates insulin resistance by upregulating TUDCA to 

inhibit the FXR signaling pathway and ceramide synthesis, and that gut microbiota plays a key 

role in this process. 
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Figure 5.12 In a pseudo-sterile mice model, SFF was unable to inhibit ceramide synthesis and

insulin resistance. Sphingosine (a) and ceramide (b) were measured in serum by ELISA. the relative 

mRNA levels of FXR signaling (c , Fxr, Shp, Fgf15) ceramide synthesis enzymes (d, Spt1, Spt2, Spt3, 

Cer2, Cer4, Cer5, Smpd1, Smpd2, Smpd3) were determined by qPCR. Western blot of Akt and 

phosphorylated Akt in muscle and adipose tissue; quantitative analysis for the densitometry in protein 

level was performed using ImageJ software (e). Data are expressed as mean ± SD. *P < 0.05, **P < 

0.01 and ***P < 0.001.  

 

5.4. Discussion

Insulin resistance (IR) implicated in type 2 diabetes (T2D) has become an epidemic health 

issue worldwide. The consequence of IR is the restriction of glucose transport into the adipose 

tissue, liver or skeletal muscle, causing metabolic syndromes, such as hyperinsulinemia, obesity 

and diabetes226-228. As the mostly studied sulfated glycans from brown algal, there is 

accumulating evidence that the intake of fucoidan is associated with improved glucose 
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homeostasis and insulin sensitivity in humans and animals256,257. Heeba et al258. reported that 

fucoidan can ameliorate the development of HFD-induced NAFLD, an effect that could be 

related to its hypolipidemic, insulin sensitizing, antioxidant and anti-inflammatory capacity. 

Another example is the work reported by Shang et al259., which showed that fucoidans from 

Laminaria japonica and Ascophyllum nodosum can profoundly attenuate body weight gain, 

improve glucose homeostasis, and reduce chronic low-grade inflammation in diabetic mice. In 

recent years, gut microbiota has also emerged as one of the key mechanisms to explain the 

alleviation of insulin resistance by fucoidan. A polysaccharide extracted from Hirsutella 

sinensis is thought to selectively promote the growth of Parabacteroides goldsteinii, which 

enhanced gut integrity, reduced intestinal and systemic inflammation and improved insulin 

sensitivity and lipid metabolism260. Rimbach et al261. suggest that fucoidan extracted from 

Saccorhiza balances intestinal bile acid metabolism by reshaping gut microbiota to activate the 

intestinal hormone GLP-1 and increase systemic insulin sensitivity. Consistent with previous 

studies, our results suggest that SFF treatment improves insulin resistance in high-fat diet-

induced obese mice by reducing body weight and fasting glucose and increasing insulin 

sensitivity. Furthermore, we found that the gut microbiota-BAs-intestinal FXR axis plays a 

crucial role in the beneficial effects of fucoidan on glucose homeostasis. TUDCA, an FXR 

antagonist, may alleviate insulin resistance by inhibiting the intestinal FXR signaling pathway, 

leading to a reduction in intestine-derived ceramide biosynthesis. In summary, our study 

clarifies the mechanism by which SFF modulates the gut microbiota-BAs-intestinal FXR axis 

to improve glucose homeostasis in IR mice, which may be a potential therapeutic strategy for 

metabolic syndromes. 

The "dialogue" between the gut microbiota and the organism mainly depends on microbial 

metabolites235. By producing various enzymes for biochemical metabolic pathways of the 
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intestinal microbes, gut microbiota can perform diverse metabolic activities such as the 

metabolism of amino acids, carbohydrates and BAs, as well as the formation of a co-metabolic 

relationship with the host. Modification of bile acids by gut microbiota are essential in the 

regulation of glucolipid metabolism and energy balance262. Metabolomic data showed a 

significant increase in TUDCA in the intestine of the HFD+SFF group (Figure 5.1). Previous 

studies263,264 have shown that the reserve of TUDCA in the gut involves two main pathways: 

first, conjugated bile acids degradation, a process whereby bile salt hydrolases (BSH) secreted 

by intestinal bacteria such as Bifidobacterium and Lactobacillus convert conjugated bile acid 

(TUDCA) to non-conjugated bile acid (UDCA) and taurine (or glycine), which in turn change 

the composition of the bile acid pool and play an important role in host lipid metabolism and 

energy harvesting. Second, conjugated bile acids are interconverted, for example, TCDCA can 

be converted to TUDCA by 7α/β-hydroxysteroid dehydrogenase (7α/β-HSDH), and 7α/β-

HSDH-producing bacteria include Eubacterium and Clostridium265,266. Sperman correlation 

analysis showed that upregulation of TUDCA was positively correlated with the abundance of 

multiple Clostridium and negatively correlated with the abundance of multiple Lactobacilli 

bacteria (Figure 5.9A). It is hypothesized that the remodeling of gut microbiota Clostridium 

and Lachnospiraceae bacteria abundance by SFF influenced the amount and activity of BSH 

and 7α/β-HSDH, which in turn increased TUDCA both in the intestine and serum. Similarly, 

Liu et al267. found that polysaccharide extracted from Citrus aurantium L. could balance bile 

acids pool and increase the levels of TUDCA and GUDCA to inhibit FXR signaling. Extracts 

from Saccorhiza polyschides also improve systemic glucose metabolism and promote insulin 

sensitivity by altering intestinal bile acid homeostasis, and this mechanism is closely linked to 

gut microbiota264. 
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BAs are natural ligand receptors and studies have shown that accumulation of conjugated 

bile acids inhibits the FXR signaling pathway262-264. In the present study, we found that CDCA 

as an agonist of FXR activates the FXR/SHP/FGF15 signaling pathway, which is inhibited 

when TUDCA exists. It is speculated that the ratio of agonist/antagonist ligands of FXR is 

altered, which is likely to affect intestinal FXR signaling. Thus, the inhibition of intestinal 

FXR/SHP/FGF15 signaling in mice is likely to occur as a result of alterations in the bile acid 

profile, and the role of conjugated bile acids, which make up a relatively small proportion of 

the bile acid profile, is likely to be underestimated. It was shown that FXR signaling in the gut 

is associated with glucose uptake, an effect that was abolished in FXR-deficient mice237, and 

that blocking FXR in the gut was found to reduce ceramide levels and inhibit hepatic 

gluconeogenesis by reducing hepatic mitochondrial acetyl-CoA and pyruvate carboxylase 

activity268,269. These results suggest that treatment with FXR antagonists may improve glucose 

tolerance, insulin sensitivity and fatty liver disease partly by reducing intestinal and total 

ceramide levels. Thus, modifying bile acid TUDCA metabolism by remodeling gut microbiota 

to regulate BSH and 7α/β-HSDH activity may be a promising therapeutic strategy for insulin 

resistance, T2DM and other metabolic syndromes. 

Excess lipids may be delivered to nonadipose tissues that are not suited for fat storage (i.e., 

skeletal muscle and the liver), thus leading to the formation of specific metabolites that directly 

antagonize insulin action270,271. The metabolic factors that induce insulin resistance almost 

invariably generate the sphingolipid ceramide, which is a ubiquitous regulator of cellular 

stress6. Moreover, studies in insulin-responsive cell types suggest that ceramide and/or its 

derivatives (e.g., ganglioside GM3 and sphingosine) antagonize insulin signaling, induce 

oxidative stress, and inhibit glucose uptake and storage, and thus may initiate many of the 

molecular defects that underlie insulin resistance272,273. An exciting theory that emerges from 
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these observations is that the inhibition of ceramide synthesis could combat several underlying 

causes of insulin resistance and thus improve insulin sensitivity in tissues exposed to multiple 

different pathogenic factors associated with obesity271,272. In the de novo pathway, ceramide 

synthesis begins with the condensation of serine and palmitoyl-CoA to produce 3-

dehydrosphinganine under the catalysis of serine palmitoylotransferase (SPT, EC 2.3.1.50). 3-

Dehydrosphinganine was then subject to a reduction process, followed by the catalysis of 

ceramide synthetase (CerS, EC 2.3.1.24). Ceramides finally formed via sphingolipid 4-

desaturase (DEGS, EC 1.14.19.17) action on dihydroceramide273-275. The undesirable 

sphingolipid status triggered by a HFD was alleviated by SFF supplementation, which 

performed more efficiently in the inhibition of ceramides via suppressing ceramide de novo 

synthesis. This assertion is based on the downregulated expressions of genes encoding SPT 

(Spt1,2,3) and CerS (Cer2, Cer4, Cer5) (Figure 5.3a-d). Several ceramide species in plasma 

correlated with glucose tolerance and insulin secretion in mice, which were metabolically 

challenged by a high-fat and high-sucrose diet, including ceramides C18:0, C20:0, and 

C22:0274,276. A HFD induced serum accumulation of ceramides, further inhibiting insulin 

receptor substrates and blocking the activation of Akt/PKB, respectively.  
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5.5. Summary

 

Figure 5.13. Mechanisms of ceramide biosynthesis reduction by fucoidan.

As shown in Figure 5.13, dietary supplementation with S. fusiforme fucoidan SFF 

prevented insulin resistance and lipid metabolic dysfunction. Remarkably, SFF remodeled the 

abundance of Clostridium and Lachnospiraceae and further enhanced the level of TUDCA in 

the colon. TUDCA acts as an antagonist of FXR to inhibit the biosynthesis of intestinal-derived 

ceramide, which contributes to the normalisation of insulin signaling. The findings proposed 

dietary therapeutic approaches for preventing or reducing hyperlipidemia and hyperinsulinism. 

