


Review Article
The Gut-Metabolic Axis: Role of Algal Fucoidans and Ulvans in Attenuating Systemic Inflammation and Insulin Resistance
	ABSTRACT
This narrative review synthesizes findings from peer-reviewed literature retrieved from PubMed, Scopus, and Web of Science databases, focusing on studies published between 2000 and 2025 that investigate the effects of fucoidans and ulvans on gut microbiota, intestinal barrier function, and metabolic outcomes. The gut-metabolic axis, defined as the bidirectional relationship between the gut microbiota and host metabolism, is a paramount modulator of health and disease. Dysregulation of this axis is increasingly recognized in the pathophysiology of insulin resistance (IR) and type 2 diabetes mellitus (T2DM), conditions frequently driven by chronic low-grade systemic inflammation. A key mediator of this inflammatory state is metabolic endotoxemia, resulting from augmented intestinal permeability and translocation of lipopolysaccharide (LPS) into the systemic circulation. Among marine-derived bioactive compounds, brown seaweed fucoidans and green seaweed ulvans have attracted considerable attention for their capacity to modulate the gut-metabolic axis. These sulfated polysaccharides serve as prebiotics that selectively promote beneficial gut bacteria, including Lactobacillus, Bifidobacterium, and Akkermansia muciniphila, thereby enhancing short-chain fatty acid (SCFA) production. SCFAs, particularly butyrate, play essential roles in sustaining gut barrier integrity, modulating immune responses, and improving glucose homeostasis. Beyond their prebiotic effects, fucoidans and ulvans exert direct anti-inflammatory activities by inhibiting the NF-κB/MAPK signaling cascades and suppressing TLR4-mediated LPS recognition. Through these complementary mechanisms—gut ecosystem modulation, intestinal barrier reinforcement, and attenuation of inflammatory signaling—these algal polysaccharides represent a promising therapeutic strategy for metabolic disorders. Their potential applications extend to functional foods, nutraceuticals, and dietary supplements for the prevention and management of obesity, T2DM, and metabolic syndrome. However, it should be noted that the current evidence is predominantly derived from in vitro and animal studies, with limited clinical trials in human populations, underscoring the need for well-designed, long-term human intervention studies to validate their therapeutic efficacy and establish optimal dosing regimens.
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1. INTRODUCTION
[bookmark: _GoBack]The worldwide prevalence of metabolic diseases, especially type 2 diabetes mellitus (T2DM) and obesity, is at an epidemic proportion with serious implications on global health care systems. It was estimated that in 2021 nearly 537 million adults had diabetes, and this number is expected to increase to approximately 783 million by the year 2045 (Sun et al., 2022). There is increasing evidence that chronic, low-grade systemic inflammation is a key pathophysiological mechanism connecting obesity to insulin resistance and subsequent T2DM development (Boulangé et al., 2016; Hotamisligil, 2006). Gut microbiota, a diverse community of trillions of microorganisms in the gastrointestinal tract, has been recognized as a crucial regulator of host metabolism and immune responses that operates through interrelated gut–metabolic axis by modulation of microbial metabolites, immunological signaling pathways and host–microbial crosstalk (Zeng etal., 2025; Afsal et al., 2022).
Changes in the gut microbiota due to its composition and function (dysbiosis) can cause serious disturbances to metabolic homeostasis. A major consequence of dysbiosis is the loss of integrity of the intestinal barrier, leading to enhanced intestinal permeability, which is often referred to as a ‘leaky gut.’ This compromised barrier allows the passage of microbial products including lipopolysaccharides from gut lumen into systemic circulation, leading in turn to chronic low-grade inflammation that promotes metabolic dysfunction (Tilg et al., 2020; Di Vincenzo et al., 2024). This phenomenon termed metabolic endotoxemia is a key contributor to the low-grade systemic inflammation observed in metabolic diseases (Park et al., 2024; Mohammad & Thiemermann, 2021; Cani et al., 2007). In the circulation, LPS activates the innate immune system by binding to Toll-like receptor 4 (TLR4) on immune cells and induces downstream inflammatory signal transduction pathways such as nuclear factor-κB (NF-κB), and mitogen-activated protein kinase (MAPK). This excessive production of pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), inhibit insulin signaling in peripheral tissues such as the liver, muscle, and adipose tissue leading to insulin resistance (Peña-Durán et al., 2025; Shoelson et al., 2006).
Due to the importance of gut-metabolic axis in pathogenesis of these disorders, intervenes targeting the gut microbiota and stimulating intestinal barrier function are potential therapeutic strategies. Dietary interventions, specifically prebiotics, have shown great potential. The International Scientific Association for Probiotics and Prebiotics restrictive the definition of prebiotics to substances that are selectively utilized by host microorganism whose health benefits is evidenced (Back et al., 2024; Swanson et al., 2020; Gibson et al., 2017). Marine macroalgae, commonly known as seaweed are abundant in unique polysaccharides with profuse bioactive activities underexploited. Dietary fibre content is particularly high for macroalgae, accounting for 30%–75% of their dry weight and comprising both sulfated and non-sulphated polysaccharides (Matos et al., 2024; Gotteland et al., 2020; Wells et al., 2017).
