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Abstract


Fucoidan is a kind of polysaccharide with antitumor and antioxidant properties, which is mainly isolated from brown algae. Although there are many reports about the prebiotic effects of polysaccharides on hosts, there are few reports about the effects of fucoidan on blood biochemical indexes, intestinal microbiome, and metabolic function on healthy hosts. We applied 16S rRNA gene amplicon sequencing and LC-MS/MS metabolomics to evaluate the changes in the gut microbiome and metabolite profiles of fucoidan treatment in mice over 10 weeks. Fucoidan treatment modulated lipid metabolism, including significantly decreasing serum triglyceride level in healthy mice. Fucoidan also significantly inhibited serum lipopolysaccharide-binding protein (LBP) concentration, a biomarker of endotoxemia. Correlation analysis further showed that Lactobacillus animalis populations that were enriched by fucoidan demonstrated significantly negative correlations with serum triglyceride level. The abundance of Lactobacillus gasseri and Lactobacillus reuteri, increased by fucoidan supplementation, demonstrated significantly negative correlation with lipopolysaccharide-binding protein levels. Lactobacillus gasseri also demonstrated significantly positive correlations with three tryptophan-related metabolites, including indoleacrylic acid, 3-indoleacrylic acid, and 5-hydroxytryptamine, which were all increased by fucoidan administration. Combined with the previous evidence, the results indicate that fucoidan exerts prebiotic effects, such as lipid metabolism suppression and metabolic endotoxemia suppression, by modulating the abundance of gut microbiota, such as Lactobacillus animalis, Lactobacillus gasseri, and Lactobacillus reuteri, as well as microbiota-dependent metabolites, such as tryptophan-related metabolites.
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1. Introduction


The gut microbiota is a complex microbial ecosystem, the homeostasis of which is essential for host health. In the past decade, research has revealed the association or even the causal relationship between gut microbiota and many diseases such as intestinal inflammation, metabolic syndrome, and cancer. The gut microbiota also affects the host’s metabolic phenotype through the production of extremely diverse metabolites. These metabolites penetrate into the blood circulation and interact with host cells, or become messengers of signal transmission and thus influence host phenotype. Metabolomics analysis increases the understanding of the function and specificity of the microbiome [1]. For example, the gut microbiota metabolizes tryptophan to produce indole and indole derivatives, which improve alcoholic liver disease and enhance host intestinal immunity [2,3].



Polysaccharides, such as fucoidan, pass through the upper gastrointestinal system intact and are fermented by gut microorganisms in the lower gastrointestinal system, the metabolites of which further influence immunity [4] and obesity risk [5]. The evidence of the relationship between polysaccharides, obesity, and other metabolic diseases has gradually revealed that the high-molecular-weight polysaccharide components in Cordyceps mycelium promote the growth of specific intestinal bacteria such as Parabacteroides goldsteinii, thereby improving obesity and related metabolic disorders in mice [6]. Inulin improves the intestinal microbes of obese mice and inhibits the increase in intestinal permeability caused by the Western diet [7,8]. In addition to fungi and terrestrial plants, seaweeds also contain a large number of bioactive polysaccharides.



Fucoidan is mainly composed of the L-fucose and sulfate group, which is mainly isolated from brown seaweeds such as Undaria pinnatifida. Fucoidan is extensively added in dietary and health foods because of its anti-oxidant and antitumor effects. Diet has emerged as a pivotal factor shaping the community structure and function of the gut microbiota, directly or indirectly affecting host metabolism, immunity, and intestinal barriers [9]. In recent years, dietary fiber, such as polysaccharides, was encouraged as a dietary additive by experts in medicine and nutrition. A number of studies revealed the beneficial effects of several polysaccharides, but little information was known about the effects of fucoidan on healthy hosts, especially its influence on biochemical indexes, intestinal microbiome, and metabolic function, as well as the relationship among them. A better understanding of the effects of fucoidan on the gut microbiome will help us to explain the prebiotic benefits of fucoidan. In this study, microbiome-metabolomics was used to reveal the health effects of fucoidan on mice.