While the explicit cellular and biochemical pathways for the inhibition of SFF on the 

biosynthesis of ceramides are still needed to clarify the pharmacological mechanisms involved 

in the alleviation of insulin resistance by SFF. 

 

 

 

 

 



 
137

Chapter 6 

SARGASSUM FUSIFORME FUCOIDAN IMPROVES INSULIN RESISTANCE BY 

INCREASING HEPATIC TUDCA ACTIVIATION OF NRF2/ARE SIGNALING 

PAHTWAY 

Abstract 

In recent years, fucoidan has received some intense interest as an agent for treating 

insulin resistance and other types of metabolic syndromes (MetS). In our preliminary data, 

we found that fucoidan could improve insulin resistance in obese mice fed a high-fat diet by 

altering the intestinal absorption of the metabolites sphingosine and TUDCA through 

remodeling of the flora. To elucidate this hypothesis, we investigated whether TUDCA could 

be used as a substitute for fucoidan to alleviate insulin resistance in ob/ob genetically 

deficient obese mice and pseudo-germfree mice. It was found that TUDCA reduced weight 

gain, hyperglycaemia, lipid accumulation and improved insulin sensitivity in ob/ob mice. In a 

HepG2 insulin resistance cell model, TUDCA was found to alleviate the insulin signaling 

pathway mediated through the Nrf2/ARE signaling pathway and TUDCA was further 

antagonized with KEAP1 to prevent Nrf2 from degradation and activate Nrf2/ARE pathway, 

thereby reducing intracellular ROS and improving insulin signaling. The increase in TUDCA 

was found to be positively correlated with Clostridium by sperman analysis, and These 

findings reveal that fucoidan remodels the gut microbiota, reduces oxidative stress and 

enhances This provides a novel mechanism by which fucoidan alleviates This provides a 

novel mechanism by which fucoidan alleviates diet-induced IR and improves metabolism. 

Keywords: Fucoidan, insulin resistance, TUDCA, Nrf2/ARE, gut microbiota 

 



 
138

6.1. Introduction 

Sargassum fusiforme, an edible brown alga that belongs to the Sargassaceae family, is 

extensively distributed in eastern Asian countries, particularly China, Japan, and South Korea1. 

S. fusiforme is a popular functional seaweed which can prolong life, also has been developed as 

a traditional Chinese medicine for thousands of years to treat patients with scrofula, oedema, 

indigestion, and stagnation of Qi2,3. Polysaccharides, which account to 40 to 80% of dry 

defatted seaweed biomass, have been considered as one of the most important bioactive 

macromolecules in S. fusiforme 4. Modern pharmacological studies have demonstrated that S. 

fusiforme polysaccharides possess multiple medicinally effects, such as anti-tumor, anti-

hyperlipidemia, and immunomodulatory, and antioxidant activity 5-7. 

The polysaccharides in brown seaweeds mainly contain alginate, laminaran and fucoidan 

8. However, present studies on S. fusiforme polysaccharides reported the bio-activities using a 

mixture of polysaccharides without separating those compounds3. Recently, fucoidan has been 

extensively studied because of their diverse beneficial functions to human health106,107. 

Fucoidan is a family of sulfated homo- and heteropolysaccharides, extensively distributed in 

the brown algae and several marine invertebrates106,108. Fucoidan usually contains a high 

percentage of fucose and galactose residues, as well as variable levels of a range of other 

neutral and acidic monosaccharides, including mannose, glucose, xylose, and glucuronic and 

galacuronicacids111. Fucoidan from brown seaweeds may have -(1 → 3)-backbones or repeating 

disaccharide units of -(1 → 3)- and -(1 → 4)-linked fucose residues with O-2 branches 

depending on brown algal species121-123. Due to the structure of the main chain, fucoidan can be 

sulfonated at O-4, O-2, or at both positions of the fucose units123. 

The newest global estimate from the International Diabetes Federation is that in 221 

countries there were 425 million people with diabetes mellitus (1 in 11 adults) in 2017; and it 
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was predicted that the number of diabetes patients aged 20–79 years will increase to 629 

million or to 693 million among 18–99 years by 204556. With the escalating incidence, 

pharmacotherapy involving synthetic insulin and anti-diabetic agents is clinically administered 

for diabetic therapy, but these are deficient in having multiple dosage regimens, side effects, 

toxicity, and high costs. Therefore, it is essential to screen novel and effective medicines for the 

management of diabetes mellitus. Recent studies have demonstrated that the modulation of the 

gut microbiota may be one of the potential mechanisms contributing to the anti-diabetic effects 

of natural polysaccharides from seaweeds127,128. Fucoidan, as macromolecular carbohydrate, is 

indigestible and fermentative in the colon. Fortunately, it has been widely reported that 

fucoidan possesses anti-diabetic activities through distinct mechanisms, such as inhibiting α-

glucosidase activity, improving β-cell dysfunction, ameliorating glucose metabolism in liver 

and muscle tissues, enhancing insulin sensitivity135-139. However, fucoidan is an orally 

administered drug that reaches high concentrations in the intestine with much lower serum 

concentrations10, thus, the possibility that its metabolic therapeutic mechanism might be due in 

part to actions in the intestine cannot be ignored. Accumulated evidence shows that a high-fat 

diet (HFD) reduces the abundance of Lactobacilli in the small intestine. However, this can be 

counteracted by fucoidan, which increases the proportion of probiotics, thus, relieving the 

symptoms of HFD-induced diabetes141. Although fucoidan may play a hypoglycemic effect by 

improving the gut microbiota, oral administration of antibiotics to diabetic mice impairs the 

hypoglycemic ability of fucoidan. In addition, while fucoidan can increase the abundance of 

Escherichia coli, it can as well reduce the abundance of Intestinibacter. This can further 

influence diverse biological processes such as the synthesis of branched-chain amino acid and 

the secretion of GLP-1, thereby improving glucose tolerance and alleviating insulin resistance 
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(IR)145-148. These findings suggest that modulation of gut microbiota is involved in the 

hypoglycemic mechanism of fucoidan.  

Bile acids (BAs), which are produced in the liver and serve as important ingredients of the 

digestive fluid in the intestine, enter the small intestine through the biliary system and 

participate in fat digestion and absorption272,273. Gathered evidence demonstrates that BAs 

could improve the intestinal homeostasis by modulating the gut microbiota, thus relieving 

metabolic syndrome274. Recent studies also suggest that BAs can participate in the liver-gut 

axis circulation and the improvement of HFD-initiated metabolic disorders by inhibiting the 

proliferation of pathogenic bacteria275,276. By modulating the gut microbiota, BAs have also 

been reported to induce multiple beneficial effects on the intestinal lumen and intestinal walls 

such as the suppression of intestinal inflammatory responses277,278, the resolution of 

endoplasmic reticulum (ER) stress in the intestinal epithelial cells underlying the pathology of 

inflammatory bowel disease279 and the improvement of gut barrier dysfunction280-282. These 

findings suggest that there is a complex relationship between BAs, gut microbiota and 

metabolic syndrome. Tauroursodeoxycholic acid (TUDCA) is one of the chemical chaperones 

that constitute a group of low-molecular- weight compounds known to modulate ER function, 

stabilize protein conformation, improve the folding capacity of the ER, and facilitate the 

trafficking of mutant proteins262. A recent study found that TUDCA could alleviate the 

increased ER stress seen in obesity and reverse insulin resistance and type 2 diabetes in 

experimental models267, suggesting TUDCA as a promising new regulator for mediating 

autophagy, ER stress, and insulin resistance via certain signaling pathways in the liver of obese 

mice. However, the intracellular events responsible for TUDCA-mediated effects in autophagy, 

ER stress, and insulin resistance remain elusive. 
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Previous studies have reported the association of BAs with oxidative stress, which has 

been shown to treat metabolic dysfunction by acting as an endogenous chemical chaperone to 

protect cells against ER stress262. Intestinal microenvironment (including inflammation status, 

the function of the epithelial tight junction and gut microbiota) plays an essential role in the 

progression of obese-induced IR. The presence of gut microbiota and BAs in the intestine may 

be closely associated with intestinal metabolic state. Analyses from metagenomic sequencing 

and metabolomics show that fucoidan treatment increases the levels of the conjugated bile acid 

in the gut by decreasing the abundance and bile salt hydrolase (BSH) activity of 

Bifidobacterium species in the intestines of individuals with T2D277-280. BAs are signal 

molecules that control the dynamic balance between energy metabolism and liver protection. It 

has been reported that BAs change with obesity, IR and nonalcoholic steatohepatitis (NASH). 

However, the mechanism by which BAs alleviate HFD-induced IR and the underlying role 

played by the gut microbiota during this process are not clear. 

Accumulating evidence has clearly indicated that oxidative stress plays a major role in the 

pathological process of IR49-52. What’s more, mitochondrial dysfunction, reactive oxygen 

species (ROS) over production, and lipid peroxidation have been found in the liver of Zucker 

rats with T2DM52. Increased oxidative stress seems to be a deleterious factor leading to insulin 

resistance and impaired glucose tolerance in T2DM53. Nuclear factor-erythroid-2-related factor 

2 (Nrf2), tightly interacts with kelch-like ECH-associated protein 1 (keap1), an important 

transcription factor responsible for inducing phase II detoxifying and antioxidant enzymes, is a 

key player in the antioxidant response and glucose metabolism54, 55. Recent study has confirmed 

Keap1-Nrf2 system as a critical target for preventing the onset of IR56, and bile acids have a 

great influence on the Nrf2/ARE antioxidant signal pathway57, 58. This study investigated how 

fucoidan prevents the development of IR in HFD-induced obese mice by modulating the 
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dysbiosis of gut microbiota and alteration metabolites. Exploring the mechanism behind this 

improves our knowledge of gut microbiota and metabolic interactions underlying the anti-

insulin resistance effects of fucoidan.  

6.2. Materials and methods 

6.2.1. Materials and reagents 

Tauroursodeoxycholic acid (TUDCA, purity ≥ 99%) was purchased from Selleck 

(Houston, Texas, USA). Both the normal chow diet (NCD, containing 10% fat by energy) and 

high-fat diet (HFD, containing 60% fat by energy) were purchased from Beijing HFK Bio-

Technology Co., Ltd. (Beijing, China). Antibodies against Akt, phospho-Akt (Ser473), IRS-1, 

phospho-IRS-1 (Ser307), Keap1, IκB, phospho-IκB (Ser32), p65, phospho-p65 (Ser536), 

GAPDH, Lamin B1 and β-tubulin were obtained from Cell Signaling Technology (Beverly, 

MA, USA). Nrf2, phospho-Nrf2 (Ser40), and 4-HNE were purchased from Abcam (Cambridge, 

UK). Horseradish peroxidase (HRP)–conjugated secondary antibody was obtained from Santa 

Cruz Biotechnology (Santa Cruz, USA).  

6.2.2. Animal experiments 

All male mice (ICR mice, 7 weeks old, body weight 20 ± 1 g; C57BL/6J mice, 7 weeks 

old, body weight 24.0 ± 1 g; ob/ob mice, 7 weeks old, body weight 41 ± 1 g) were housed in 

ventilated cages (three animals per cage) at the SPF facility of Wenzhou University under 

controlled environmental conditions (temperature 22 ± 2°C; relative humidity 60–70%) with 

free access to standard laboratory chow and tap water. The mice were maintained on a regular 

12/12 h light/dark cycle. All animal care and experimental procedures were approved by the 

Animal Care Ministry of Health and were performed in accordance with the guide for the Care 

and Use of Experimental Animals of Wenzhou University. 

Mice were acclimatized to their environment for 1 week before the experiments. Mice 
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were randomly allocated into six groups (n = 9 for each group). A co-worker blinded to the 

experimental protocol randomized animals into these groups. For C57BL/6J mice experiment, 

all groups were fed with NCD, one group of ob/ob mice was administered TUDCA (300mg/kg 

body weight), whereas the other group was treated with an equal volume of saline for 8 weeks. 

For ICR mice experiment, three groups of animals were fed with HFD. One group mice was 

administered SFF (200mg/kg body weight), one group mice was administered SFF and water-

feed the antibiotic mixture (the cocktail of antibiotics used consisted of 0.5 g/L vancomycin 

[Sigma-Aldrich, UK] and 1 g/L neomycin, metronidazole and ampicillin [Sigma-Aldrich, UK] ) 

every three days for 24h, and one group of mice were treated with an equal volume of saline for 

9 weeks. The whole study lasted 10 weeks, during which the body weight, water consumption 

and food intake were measured every week. At week 18, intraperitoneal glucose tolerance test 

(IPGTT) and intraperitoneal insulin tolerance test (IPITT) were performed as previously 

described41. 

Fresh feces were collected and stored immediately at 80°C for subsequent analysis. At the 

end of the trial, after overnight fasting for 12 h, blood samples were collected, and serum was 

isolated by centrifugation at 1000 × g for 15 min at 4°C, and stored at −80°C for further assay. 

Tissues, including the adipose tissue, liver and ileum, were weighed; one portion of the tissues 

was fixed with 10% formaldehyde for histological analysis, and the other portion was 

immediately frozen in liquid nitrogen for further analysis. 

Total cholesterol (T-CHO), triacylglycerol (TG), fasting blood glucose (FBG), fasting 

serum insulin (FINS), catalase (CAT), malondialdehyde (MDA) were determined by 

biochemical kits purchased from Jiancheng Bioengineering Institute (Nanjing, China). The 

ratio of reduced glutathione (GSH) and oxidized glutathione (GSSG) were determined by a 

GSH:GSSG kit (Jiancheng Bioengineering Institute, Nanjing, China). Homeostasis model 
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assessment-estimated insulin resistance (HOMA-IR) was calculated using the following 

formula:   

HOMA-IR = FBG (mmol/L) × FINS (mU)/22.5 

6.2.3. Cell culture 

Human liver hepatocellular carcinoma (HepG2) cells were cultured in MEM (Sigma, St. 

Louis, MO, USA) supplemented with 10% FBS (Gibco, South American), penicillin and 

streptomycin. Cells were maintained in 5% CO2 at 37°C.  

6.2.4. siRNA Transfection 

Nrf2 was knocked-down by RNA interference (RNAi) using the following 19-bp 

(including a 2-deoxynucleotide overhang) siRNAs (Origene, Beijing, China): Nrf2, 

SR321100A-AUUGAUGUUUCUGAUCUAUCACUTT; SR321100B-

GUCAGUAUGUUGAAUCAGUAGUUTC; SR321100C-

CCAGUCUUCAUUGCUACUAAUCAGG. Stealth RNAi (Origene, Beijing, China) was used 

as a negative control (siCont). For transfection, cells were seeded on a six-well plate, grown to 

~80% confluence and transfected with siRNA duplexes using Lipofectamine 3000 (Invitrogen, 

Camarillo, CA, USA) according to the manufacturer’s recommendations. After incubation for 

48 h, the expression level of Nrf2 protein was detected by western blot. 

6.2.5. Glucose uptake assay 

Cells were plated at 1 x 104/well in 96-well plates and used at subconfluence after 24 h of 

preincubation. For experiments, all culture medium was removed from each well and replaced 

with 100 µM fluorescent 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-D-glucose (2-

NBDG)42 in serum-free medium and incubated for 30 min. Subsequently, cells were washed 

thrice with PBS and then the fluorescence intensity was determined with a fluorescence 

microplate reader (Ex/Em, 488/520 nm). The glucose concentration in the medium supernatant 
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was determined by a glucose detection kit (Jiancheng Bioengineering Institute, Nanjing, China) 

following the manufacturer’s instructions. 

6.2.6. Flow cytometry assays 

The reactive oxygen species (ROS) level was evaluated by flow cytometry (FACSCanto 

II, BD, USA) using the DCFDA cellular reactive oxygen species detection assay kit (Byotime, 

Shanghai, China) according to the manufacturer’s protocol. Cells were briefly stained with 

2′,7′-dichlorofluorescein diacetate (DCFA) at 37°C for 30 min, washed with 1× PBS buffer, 

and the signal was read at an excitation of 485 nm and an emission of 535 nm.  

6.2.7. Quantitative RT-PCR 

Total mRNA was isolated from tissue samples using TRIzol reagent (TAKARA, Tokyo, 

Japan) and was reverse-transcribed into cDNA using a high-capacity cDNA reverse 

transcription kit (TAKARA, Tokyo, Japan) according to the manufacturer’s protocol. The 

mRNA levels were quantified with quantitative PCR (qPCR) using SYBR Green (Qiagen, 

Hilden, Germany). Amplification was performed on a LightCycler480 qRT-PCR system 

(Roche, Mannheim, Germany) under the following reactions: 95°C for 15 min, followed by 40 

cycles at 95°C for 10 s, 60°C for 20 s, and 72°C for 20 s. The relative mRNA levels of target 

genes were normalized to the expression of β-actin calculated using 2−ΔΔct method. The primer 

pairs used in this study are listed in Table 6.1. 

Table 6.1. Designed primer sets for qRT-PCR 

Gene Primer 5’- 3’ Size（bp） 

Mus Nrf2 sense 

antisense 

AAGAATAAAGTCGCCGCCCA 

GAAAAGGCTCCATCCTCCCG 

326 

Homo Nrf2 sense 

antisense 

GGTTGGGGTCTTCTGTGG 

GACATTGAGCAAGTTTGGGAGG 

247 

Mus Tnf-α sense 

antisense 

ACCCTCACACTCACAAACCA 

ATAGCAAATCGGCTGACGGT 

212 
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Homo Tnf-α sense 

antisense 

CCCTCCAACCCCGTTTTCTC 

GCCCCTCAAAACCTATTGCC 

157 

Mus Il-1β sense 

antisense 

TGCCACCTTTTGACAGTGATG 

AAGGTCCACGGGAAAGACAC 

220 

Homo Il-1β sense 

antisense 

CTCTCAGCAGGTCCGATACC 

AACATGGCACCTCTGCAACT 

198 

Mus Il-6 sense 

antisense 

CCCCAATTTCCAATGCTCTCC 

CGCACTAGGTTTGCCGAGTA 

141 

Homo Il-6 sense 

antisense 

GGAGTCAGAGGAAACTCAGTT 

ACTCAGCACTTTGGCATGTCT 

210 

Mus Il-10 sense 

antisense 

AGGGCACCCAGTCTGAGAACA 

CGGCCTTGCTCTTGTTTTCAC 

225 

Mus Ho-1 sense 

antisense 

CACGCATATACCCGCTACCT 

CCAGAGTGTTCATTCGAGCA 

175 

Homo Ho-1 sense 

antisense 

CCTTCTTCACCTTCCCCAAC 

GCCTCTTCTATCACCCTCTG 

124 

Mus Nqo1 sense 

antisense 

TCACCTGGGCAAGTCCATTC 

TGCCCTGAGGCTCCTAATCT 

241 

Homo Nqo1 sense 

antisense 

CAGTTGGGATGGACTTGC 

CCAGGCAGGATTCTTAATG 

101 

Mus Keap1 sense 

antisense 

TACACAGCGGGCGGTTACT 

TCATAGAGGCACAGGGCGA 

244 

Homo  β-actin sense 

antisense 

CTCTTCCAGCCTTCCTTCCT 

TCTTCATTGTGCTGGGTGCC 

201 

Mus β-actin sense 

antisense 

CGTGGGCCGCCCTAGGCACCA 

TTGGCCTTAGGGTTCAGGGGGG 

214 

 