2. Materials


2.1. Animals and Diets


SPF C57BL/6J mice (six weeks old, male) were purchased from Jinan Pengyue Experimental Animal Technology Co., Ltd. (Jinan, China). Mice were housed under environmentally controlled conditions (with humidity of 40–60%, temperature of 20–25 °C, and 12 h/12 h light/dark cycles). All the mice had free access to water and corresponding intervention diets. After a week of adaptation to the breeding environment, mice were divided into two groups (n = 8 for each group): the control and fucoidan group (FU group). All mice were fed a normal chow diet (NCD, D12450B) for 10 weeks. Mice in the FU group drank water containing 1% fucoidan (Qingdao Bright Moon Seaweed Group Co., Ltd., Qingdao, China) for 10 weeks. Body weight was monitored every two weeks. Feces were collected individually at the end of 10 weeks, and stored in liquid nitrogen immediately. Animal treatment was ratified by the Animal Protection Ethics Committee of Yantai University. Animal experiments were in line with the Declaration of Helsinki and international guidelines on animal experiments.




2.2. Biochemical Analyses


At the end of the 10th week, blood samples of approximately 1 mL were drawn from the orbit. Blood was centrifuged at 3000 rpm for 15 min at 4 °C; then, the serum was separated and collected for further analysis. Levels of serum triglyceride (TG) and total cholesterol (TC) were detected with an automatic biochemistry analyzer (Roche Diagnostics, Cobas c 311, Basel, Switzerland). Serum lipopolysaccharide binding protein (LBP) concentration was analyzed by the Mouse LBP ELISA Kit (Abcam, Cambridge, UK).




2.3. Microbiota Analysis


Microbiota samples were extracted from feces using the QIAamp DNA stool kit (QIAGEN Inc., Germantown, MD, USA). The variable V3–V4 regions of the 16S rRNA genes were amplified by the primers of 515F ‘GTGCCAGCMGCCGCGGTAA’ and 806R ‘GGACTACHVGGGTWTCTAAT’. The purified amplicons were analyzed using paired-end sequencing on an Illumina NovaSeq System (San Diego, CA, USA). The sequences were clustered into operational taxonomic units (OTUs) with 97% identity. The unweighted UniFrac distance matrix was used to perform ANOSIM statistical tests through QIIME (Version 1.9.1). The original raw sequence data of the mouse gut microbiota were deposited in NCBI Sequence Read Archive (SRA) under the accession number SUB9310543.




2.4. Metabolome Analysis


Metabolome samples of mice feces were analyzed using Exion LC (SCIEX) equipped with a QTRAP6500+ mass spectrometer (SCIEX, Framingham, MA, USA). Samples were detected using a BEH C8 column (1.7 μm × 2.1 mm × 100 mm, Waters) with a flow rate of 0.35 mL/min in positive electrospray ionization mode. The mobile phase was 0.1% (v/v) formic acid-water and 0.1% (v/v) formic acid-acetonitrile. Samples were detected using a HSS T3 column (3.5 μm × 4.6 mm × 250 mm, Waters) with a flow rate of 0.35 mL/min in negative electrospray ionization mode. The mobile phase was 6.5 mmol/L ammonium bicarbonate and 6.5 mmol/L ammonium bicarbonate-95% (v/v) methanol. Metabolites were further analyzed according to a previous method [10].




2.5. Statistical Analysis


Data were analyzed using GraphPad Prism version 6.0 (San Diego, CA, USA). The t-test was used to evaluate the difference between the two groups; p < 0.05 was considered to indicate significantly different.





3. Results


3.1. Effects of Fucoidan on Body Weight and Plasma Lipid Profile


There was no significant difference in average body weight gain between the fucoidan and control groups (Figure A1). Fucoidan treatment after 10 weeks significantly decreased serum TG level and serum LBP concentration compared with the control group (Figure A1B,C). Compared with the control group, fucoidan supplementation reduced concentrations of total cholesterol (TC) and LBP by 13.62% and 43.61%, respectively.




3.2. Effects of Fucoidan on Microbial Communities


The changes in bacterial communities after 10 weeks of fucoidan administration were analyzed by nonmetric multidimensional scaling, which demonstrated a distinct clustering of microbiota composition for the control and fucoidan groups (Figure A2). ANOSIM analysis further proved that fucoidan supplementation significantly modulated gut microbial communities (Figure A2B; p = 0.001).