6.2.8. Western blot analysis 

Samples were homogenized with ice-cold RIPA lysis buffer containing protease and 

phosphatase inhibitors (Beyotime, Shanghai, China). The homogenates were centrifuged at 10 

000 × g for 20 min at 4°C to remove the insoluble tissue debris. The protein concentration in 

the supernatant was determined using a BCA protein assay kit (Beyotime, Shanghai, China) 

according to the manufacturer’s protocol. Equal amount of protein for each group were 

denatured in boiling water for 5 min. Aliquots (40 μg) of protein samples were subjected to 
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10% SDS-PAGE and transferred to PVDF membranes (Millipore, Bedford, MA, USA). After 

blocking with 5% nonfat milk (dissolved in TBST) for 1 h, the membranes were incubated with 

the indicated antibodies at 4°C overnight, followed by incubation with the appropriate HRP-

conjugated second antibodies for 1 h at room temperature. Chemiluminescent detection was 

performed using the ECL Plus Western blotting reagent (TransStart, Beijing, China). Semi-

quantitative analysis for densitometry of each band was performed using ImageJ software. 

6.2.9. Co-immunoprecipitation 

For co-immunoprecipitation (Co-IP), the whole protein lysates prepared from HepG2 cells 

were extracted in a RIPA lysis buffer. Briefly, Nrf2 or Keap1 antibodies were first mixed with 

magnetic-beads (Thermo scientific, Rockford, USA) for at least 4 hours. Antibody-beads 

complexes were then mixed with the supernatants of protein lysates with a rotator overnight. 

The final antibody–protein immunocomplex was stripped by boiling with 5x loading sample 

buffer for WB incubated with Keap1, Nrf2, and GAPDH antibodies. Co-IP was repeated at 

least three times. 

6.2.10. Determination of hepatic/serum TUDCA 

The contents of TUDCA in tissues were determined by high-performance liquid 

chromatography (HPLC). Briefly, 200 mg of frozen tissue was homogenized with a 

TissueLyserII (Qiagen, Germantown, MD, USA) in 1 mL of PBS to prepare the tissue 

homogenates. The impurities were removed through a 0.22 μm filter, then the filtrate was 

precipitated by methanol and 10 µL of supernatant was analyzed using an Agilent 1290 HPLC 

system (Santa Clara, CA) equipped with a Hypersil ODS-2 column (5 µm, 4.6 × 250 mm; 

Waters, USA). The supernatant was detected at the wavelength of 210 nm, eluted with the 

mobile phase of 0.03 M phosphate buffer solution (pH 4.4) and methanol (32:68, v/v) at a flow 

rate of 1.0 mL/min.  
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6.2.11. Statistical analysis 

Statistical comparisons among experimental groups were analyzed by one-way ANOVA 

and Duncan’s multiple-comparison test using the SPSS software (Version 21.0. Armonk, NY: 

IBM Corp.). P values less than 0.05 were considered statistically significant.  

6.3. Results  

6.3.1. TUDCA improves obesity and insulin resistance in ob/ob mice  

To assess the efficacy of TUDCA on the treatment of obese mice with IR, animals were 

divided into the wild type, ob/ob and ob/ob+TUDCA groups. Daily oral administration of 

TUDCA significantly alleviated diet-induced body weight increase from week 7 onwards 

(Figure 6.1a). At the end of TUDCA treatment, the weight gain was also significantly 

decreased (Figure 6.1b). TUDCA prevented fat deposition in the subcutaneous adipose, and 

the indexes of the pancreas and kidney were not affected by TUDCA administration. The liver 

index was significantly reduced in TUDCA-treated mice (Figure 6.1c). The diet-induced 

hepatic steatosis and dyslipidemia were effectively prevented by TUDCA treatment as 

indicated by the lower concentration of T-CHO and TG in both the liver and the serum of the 

ob/ob+TUDCA group compared with the ob/ob group (Figure 6.2). In addition, the 

expression of inflammatory factors in ileum tissue was reduced at the gene level with the 

addition of TUDCA (Figure 6.3). 
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Figure 6.1. TUDCA improves obesity in ob/ob mice.  Body size (a), body weight change(b), body 

weight (c) and liver index (d), data are expressed as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 

0.001. 
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Figure 6.2. TUDCA relieves serum/liver lipid accumulation in ob/ob mice. levels of total cholesterol 

and triglycerides in liver (a) and serum (b). Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01 

and ***P < 0.001.  

 

 

Figure 6.3. TUDCA relieves intestinal inflammation in ob/ob mice. The relative mRNA levels of Tnf-α , Il-1β 

and Il-6 in ileum were determined by qPCR. Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01 and 

***P < 0.001.  
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Glycemic homeostasis was determined by IPGTT and IPITT. As shown in Figure 6.4a, 

the oral administration of glucose increased the blood glucose (BG) level within 30 min in 

mice, which remained high for the subsequent 90 min. This indicated that ob/ob markedly 

impaired glucose tolerance. In addition, the BG of the WT group peaked within 30 min but 

dropped to the normal level after 120 min. TUDCA significantly inhibited the rise of BG level 

and enhanced glucose clearance in the ob/ob mice after oral administration of glucose. The 

results of IPGTT were expressed as the area under the curve (AUC) of BG over 120 min. The 

AUC of the ob/ob+TUDCA group was significantly decreased compared with that of the 

ob/ob group (Figure 6.4a and b, P < 0.05). The improvement of insulin resistance (IR) was 

also supported by the results of IPITT. After intraperitoneally injected insulin at 0.75 U/kg, 

the BG levels at 30, 60, and 120 min revealed that the mice in the ob/ob+TUDCA group took 

more advantage of insulin compared with the mice in the ob/ob group (Figure 6.4c). The 

significant difference (P < 0.05) of the slope between the ob/ob group and the ob/ob+TUDCA 

group suggested that TUDCA increased the utilization of insulin and improved insulin 

sensitivity in the ob/ob mice (Figure 6.4d). Moreover, the FBG level in the ob/ob group was 

significantly higher compared to that in the WT group. Compared with the ob/ob group, the 

mice treated with TUDCA had a lower FBG level (Figures 6.5a). Marked elevation in fasting 

serum lisulin (FINS) was observed in the ob/ob group compared with the WT group. Notably, 

TUDCA treatment tended to reverse the increase in FINS (Figure 6.5b). HOMA-IR is an 

indicator for evaluating the level of insulin resistance in an individual. Based on the HOMA-

IR analysis, we found that the HOMA-IR of the ob/ob+TUDCA group was comparable to that 

of the WT group but significantly lower compared with that of the ob/ob group (Figure 6.5c). 

 



 
152

 

Figure 6.4. TUDCA improves glucose homeostasis and insulin sensitivity in ob/ob mice. IPGTT (a); AUC of 

IPGTT (b); IPITT (c); slope of IPITT (d) measured at the end of the experimental period. Data are expressed as 

mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001.  

 

 

Figure 6.5. TUDCA improves insulin resistance in ob/ob mice. Serum level of FBG (a), FINS (b), 

and HOMA-IR (c) measured at the end of the experimental period. Data are expressed as mean ± SD. 

*P < 0.05, **P < 0.01 and ***P < 0.001. 

 

PI3K/Akt and insulin receptor substrate-1 (IRS-1) are the main signaling molecules in the 
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signaling pathway of the insulin receptor. The level of phosphorylated Akt at Ser473 was 

significantly reduced in the liver of the ob/ob mice, but the level was restored in the 

ob/ob+TUDCA group (Figure 6.6). These results indicate that the preventive effect of 

TUDCA on obesity resulted in improved glucose homeostasis and insulin sensitivity. 

6.3.2. TUDCA activates the Nrf2/ARE signaling pathway in ob/ob mice liver 

Isolation of liver nuclear and cytoplasmic proteins revealed that Nrf2 was significantly up-

regulated in the nucleus of TUDCA-treated mice, and its downstream antioxidant genes Nqo1 

and Ho-1 were substantially increased at the transcriptional level, suggesting that the Nrf2/ARE 

signaling pathway was activated by TUDCA (Figure 6.6).  

 

 

Figure 6.6. TUDCA improves obesity and insulin resistance in ob/ob mice by activiting Nrf2/ARE 

signaling pathway. Protein expression of Akt, phosphorylated Akt, nuclear Nrf2, cytoplasmic Nrf2, 
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Lamin B1 and GAPDH. Quantitative RT-PCR analysis of representative downstream genes (Nqo1 and 

Ho-1). Data are expressed as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001. 

 

6.3.3. TUDCA improves PA-induced insulin resistance and lipid peroxidation 

Further study was carried out to determine whether TUDCA could alleviate hepatic insulin 

resistance using a PA-treated HepG2 cell model. PA exposure (200 μM) resulted in a decrease 

in glucose uptake of HepG2 cells, demonstrated by the reduction of fluorescence density in the 

cytoplasm (Figure 6.7a) and the high concentration of glucose in the medium (Figure 6.7b). In 

addition, PA decreased the level of phosphorylated Akt at Ser473 and increased phosphorylated 

IRS-1 at Ser307 (Figure 6.7c), thus, revealing a typical symptoms of insulin resistance. 

Moreover, the suppressed phosphorylation level of Akt in PA-treated HepG2 cells was elevated 

by TUDCA, while the phosphorylated IRS-1 at Ser307 was also significantly reduced (Figure 

6.7c). These findings confirmed that TUDCA could improve hepatic glucose intolerance and 

enhance insulin sensitivity of PA-treated hepatocyte. 
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Figure 6.7. TUDCA alleviates insulin resistance caused by PA. Glucose uptake (a) and the blood 

glucose remaining in supernatant (b). Protein levels of p-Akt, Akt, pIRS-1 Ser307, IRS-1 were 

determined by western blot (c). Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01 and ***P < 

0.001. 

 

Homeostasis imbalances on glucose metabolism often cause inflammation and oxidative 

stress damage in hepatic cells. Thus, we further investigated whether TUDCA could alleviate 

these pathological processes. As shown in Figure 6.8a, PA could increase ROS generation in 

HepG2 cells, while TUDCA significantly decreased PA-induced ROS production. On the other 

hand, the ratio of GSH/GSSG was significantly increased by TUDCA (Figure 6.8b). In 

addition, pro-inflammatory cytokines such as Tnf-α, Il-1β and Il-6 were also significantly 

reduced by TUDCA treatment at mRNA level (Figure 6.9).  
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Figure 6.8. TUDCA relieves PA-induced ROS and oxidative stress. Intracellular ROS content (a) 

and the ratio of GSH/GSSG (b) are shown. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01 and 

***P < 0.001.  
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Figure 6.9. TUDCA reduces the secretion of pro-inflammatory cytokines. HepG2 cells were pre-

treated with 200 μM PA for 24 h and then incubated with TUDCA (10 or 20 μM) for 12 h. The relative 

mRNA levels of Tnf-α, Il-1β, and Il-6 were determined by qPCR. Data are expressed as mean ± SD, *P 

< 0.05.  

 

 

Figure 6.10. TUDCA activates Nrf2/ARE signaling pathway. Protein levels of p-Nrf2 and Nrf2 were 

determined by western blot (a); Quantitative RT-PCR analysis of Nrf2, representative Nrf2 downstream 

genes Ho-1, Nqo1 and Gpx4 (b). Data are expressed as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 

0.001.  
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Figure 6.11. PA inhibits Nrf2 expression and activation. (a) PA (200 μM) was incubated with HepG2 

cells, and then the protein expression of p-Nrf2 and total Nrf2 was detected by western blotting. (b) 

Silencing Nrf2 expression in HepG2 cells by siRNA. Protein levels of Nrf2 were determined by western 

blotting after 48 hours of transfection with siRNA.  

 

We further investigated whether TUDCA alleviates PA-induced insulin resistance through 

the Nrf2/ARE signaling pathway. The transcriptional activity of Nrf2 was determined by 

measuring the mRNA levels of its representative downstream target genes. TUDCA 

significantly up-regulated the expression of Nrf2 as well as its phosphorylation level, 

suppressed by PA (Figure 6.10 and 6.11). It also up-regulated the expression of antioxidant 

genes, Ho-1, Nqo1, and Gpx4, downstream of the Nrf2/ARE signaling pathway (Figure 6.10). 

We found that TUDCA was unable to alleviate PA-impaired glucose uptake PA-induced 

insulin resistance in HepG2 cells that interfered with Nrf2 expression (Figure 6.11 and 6.12).  

The physical interaction between Nrf2 and Keap1 was reduced by TUDCA (Figure 6.13), 

suggesting that TUDCA antagonizes with Keap1 to keep Nrf2 from protein degradation by 

ubiquitination-proteasome. Together, the results suggest that TUDCA may significantly 

activate the Nrf2/ARE signaling, thereby enhancing antioxidant capacity and alleviating insulin 

resistance in PA-treated HepG2 cells. 
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Figure 6.12. TUDCA relieves PA-induced insulin resistance by Nrf2/ARE signaling pathway 

activation. Under Nrf2 knock-down and glucose uptake are shown. Data are expressed as mean ± SD. 

*P < 0.05, **P < 0.01 and ***P < 0.001.  
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Figure 6.13. TUDCA relieves PA-induced insulin resistance via activating Nrf2/ARE signaling pathway. (a) 

HepG2 cells were treated with or without TUDCA, and then lysates were immunoprecipitated with the indicated 

antibodies, followed by western blotting. (b) Docking of TUDCA with Kelch domain of KEAP1. The residues of 

KEAP1 were represented using sticks or surface structures; TUDCA was shown in pink; the dashed lines (blue) 

represent hydrogen-bonding interactions. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 

0.001. GSH, glutathione; GSSG, oxidized glutathione; PA, palmitic acid; TUDCA, tauroursodeoxycholic acid.  

 

6.3.4. Effects of fucoidan to alleviate insulin resistance are mediated by gut microbiota

As assessed by 16S rRNA analysis, the gut microbiota of ICR mice was remodeled and 

metabolites altered after fucoidan administration. To investigate whether the fucoidan-induced 

remodeling of gut microbiota was causally related to the alleviation of insulin resistance, the 

ICR mice were divided into three groups: HFD, HFD+SFF and HFD+SFF+Abs. The three 

groups of mice were sequentially fed high-fat chow, high-fat chow with fucoidan in water, and 



 
161

high-fat chow with fucoidan and antibiotic mixture in water. The mice treated with the 

antibiotic mixture were pseudo-germ-free mice, which were used to verify whether the 

alleviating effect of fucoidan on insulin resistance was mediated by the gut microbiota. The 

experiment lasted for 12 weeks, and it was found that obesity was induced in mice on a long-

term high-fat diet, on the basis of which weight gain in fucoidan-treated mice leveled off at 

week nine. At the tenth week, there was a significant difference in body weight between the 

three groups of mice, with the HFD+SFF group having significantly lower body weight values 

than the HFD+SFF+Abs group. In serum and liver extracts, the HFD+SFF group significantly 

reduced triglyceride and cholesterol levels, whereas fucoidan failed to exert its lipid-lowering 

effect after treatment with the antibiotic mixture. 

6.3.5. Correlation between gut microbiota abundance and mice TUDCA 

In the initial lefSE analysis in mice experiments, SFF was found to significantly increase 

the dominant abundance of Bacteroidetes, Alistipes, Parabacteroides, Dubosiella, 

Faecalibacterium and Clostridium, while in HFD the dominant bacteria tended more towards 

Erysipelotrichia and Desulfovibrionaceae (Figure 6.14). Subsequently, TUDCA was added to 

the association analysis of flora and obesity parameters, and it was found that TUDCA was 

negatively correlated with fasting blood glucose, and when TUDCA increased, fasting blood 

glucose tended to decrease and was closely associated with Clostridialles bacteria. In Addition, 

Clostridium was also associated with a decrease in free fatty acid and liver weight. We 

hypothesize that SFF increases TUDCA content through remodeling of Clostridium intestinalis

and thus exerts its effect on alleviating insulin resistance. 



 
162

 

Figure 6.14. Spearman’s correlation between gut microbiota, TUDCA and obesity-related indexes

(species). Good’s coverage and the genus with significant correlations are shown.  

 

To verify the hypothesis, TUDCA levels in intestinal contents and serum were measured, 

and TUDCA levels in intestine and serum were significantly higher in the HFD+SFF group 

compared to the HFD group, while there was no significant difference between the 

HFD+SFF+Abs and HFD groups. In addition, SPH and ceramide were significantly higher in 

the feces and lower in the serum of the HFD+SFF group compared to the HFD group, whereas 
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in the germ-free mice, SPH and ceramide were heavily accumulated in the intestine and 

absorbed by the serum. This phenomenon is most likely due to the decrease of TUDCA in the 

intestine. 

6.4. Discussion  

Metabolic syndromes such as obesity, NAFLD and T2D are increasingly prevalent 

globally, especially in recent decades12. Fucoidan, the most abundant active substance in brown 

polysaccharides, has been reported to favorably influence metabolic and cellular processes, 

alleviate insulin resistance6-8; however, the mechanism is still not clear. Recent studies have 

revealed that the development of metabolic disease strongly correlates to gut microbiota and 

metabolites. Multiple studies have investigated the impact of fucoidan on gut microbiota, 

metabolites and related host targets which regulate glucose metabolism45-50. We explored the 

potential mechanism involving the gut microbiota and intestinal metabolites to reveal how 

fucoidan improves diet-induced obesity and insulin resistance. We established that the daily 

administration of TUDCA strongly ameliorated the obesity-related interruption of gut 

microbiota. The bile acid TUDCA was maintained at a high level in the intestine, which in turn 

promoted the proliferation of Clostridium, improved the integrity of the intestinal wall and 

reduced intestinal inflammation. Furthermore, TUDCA was identified as an activator of 

Nrf2/ARE signaling in hepatocyte that decreased oxidative stress imbalance, while improving 

hepatic inflammation and insulin resistance.  