The two most numerous phyla were Firmicutes and Bacteroidetes, accounting for more than 97.44% of the total phyla (Figure A2C). The abundance of Firmicutes, Actinobacteria, and unidentified-bacteria phyla was significantly higher in the fucoidan group than in the control. However, fucoidan treatment significantly decreased the abundance of Bacteroidetes, Proteobacteria, Tenericutes, and Verrucomicrobia phyla (Figure A2C). Furthermore, we observed a marked increase in the abundance of the Lactobacillaceae family, and a significant decrease in the populations of Erysipelotrichaceae, Muribaculaceae, Ruminococcaceae, Bacteroidaceae, and Rikenellaceae families after fucoidan treatment (Figure A2D).




3.3. Effects of Fucoidan on Bacterial Genera and Species


Further analysis of microbial genera indicated that fucoidan treatment significantly reduced the abundance of Alistipes, Marvinbryantia, Dubosiella, unidentified Lachnospiraceae, Anaerotruncus, Lachnoclostridium, Parasutterella, Allobaculum, Faecalibaculum, Roseburia, Harryflintia, Intestinimonas, Parabacteroide, Muribaculum, Mucispirillum, Oscillibacter, Akkermansia, Tyzzerella, unidentified Ruminococcaceae, Bacteroides, and Ruminiclostridium genera, whereas fucoidan supplementation after 10 weeks significantly increased the abundance of Lactobacillus, Romboutsia, and Turicibacter genera (Figure A3). Moreover, Lactobacillus animalis, Lactobacillus gasseri, Lactobacillus reuteri, and Parabacteroides distasonis were significantly enriched in the fucoidan group (Figure A4A–D). However, a significant decrease in Bacteroide acidifaciens, Mucispirillum schaedleri, Alistipes finegoldii, and Clostridium leptum was observed after fucoidan treatment (Figure A4E–H).




3.4. Effects of Fucoidan on the Metabolomics


Principal component analysis (PCA) demonstrated a distinct separation between the control and fucoidan groups (Figure A5A). All differential metabolites between the control and fucoidan groups are visualized in a volcano plot (Figure A5B). The larger variable importance in the projection (VIP) values were regarded as the more important biomarkers for differentiating the control and fucoidan groups. The most significant differential metabolic pathways were biosynthesis of amino acids, glycine, serine, and threonine metabolism; thiamine metabolism; and tryptophan metabolism (Figure A5C). Individual metabolites analysis further proved that tryptophan-related metabolites, including indoleacrylic acid, 3-indoleacrylic acid, and 5-hydroxytryptamine, were all significantly increased by fucoidan treatment (Figure A5D and Supplementary Figure S1). The levels of histidine and branched chain amino acids (BCAAs), including leucine, isoleucine and valine, were significantly increased by fucoidan supplementation (Figure A5D and Supplementary Figure S1).




3.5. Spearman Correlation Analysis


Correlation analysis showed that Lactobacillus animalis demonstrated significantly negative correlations with TG level (Figure A6), and the abundance of Parabacteroides distasonis, Bacteroides acidifaciens, Mucispirillum schaedleri, Alistipes finegoldii, and Clostridium leptum had significantly positive correlations with TG level (Figure A6). The abundance of Lactobacillus gasseri and Lactobacillus reuteri exhibited significantly negative correlations with LBP concentration (Figure A6). The abundance of Mucispirillum schaedleri exhibited significantly positive correlation with LBP concentration (Figure A6).



Tryptophan-related metabolites in mice feces, including methyl indole-3-acetate, 3-indoleacrylic acid, and 5-hydroxytryptamine, showed significantly positive correlation with Lactobacillus gasseri populations (Figure A7A). Most of the differential organic acid and its derivatives, such as levels of 5-aminolevulinate, cis-4-hydroxy-D-proline, 6-aminocaproic acid, urocanic acid, indoleacrylic acid, N-methyl-a-aminoisobutyric acid, aminomalonic acid, guanidineacetic acid, DL-o-tyrosine, and L-homoserine, were noticeably increased in the fucoidan group and showed a positive correlation with Lactobacillus animalis and Lactobacillus gasseri populations (Figure A5D and Figure A7A). Conversely, correlation analysis between mice gut microbiota species and amino acid in mice feces and its derivatives indicated that Lactobacillus animalis, Lactobacillus gasseri, and Lactobacillus reuteri populations demonstrated negative correlations with concentrations of l-methionine, dl-leucine, N-acetyl-l-glutamic acid, 3-nitro tyrosine, d-phenylalanine, dl-threonine, and dl-tyrosine in mice feces (Figure A7B); and Parabacteroides distasonis, Bacteroides acidifaciens, Mucispirillum schaedleri, Alistipes finegoldii, and Clostridium leptum populations demonstrated positive correlations with l-phenylalanine, l-tyrosine, l-tryptophan, l-isoleucine, l-methionine, d-methionine, dl-leucine, N-acetyl-l-glutamic acid, 3-nitro-tyrosine, d-phenylalanine, dl-threonine, dl-tyrosine, l-methionine sulfone, asparagine, S-sulfo-l-cysteine, dl-norvaline, isoleucine, d-norleucine, dl-valine, norvaline, methionine, tyrosine, alanine- glycine, histidine, aspartate-phenylalanine, d(-)-arginine, dl-arginine, and d-histidine (Figure A7B).