T2D is both an inflammatory and a natural immune disease. There is a variety of 

microbiota in the human intestine, which is involved in body immunity, infection and nutrient 

metabolism, and they are closely associated with the occurrence of diabetes21. The gut 

microbiota imbalance in composition and diversity can result in the release of bacterial 

endotoxin. This could lead to chronic inflammation and destruction of the normal physiological 
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functions of tissues and organs. Several studies have confirmed that chronic inflammation can 

cause insulin resistance and subsequently diabetes. The decrease in Firmicutes/Bacteroidetes 

ratio is considered to be an indicator of improved metabolism by fucoidan therapy217, 218. LDA 

analysis showed that the decreased abundance of Firmicutes by fucoidan could be due to the 

decrease in Erysipelotrichia species, which belongs to the Firmicutes phylum. The role of 

Erysipelotrichia species in human disease may be well established in studies investigating 

metabolic disorders219. For instance, a previous study showed a bloom of species belonging to 

the Erysipelotrichaceae family (initially classified as Mollicutes) in diet-induced obese 

animals220. Within the host, Erysipelotrichia species appear to be highly immunogenic, 

however, in surplus, they induce intestinal inflammation. Studies have shown that species in 

Erysipelotrichaceae are positively correlated with TNFα and IL-6 in the intestine and the 

liver219.  

In contrast, most of the bacteria up-regulated by fucoidan were probiotics. For example, 

species in Muribacaceae are involved in the L-citrulline nitrogen metabolic cycle. They 

scavenge free radicals, improve immunity and maintain blood glucose. Fucoidan also up-

regulates the abundance of Parabacteroides, including P. distasonis and P. goldsteinii. Study 

found that P. distasonis could transform bile acids, activate intestinal gluconeogenesis through 

succinic acid and improve the host metabolic disorders283. In another study, it is recorded that 

P. goldsteinii reduces systemic inflammation and increases insulin sensitivity by maintaining 

intestinal integrity284. The "dialogue" between the gut microbiota and the organism mainly 

depends on microbial metabolites. By producing various enzymes for biochemical metabolic 

pathways of the intestinal microbes, gut microbiota can perform diverse metabolic activities 

such as the metabolism of amino acids, carbohydrates and bile acids, as well as the formation 

of a co-metabolic relationship with the host. Bile acids produced by the gut microbiota are 
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essential in the regulation of glycolipids and energy. Studies have shown that in human primary 

hepatocytes, bile acids promote the β-oxidation of fatty acids by activating FXR and up-

regulate the expression of apolipoprotein CII gene to reduce the triglyceride content in the 

liver285,286.  

In our present study, metabolomics data showed that TUDCA in the intestine of 

HFD+SFF group increased significantly. Previous studies revealed that fucoidan treatment 

increased the levels of conjugated bile acid in the gut by decreasing the abundance of 

Bifidobacterium and its bile salt hydrolase (BSH) activity in the intestines of individuals with 

T2D262-264. Bile salt hydrolase, secreted by intestinal bacteria, decomposes TUDCA in the 

intestine and metabolizes TUDCA to taurine and UDCA. However, data from the gut 

microbiota showed that fucoidan did not affect the abundance of Bifidobacterium and 

Lactobacillus, the major BSH-producing bacteria. In addition, we found that the content of 

taurine in the intestine increased significantly. in vitro, TCDCA can be transformed into 

TUDCA by 7α/β-hydroxysteroid dehydrogenase (7α/β-HSDH)263. Data from the gut microbiota 

also revealed that fucoidan did not affect the abundance of Eubacterium and Clostridium, the 

major 7α/β-HSDH-producing bacteria. Therefore, the increase in TUDCA in the intestine is 

purportedly not due to the inhibitory effect of fucoidan on BSH-producing bacteria. According 

to the biosynthesis of bile acids in liver, the conjugated bile acid TUDCA can be generated in 

the liver through a series of catalytic reactions and enzymes such as CYP7A1 and BAAT265.  

TUDCA has been shown to treat NAFLD by acting as an endogenous chemical chaperone; 

to protect cells against ER stress26 and to reduce liver steatosis287. Moreover, TUDCA can 

alleviate dextran sulfate sodium-induced colitis in mice288,289. in vitro, we found that TUDCA 

antagonizes with KEAP1 to keep Nrf2 from protein degradation to activited Nrf2/ARE 

signaling pathway. This is reminiscent of the expression pattern of Nrf2, a crucial stress 
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regulator to reduce ROS, which is a key factor in sensitizing insulin signaling290. It has also 

been confirmed that up-regulation of the Nrf2 expression both by genetic manipulation and 

pharmacological interference, can significantly decrease the content of ROS and ameliorate IR 

and T2D. In the mice supplement with fucoidan, the significant up-regulation in the expression 

of Nrf2 and its downstream target genes (Gclc, Cat and Ho-1) occurred, which further 

alleviated IR and over-oxidation. Conversely, the stress-resistant effect of TUDCA was 

dramatically repressed by the inhibition of the Nrf2/ARE signaling. We also found that 

TUDCA can effectively reduce the inflammation and oxidative stress as well as decreasing the 

accumulation of lipid peroxide in vitro and in vivo. This might be a novel mechanism for 

fucoidan in the treatment of insulin resistance and diabetes. 

 

6.5. Summary 

Overall, in our present study, fucoidan was found to increase TUDCA which antagonized 

the interaction between KEAP1 and Nrf2, prevented Nrf2 degradation and promoted its nuclear 

translocation. TUDCA activated Nrf2/ARE pathway and increased the gene transcription of 

antioxidant enzyme, further reduced oxidative stress and sensitized insulin signaling. The 

increase of TUDCA in the intestine corresponded to the increase in the abundance of 

Clostridium. Fucoidan remodeled the gut microbiota by promoting probiotics such as 

Muribacaceae, and Parabacteroides, and inhibiting pathogenic bacteria such as 

Erysipelotrichia and Helicobacter, which maintained intestinal integrity and reduced 

inflammation. However, for a better understanding of the crucial mechanisms involved in the 

long-term treatment with fucoidan in humans, the role of the intestine-liver axis should be 

explored. Since TUDCA is a novel effector molecule of fucoidan in the gut, plays an important 

role in alleviating metabolic syndrome.  
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Chapter 7 

CONCLUSION AND RECOMMENDATIONS 

7.1. Synthesis and conclusion 

The polysaccharides were extracted and purified from S. fusiforme, and three 

components, alginate, aminaran and fucoidan, were obtained by further delipidation and 

decolorization, and their physicochemical properties were analyzed. The three components 

were evaluated by in vitro antioxidant assay and in vivo Drosophila anti-aging assay, and 

fucoidan was selected as the best antioxidant component. Fucoidan was established in a 

mouse model of obesity and insulin resistance induced by high-fat diet and orally 

administered for a long period of time to determine the effect of fucoidan on insulin 

resistance in this model. From the dual perspectives of gut microbiomics and metabolomics, 

the regulatory effects of fucoidan on insulin resistance in high-fat diet-fed mice and its 

mechanism of action were investigated in depth, and the main findings of this paper are as 

follows： 

1. The crude polysaccharides were obtained by heat extraction and alcohol precipitation 

method, and further graded into alginate, aminaran and fucoidan by degreasing and 

decolorization. fucoidan with strong antioxidant properties was screened by total reducing 

power in vitro, DPPH scavenging ability, Fe2+ reducing ability and anti-aging effect in 

Drosophila. 

2. The modulating effect of fucoidan on insulin resistance in high-fat diet-fed mice was 

investigated by adding 200 mg/kg of fucoidan to the diet. The results of the study showed that 

the addition of fucoidan significantly improved the insulin resistance induced by high-fat diet. 

The addition of fucoidan significantly reduced body weight, total weight gain, epididymal fat 
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weight and liver index compared to the HFD group. fucoidan addition significantly reduced 

fasting glucose, serum insulin and thus HOMA-IR index in mice compared to the NCD group. 

It was also confirmed by IPGTT and IPITT experiments that fucoidan could improve insulin 

sensitivity in high-fat mice. Compared with the HFD group, mice in the fucoidan group 

showed improved liver function and systemic hypo-inflammation, with significantly lower 

serum concentrations of pro-inflammatory factors and LPS. Preliminary investigation of the 

mechanism of action of fucoidan in regulating insulin resistance revealed that the addition of 

fucoidan could activate the hepatic Nrf2/ARE signaling pathway, increase the transcription of 

downstream antioxidant genes, increase the activity of antioxidant enzymes such as GSH and 

CAT, reduce the accumulation of lipid peroxides MDA and 4-HNE, and thus alleviate the 

inhibition of insulin signaling pathway by high-fat diet. 

3. Based on 16S rRNA high-throughput sequencing technology, we investigated the 

mechanism of action of fucoidan in alleviating insulin resistance from the perspective of gut 

microbiomics. It was found that fucoidan has a modulating effect on intestinal 

microecological disorders induced by high-fat diet, and through the remodeling of gut 

microbiota, it reduces the F/B ratio and significantly increases the abundance and diversity of 

probiotics, which in turn maintains intestinal wall integrity and reduces intestinal 

inflammation. 

4. Based on the analysis of intestinal metabolomics, it is known that fucoidan significantly 

increased the content of sphingosine and TUDCA in the intestine of mice. By HPLC and 

ELISA, fucoidan was found to increase TUDCA and decrease ceramide in serum. Caco-2 

cells mimic intestinal epithelial cells and TUDCA was found to reduce ceramide-related 

synthase gene expression and thus intestine-derived ceramide biosynthesis by inhibiting the 

FXR/SHP signaling pathway. 



 
169

5. Using ob/ob C57BL/6J mice as study subjects, TUDCA was found to significantly reduce 

body weight, fasting glucose and HOMA-IR and increase insulin sensitivity in ob/ob mice. 

The activation of hepatic Nrf2/ARE signaling pathway in mice treated with TUDCA increased 

the phosphorylation of Nrf2 and promoted its entry into the nucleus. A HepG2 insulin-

resistant cell model was constructed by PA and TUDCA was found to reduce ROS content by 

activating the Nrf2/ARE signaling pathway. By the Co-IP method, TUDCA which 

antagonized the interaction between KEAP1 and Nrf2, prevented Nrf2 degradation and 

promoted its nuclear translocation.  

6.The experimental results of the pseudo-sterile mouse model constructed based on the 

compound antibiotic treatment showed that the effect of adding fucoidan on the improvement 

of insulin resistance in high-fat diet-fed mice targeted the intestinal microecology. It was 

found that body weight, fasting glucose and insulin sensitivity were not significantly improved 

in the HFD+SFF+Abs group of mice. Antibiotic treatment disrupted the remodeling of 

intestinal microecology by fucoidan, and TUDCA levels in the intestine and serum did not 

change significantly. In contrast, sphingosine entered serum in large amounts and ceramide 

levels were elevated. 
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Figure 7.1. Total mechanism of insulin resistance improvement by S. fusiforme fucoidan

 

7.2. Limitations and future research 

In this study, the effect of fucoidan on the improvement of insulin resistance and 

intestinal microecological imbalance in mice fed with high-fat diet was elucidated through 

insulin-resistant mice, and the mechanism of inhibition of insulin signaling pathway by 

fucoidan through increasing TUDCA entry into blood and activating Nrf2/ARE signaling to 

alleviate high-fat was investigated in depth by means of multi-omics analysis. However, due 

to the limitation of time and experimental conditions, there are still some shortcomings in this 

study, and there are still some problems that need to be studied and explored in depth, and the 

main directions of follow-up research are as follows: 

1. The addition of fucoidan can improve insulin resistance based on the targeted regulation of 
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intestinal microecology. Clostridium, as the dominant bacterium of the corresponding 

fucoidan reshaping gut microbiota, its effect on the metabolic regulation of high-fat diet-fed 

mice is not yet clear, and its regulatory effect and mechanism of action can be studied by the 

targeted colonization experiment system of Clostridium subsequently. 

2. After fucoidan treatment, TUDCA and Clostridium were positively correlated in the 

intestinal tract of mice, but their sequence is still unclear. Whether fucoidan inhibits the 

catabolism of clostridia by remodeling Clostridium abundance and then by Clostridium, or 

whether the accumulation of TUDCA in the intestine promotes the amplification of 

Clostridium remains to be investigated. 

3. Current studies on the biological activity of TUDCA have been elaborated through the 

classical bile acid receptor pathway mechanism, and it is speculated that the activation of SPT 

and CerS by TUDCA is not direct, but may be accomplished through intermediate receptors 

such as PXR (pregnane X receptor) or TGR5 (Gprotein-coupled bile acid receptor 5) and other 

intermediate receptors to accomplish this. Therefore, the mechanism of action of TUDCA 

through increasing sphingosine efflux deserves further investigation. 

4. During the molecular docking of TUDCA with Keap1, it was found that TUDCA was able 

to interact with the primary amino acid residues on the active site of KEAP1. TUDCA was 

positioned at the hydrophobic pocket, surrounded by the residues Val-418, Leu-557, Val-514, 

Val-561, and Thr-560, forming a stable using HepG2 cells as a model, point mutation of the 

Val-418, Leu-557, Val-514, Val-561, and Thr-560 sites on KEAP1 was necessary to verify the 

correctness of the results. 

5. In the investigation of the biological activity of fucoidan, we have neglected the effect of 

fucoidan's own structure on the organism. Due to the complexity of fucoidan and the 

limitation of experimental time, the structural analysis of fucoidan is still at a superficial level 
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and the conformational relationship of fucoidan is still a major problem and deserves a lot of 

efforts to continue the research. 

6. In addition to insulin resistance, other metabolic disturbances induced by a high-fat diet 

can be alleviated by SFF, such as reduced body weight, reduced TG and T-CHO in serum 

and liver, etc. In our preliminary investigation, we found that the lipolytic enzyme Cpt1 in 

the liver was significantly increased in the HFD+SFF group and the thermogenic gene Ucp1 

was dramatically upregulated in white adipose tissue, which could be a key reason for the 

reduction of body weight and TG by SFF and deserves further investigation. 
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APPENDIX A 

Optimization of conditions for establishing a model of insulin resistance in HepG2 hepatocytes 

using palmitic acid 

Cell culture 

HepG2 cells were placed in DMEM low-glucose medium containing 10% fetal bovine 

serum (FBS), and cultured in an incubator at 37 ° C and 5% CO2. When the cells are adherent, 

the medium is decanted, digested with 0.25% trypsin, and passaged at a ratio of 1: 3 every 3 

days. Cells in logarithmic growth phase are taken for experiments. The subcultured cells were 

seeded into a 6-well plate, and after 24 hours of culture, the following experiments were 

performed. 

Determination of optimal concentration and time of insulin resistance in HepG2 cells 

1. Determination of the optimal concentration of PA 

After the cells in the logarithmic growth phase were digested, the concentration of the cell 

suspension was adjusted, and transferred to a 96-well cell culture plate to continue the culture. 

Each plate was divided into a control group and a model group. Add 100ul to each well, set 5 

duplicate wells, and then plate to adjust the density of the cells to be tested to 1000-10000 wells 

(the marginal wells are filled with sterile PBS). Incubate at 5% CO2, 37 ° C, until the cell 

monolayer covers the bottom of the well (96-well flat bottom plate). Discard the medium and 

add DMEM high-sugar medium containing palmitic acid at different concentrations (10, 25, 50, 

10, 200, 400, 800 uM), and continue to culture for 24 to 72 hours. Observe the cell growth 

under an inverted microscope. After the reaction time is completed, the medium is discarded, 

washed once with PBS, and then incubated with 2% FBS in RPMI1640 medium for 20 minutes. 
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Repeat the above process once. After washing with PBS, replace with serum-free medium. 

After 24 hours of incubation, add 20ul MTT solution (5mg / ml in PBS, pH = 7.4) to each well. 

After 4 hours of incubation, carefully discard the culture supernatant in the well. For suspended 

cells, centrifuge and then discard the culture supernatant in the well. Add 150ul of dimethyl 

sulfoxide (DMSO) to each well and shake for 10min on a shaker to fully melt the crystals. The 

absorbance of each well was measured at OD 490 nm on a microplate reader. The concentration 

of PA was selected to have a significant effect on cells but less effect on cell proliferation. 

2. Determination of the optimal time of PA 

Method 1: Detect the glucose content in the culture supernatant 

After the cells in the logarithmic growth phase were digested, the cell density was adjusted 

to 2 × 104 / mL, and transferred to a 96-well cell culture plate to continue the culture. Each 

plate was divided into a control group and a model group. After the cells adhered to the 

monolayer, the control group was added with normal medium, and the model group was added 

with newly prepared medium containing 200 μm PA, and incubated in a 5% CO2 in a 37 ° C 

incubator for 36 h. After determining the concentration (200 μmol / L) in 2.2.1, select 2, 4, 6, 

12, 24, 36, 48, 72 h as the eight candidate times. The glucose content of the cell culture 

supernatant was measured by a glucose measurement kit, and the optimal palmitic acid action 

time with significantly reduced glucose consumption and the shortest time was selected as the 

optimal insulin action time. 

Method 2: 2-NBDG uptake test to detect glucose uptake in cells 

After treating and culturing HepG2 cells with the optimal concentration of palmitic acid 

(200 μmol / L) in 2.2.1, the cells were incubated in a 37 ° C incubator. After the cells in the 

logarithmic growth phase were digested, the MEM basal medium was adjusted to a cell density 

of 2 × 104 / mL, and transferred into a 6-well cell culture plate. One well was used as a control 
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group, and the remaining five wells were used as a model group. Model groups were set up 

according to the incubation time: 2, 6, 12, 24, 48 h respective groups. The PA solution with the 

optimal concentration (200 μmol / L) was added to the corresponding wells in order according 

to time, and the same amount of medium and cell suspension was added to the blank control 

group. After the treatment, the cells were washed 2 to 5 times with PBS solution, and the cells 

were treated with 2-NBDG at the same concentration for 1 hour, and then the cells were 

washed 2 to 5 times with PBS. After a certain period of time, read with a fluorescence 

microplate reader (Ex / Em, 488 / 520 nm) to detect changes in fluorescence intensity in the 

cells; finally, add 10 μL of CCK-8 to each group of cells and incubate for 4 h, then read with a 

microplate reader. CCK-8 was used to correct the error of the fluorescence intensity of each 

group due to the difference in the number of cells. Each time group was repeated 3 times. 

Results 

Effect of PA solution at different concentrations on the survival rate of HepG2 cells 

In order to select a suitable PA solution treatment concentration, the effect of PA on the 

activity and value-added of HepG2 was first detected by MTT method in this experiment. 