4. Discussion


The beneficial effects of plant-derived polysaccharides on host health have gradually been revealed, for example, inulin alleviated endotoxemia and inflammation induced by high-fat diet via its prebiotic influence in C57BL/6J mice [11]. In our study, fucoidan supplementation decreased serum TG and TC levels in mice. Higher TG and TC levels represent a disorder in lipid metabolism; high TC and TG levels increase the risk of pancreatitis and cardiovascular diseases [12,13]. Furthermore, correlation analysis indicated that Lactobacillus gasseri and Lactobacillus animalis had negative correlations with TG level. These two species were also significantly enriched by fucoidan. Lactobacillus gasseri reduced body weight gain and improved glucose tolerance in rats via prompting energy expenditure [14]. Lactobacillus gasseri supplementation significantly decreased visceral fat weight and liver TG concentration in KK-Ay mice (animal model of type 2 diabetes) fed a high-fat diet [15]. It was indicated that the reduction in TG levels after fucoidan administration might be associated with the enrichment in Lactobacillus gasseri and Lactobacillus animalis populations.



Lipopolysaccharide (LPS)-binding protein acts as a marker of metabolic endotoxemia. Fucoidan administration demonstrated an ability to reduce serum LBP in mice in our results. Previous research has demonstrated that dysfunction of intestinal permeability or damaged epithelium leads to enhancing the LPS in the intestinal lumen, and LPS further entering the systemic circulation causes metabolic diseases and inflammation [16,17,18]. Intraperitoneal administration of LPS caused neuroinflammatory response and spatial learning impairments [19]. LPS led to testicular damage, apoptosis, and inflammation in spermatogonial stem cells [20]. Interestingly, Lactobacillus gasseri and Lactobacillus reuteri, enriched by fucoidan supplementation, showed negative associations with serum LPS concentration, which is consistent with the general anti-inflammatory characteristics of Lactobacillus gasseri and Lactobacillus reuteri populations [21,22].



Tryptophan generated from gut microorganisms is an important signaling molecule in the interaction between host and microorganisms, which might contribute to the enteroendocrine system and metabolic homeostasis including glucose metabolism [23]. A recent study reported an association between tryptophan-related metabolites and the activity of Aryl hydrocarbon receptor (AhR), suggesting that these metabolites might serve as biomarkers representative of intestinal AhR activity to contribute to mucosal homeostasis [24]. In our study, the concentrations of tryptophan-related metabolites indole acrylic acid, 3-indoleacrylic acid, and 5-hydroxytryptamine in mice feces significantly increased after fucoidan supplementation, and the three metabolite concentrations were positively correlated with Lactobacillus animalis and Lactobacillus gasseri populations. Lactobacillus reuteri was reported to improve constipation via modulating serum 5-hydroxytryptamine concentration in patients with functional constipation [25].



A previous study found that indole acrylic acid promoted function of the intestinal epithelial barrier and reduced the inflammatory response in mice by promoting goblet cell differentiation and mucus formation, possibly mediated by AhR activation [23]. Indole acrylic acid was also proven to be absorbed through the intestinal epithelium and to enter systemic circulation, which exerts antioxidant and anti-inflammatory activity [23]. Additionally, 5-hydroxytryptamine was shown to improve intestinal inflammation, such as dextran sulfate sodium-induced colitis in mice [26]. Both indole acrylic acid and 5-hydroxytryptamine reduced pro-inflammatory cytokines in macrophages and inhibited the migration of cells toward a chemokine [24]. The study suggested that fucoidan supplementation might improve host disorders and inflammatory responses by enhancing tryptophan-related metabolites, which is also supported by the enrichment in the Lactobacillus genus in mice.