According to step 2.2, HepG2 cells were treated with 10 uM, 25 uM, 50 uM, 100 uM, 200 uM, 

400uM, and 800uM sodium palmitate in MEM medium for 24 h. The results are shown in 

Figure A1. It was found that under the treatment of the PA solution, the MTT reading 

continued to decrease, which was inversely proportional to the PA concentration. Above 400 

uM, the absorbance of OD 490 decreased significantly, indicating that high concentration PA 

solution was toxic to HepG2 cells. Combined with references, a 200uM sodium palmitate 

solution was selected to continue the next experiment. 
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Figure A1. Determination of the optimal concentration of PA

Effect of 200uM PA on HepG2 cell survival after different time 

Method 1: In order to determine a reasonable treatment time for sodium palmitate solution, 

different times were tried for comparison in this experiment. After referencing the literature, 0, 

2, 4, 6, 12, 24, 36, 48, and 72 h were selected as the candidate times in this experiment. MEM 

medium containing 200 uM sodium palmitate solution was sequentially added for processing. 

Then 50nM of insulin solution was added for pretreatment 30min in advance, and then the 

glucose uptake of HepG2 cells was detected. As shown in Figure A2, the cell supernatant was 

collected for glucose content determination. It was found that the glucose content of the cell 

supernatant gradually increased after 200 uM PA solution treatment, indicating that the glucose 

uptake by the cells began to decline, and the difference was significant after 24 hours. 
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Figure A2. Determination of the optimal action time of PA

Method 2: In view of the high glucose content in the culture supernatant, errors may occur, 

and the more accurate 2-NBDG fluorescent glucose probe method is used for further judgment. 

As shown in Figure A3, after different time treatments (200 uM PA solution), the glucose 

absorption gradually decreases, and the fluorescence intensity decreases sequentially. 

Compared with the Control group, there was a significant decrease at 12h, and an extremely 

significant decrease at 24h and 48h. Considering the above, 24h is selected as a reasonable PA 

processing time.  
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Figure A3. Changes in glucose uptake caused by different periods of PA

PA inhibits insulin signaling pathway in HepG2 cells 

In order to further verify the success of the model, the protein level was used to detect 

whether the insulin signaling pathway was inhibited. The insulin signaling pathway plays an 

important role in glucose uptake and is inhibited when insulin resistance occurs. It can be seen 

from Figure A4 that at the protein level, after 200 uM PA solution treatment at different times, 

IRS-1 does not change significantly, but p-IRS-1 gradually increases with time, reaching a 

significant difference at 24h. This indicates that IRS-1 has been activated incorrectly. In 
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addition, p-Akt protein also decreased over time, indicating that PA can reduce the 

phosphorylation of Akt. The above shows that the insulin signal pathway in HepG2 cells was 

inhibited under 200 uM PA solution. 

 

 

Figure A4. PA inhibits insulin signaling pathway in HepG2 cells

PA causes oxidative stress in cells and causes lipid peroxide accumulation 

Oxidative stress is a common symptom accompanied by insulin resistance. It has been 
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reported that PA can cause oxidative stress in HepG2 cells. The Nrf2 / ARE signal pathway is a 

classic oxidative stress signal pathway. It was found through experiments that during the early 

stage of PA treatment, the level of Nrf2 protein briefly increased, and the level of 

phosphorylation was also the same. However, with the extension of PA treatment time, a 

significant decrease in Nrf2 was found. Here we believe that short-term oxidative stress caused 

the up-regulation of Nrf2 to reduce the content of reactive oxygen species such as ROS. 

Similarly, it was found that 4-HNE also accumulated over time, indicating that the lipids in the 

cells are continuously oxidized and accumulated, and may damage the cells. See Figure A5. 

 

Figure A5. PA inhibits Nrf2/ARE signaling pathway in HepG2 cells
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Discussions

Insulin has many functions in the body, such as promoting the synthesis of glycogen, fat 

and protein; promoting the use of glucose and energy production; inhibiting the breakdown of 

fat; increasing cell proliferation, differentiation, and protecting cells. Insulin resistance is a 

phenomenon in which biological effects above insulin are weakened, making the biological 

response of human tissues to a certain amount of insulin lower than expected normal levels. 

Insulin resistance is closely related to the pathogenesis of T2DM and metabolic syndrome, and 

is one of its main pathogenesis. 

In this experiment, we determined the optimal time and concentration of insulin resistance 

in HepG2 cells by in vitro induction method of PA, and established an insulin resistance model. 

The experimental results showed that the glucose consumption of cells after 24 h of 200 uM 

insulin was significantly reduced and significantly reduced. The cell kill rate remains low. 

Therefore, we chose a PA concentration of 200uM as the optimal concentration for insulin 

resistance. Then it was found that after treatment with 200uM of PA solution, the glucose 

content of the cell supernatant gradually increased, indicating that the cell's glucose uptake 

began to decrease. There was a significant increase at 24h and 36h, and the increase increased 

at 48h and 72h. It shows that insulin resistance has appeared in the experiment at 24h. However, 

in order to make the experiment time reasonable, choose 24h to shorten the experiment time. In 

order to further verify whether the optimal time is the most reasonable with 24h, the experiment 

adopts a more accurate 2-NBDG fluorescent glucose probe method for further judgment. After 

treatment at different times (200uM PA solution), glucose absorption gradually decreased, and 

the fluorescence intensity decreased in turn. Compared with the Control group, there was a 

significant decrease at 12h, and extremely significant drops at 24h and 48h. Comprehensively 
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considering the above, 24h is selected as a more reasonable PA processing time node. 

According to the determined optimal concentration and optimal time, an insulin resistance 

model is established, and the establishment of the model is verified by the enzyme-linked 

immunoassay method to further detect whether the insulin signaling pathway is inhibited from 

the protein level. The insulin signaling pathway plays an important role in glucose uptake, 

which is inhibited when insulin resistance occurs. The results showed that IRS-1 was activated 

incorrectly, the lysine that should be activated was changed to serine 307, and the p-Akt protein 

also declined over time, indicating that PA can cause the phosphorylation of Akt to decrease. It 

can be seen that the IRS / Akt signaling pathway is suppressed. In addition, as the time of PA 

treatment prolonged, it was found that Nrf2 showed a significant decline. Here we believe that 

transient oxidative stress caused the upregulation of Nrf2 to reduce the content of reactive 

oxygen species such as ROS, but long-term PA treatment destroyed the cell Exciting mode. 

Similarly, it was found that 4-HNE also accumulates with time, indicating that the lipids in the 

cell continue to oxidize and accumulate and may damage the cell. It can be seen that the Nrf2 / 

ARE signaling pathway is suppressed. As explained above, under 200uM PA solution treatment, 

the insulin signaling pathway in HepG2 cells is inhibited. 

The experimental results suggest that 200uM of insulin acting on HepG2 cells for 24 h can 

establish a stable and successful HepG2 cell insulin resistance model. Compared with animal 

models, this model has a short experimental period and low cost. It provides a stable in vitro 

insulin resistance model for studying the mechanism of insulin resistance, screening drugs for 

treating insulin resistance in vitro, and studying the mechanism of drug treatment for insulin 

resistance. 
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APPENDIX C  

Analysis of molecular docking 

Molecular docking analysis 

To investigate the probable binding of TUDCA to Keap1 as the potential inhibitor, the 

automated docking studies were carried out using AutoDock vina 1.1.2 package. The X-ray 

crystal structure of the human KEAP1 (PDB ID: 6LRZ) was downloaded from RCSB Protein 

Data Bank. The 3D structure of TUDCA (ZINC ID: 3914813) was downloaded from ZINC. 

The AutoDockTools 1.5.6 package was employed to generate the docking input files. The 

molecular docking simulation protein of Keap1 was prepared by removing water molecules and 

bound ligands. The binding site of the KEAP1 was identified as centre_x: −9.944, centre_y: 

−38.993, and centre_z: 3.869 with dimensions size_x: 85, size_y: 85, and size_z: 85. The best-

scoring (i.e.,with the lowest docking energy) pose as judged by the Vina docking score was 

chosen and further analysed using PyMoL 2.4.0 software. 

Theoretical binding mode of TUDCA and KEAP1  

Binding to the KEAP1 kelch domain to achieve the inhibition of KEAP1-NRF2 

interaction is a well-documented mechanism for NRF2 activation (From: Discovery of direct 

inhibitors of Keap1-Nrf2 protein-protein interaction as potential therapeutic and preventive 

agents). We performed molecular docking analysis to explore the interaction between TUDCA 

and Keap1  Kelch domain.  

The theoretical three-dimensional binding mode of the complex with the lowest docking 

energy is illustrated in Figure. C. The simulation results revealed TUDCA actually interacted 

with the primary amino acid residues on the active site of Keap1. The TUDCA was positioned 

at the hydrophobic pocket, surrounded by the residues Val-418, Leu-557, Val-514, Val-561, 

and Thr-560, forming a stable hydrophobic binding. All those interactions help TUDCA to 
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anchor in the binding site of Keap1. In addition, the estimated the binding energy of Keap1-

TUDCA complex was found to be −10.21 kcal/mol, suggesting that TUDCA is an inhibitor of 

KEAP1. The docking simulation provided supportive data for this compound induced 

inhibition by allowing us to predict the binding site in the active site pocket. 

 

 

 

 

 

 

 

 

 

 

 

Figure. C. Docking of TUDCA into Keap1 protein Kelch domain. (A) Predicted binding mode of TUDCA 

docked with Keap1 Kelch domain molecular surface. TUDCA is shown in pink; (B) The interaction between 

TUDCA and Keap1 protein. The residues of KEAP1 were represented using sticks or surface structures. The 

dashed lines (blue) represent hydrogen-bonding interactions. 
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