Histidine, an essential amino acid in childhood, plays an important role in host homeostasis. This study found that after fucoidan supplementation, the concentration of histidine in mice feces increased by 61.77% compared with the control group. Histidine-related metabolites histidine dipeptides, such as carnosine, are considered scavengers of reactive carbonyl species (RCS), which exhibited a potential pathogenic role in obesity and related metabolic disorders [27]. Importantly, histidine was observed to be associated with the progression of malignant tumors. A histidine-rich diet enhanced the inhibitory efficiency of low-dose methotrexate on solid tumors and reduced methotrexate toxicity in mice [28]. Kanarek et al. [29] also reported the similar finding that a histidine-rich diet increased the inhibitory sensitivity of antitumor drugs in mice via consuming the tetrahydrofolate of cancer cells.



Branched chain amino acids (BCAAs), including leucine, isoleucine, and valine, play important roles in regulating energy homeostasis, nutritional metabolism, intestinal health, and the immune response in both animal and human subjects [30]. In our results, fucoidan supplementation significantly increased the contents of leucine, isoleucine, and valine. Previous studies showed that leucine- and valine-related products 3-hydroxyisobutyrate and β-amino-isobutyric acid play signaling molecule roles, such as activating protein synthesis and insulin secretion [31]. Intake of BCAAs (leucine, isoleucine, and valine) contributed to the recovery of muscle after exercise and improvement in muscle function in human subjects. [32]. Leucine supplementation stimulated muscle protein synthesis by activating the mTOR signaling pathway [33].



In conclusion, fucoidan exerts prebiotic effects on healthy mice by lipid modulation and endotoxemia reduction, which might be associated with its capability to regulate the gut microbiota of species such as Lactobacillus animalis, Lactobacillus gasseri, and Lactobacillus reuteri, as well as its ability to modulate metabolomics, such as tryptophan-related metabolites (Figure A8). Our findings provide a dietary strategy to improve host metabolism.
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Figure A1. Effects of fucoidan supplementation in mice after 10 weeks on (A) body weight, (B) triglyceride, (C) total cholesterol, and (D) lipopolysaccharide-binding protein levels. ** p < 0.01. Blank square, control group; grey square, fucoidan group. 
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Figure A2. Bacterial community analysis. (A) Nonmetric multidimensional scaling (NMDS) and (B) ANOSIM analysis. The top 10 (C) phyla and (D) families. ↑, the genera increased by fucoidan supplementation in mice after 10 weeks; ↓, the genera decreased by fucoidan supplementation in mice after 10 weeks. * p < 0.05, ** p < 0.01. 
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Figure A3. Fucoidan supplementation caused distinct shifts in the bacterial genera in mice. 
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Figure A4. Fucoidan supplementation caused distinct shifts in the (A–H) bacterial species in mice. * p < 0.05, ** p < 0.01. Blank square, control group; grey square, fucoidan group. 
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Figure A5. Analysis of fecal metabolites in mice (n = 8). (A) Principal component analysis (PCA) and (B) volcano plot. Each dot represents one metabolite. Red dots represent the metabolites significantly upregulated and green dots represent the metabolites significantly downregulated by fucoidan treatment. The dot size represents the VIP value. (C) Metabolic pathways disturbed by fucoidan supplementation. The smaller the p value, the more reliable and statistically significant the test. (D) All the differential metabolites between the control and fucoidan groups. ↑, upregulated by fucoidan administration after 10 weeks; ↓, downregulated by fucoidan administration after 10 weeks. * p < 0.05, ** p < 0.01. 
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Figure A6. Spearman correlation analysis between bacterial species and serum biochemical indicators of TG, TC, and LBP in mice. TG, triglyceride. TC, total cholesterol. LBP, lipopolysaccharide-binding protein. n = 8 for each group. The r value represents the correlation coefficient. * p < 0.05, ** p < 0.01. 
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Figure A7. Spearman correlation analysis. (A) Correlation analysis between bacterial species and tryptophan-related metabolites, and organic acid and its derivatives. (B) Correlation analysis between bacterial species and amino acid and its derivatives. n = 8 for each group. The r value represents the correlation coefficient. * p < 0.05, ** p < 0.01. 
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Figure A8. Microbiome-metabolomics reveals prebiotic benefits of fucoidan in mice. TG, triglyceride. TC, total cholesterol. LBP, lipopolysaccharide-binding protein. BCAAs, branched chain amino acids. 
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