The present review focuses on two of the most relevant families of sulphated algal polysaccharides: fucoidans from brown algae (Phaeophyceae) and ulvans from green algae (Chlorophyta). These polysaccharides have shown great promise in the alleviation of systemic inflammation and insulin resistance due to various modulatory effects on the gut–a metabolic axis. The potential mechanisms underlying fucoidan and ulvan modulation of the gut microbiota, as pertains to gut microbial composition and function, including beneficial production of short chain fatty acids (SCFAs), enhancement of GI barrier integrity, and resolution of inflammation at cellular and molecular levels are discussed. Moreover, this review summarizes the current knowledge base regarding therapeutic implications of these marine-derived polysaccharides in their application against metabolic disorders associated with chronic inflammation and insulin-resistance.
2. METHODOLOGY 
The present narrative review aims to provide the state-of-the-art of available studies focused on the potential use of algal fucoidan and ulvan in regulating the gut-metabolic axis. All information reported was collected through a comprehensive review of scientific literature from electronic databases PubMed, Scopus, Web of Science and Google Scholar. The search concentrated on literature from 2000 to 2025, giving priority to recent papers over the last decade that, snapshots new insights in the field. The following key words were used to search: ‘fucoidan,’ ‘ulvan,; ‘algal polysaccharides,’ ‘gut microbiota,’ ‘gut-metabolic axis,’ ‘insulin resistance’ combined with ‘systemic inflammation,’ and/or ‘metabolic endotoxemia.’ Literature was included if it addressed topics relevant to the themes of the review, such as investigations into structural features of these polysaccharides and their prebiotic effects in addition to metabolic and inflammatory pathways that they can affect. The review synthesizes key findings from in vitro, animal, and human studies to construct a cohesive narrative on the topic, identify areas of consensus, and highlight gaps in the current understanding.
3. THE GUT-METABOLIC AXIS: A KEY REGULATOR OF SYSTEMIC INFLAMMATION AND INSULIN RESISTANCE
The gut-metabolic axis is a two-way communication system between the gut microbiota, the intestinal barrier, and host metabolic and immune systems. In the absence of pathogens and in a functional state, this axis is finely tuned and ensures efficient nutrient assimilation, energy homeostasis and immune tolerance. But its dysregulation is a feature of metabolic disorders and offers an important intervention target
3.1. Gut Dysbiosis and Metabolic Endotoxemia
Gut dysbiosis, with a decrease in microbial diversity and a disbalance between beneficial and pathogenic species, is a key trigger for the perturbation of the gut metabolic axis. In the Western world diets rich in fat and sucrose are associated with this dysbiosis, stimulating growth of Gram-negative population while decreasing beneficial bacteroidal SCFA-producers (Du et al., 2025; Boulangé et al., 2016; Turnbaugh et al., 2009). This microbial scenery change has severe implications for the intestinal barrier integrity.
The intestinal barrier is an intricate multi-layered system engineered to protect against the movement of deleterious compounds from the lumen of the gut into the bloodstream, and yet permit absorption selectively of nutrients. It consists of a physical barrier, made by a single layer of intestinal epithelial cells (IECs) linked together through tight junctions and a chemical one in which mucus and antimicrobial peptides are secreted, as well as immunological barrier which includes gut-associated lymphoid tissue (GALT)(Neurath et al., 2025; Régnier et al., 2021). Gut dysbiosis can affect each of these four layers that make up the gut barrier and promote intestinal permeability. For instance, a decrease in mucin-producing bacteria (e.g., Akkermansia muciniphila) can lead to thinning of the mucus layer and an overgrowth of certain pathogenic bacteria that produce metabolites harmful to tight junction proteins (Shaheen et al., 2025; Zhao et al., 2024; Everard et al., 2013).
[image: ]Figure 1. The gut-metabolic axis in health versus dysbiosis.
In the healthy state (left), diverse beneficial microbiota (Lactobacillus, Bifidobacterium, Akkermansia) produce abundant SCFAs, maintaining an intact mucus layer and tight junctions, resulting in low LPS translocation and normal insulin signaling. In dysbiosis (right), Gram-negative bacteria predominate, SCFAs decline, and barrier dysfunction permits LPS translocation, triggering macrophage activation and pro-inflammatory cytokine release (TNF-α, IL-6, IL-1β), leading to insulin resistance and metabolic disease
This enhanced permeability is responsible for the passage of LPS from the gut lumen to systemic circulation, a phenomenon referred to as metabolic endotoxemia. Cani et al. (2007) were the first to show that a high-fat diet in mice chronically raised plasma LPS levels by 2–3 fold, which was adequate to stimulate metabolic inflammation without frank infection. Circulating LPS is a strong pro-inflammatory stimulus even at such low concentrations. It engages the TLR4 complex at the surface of immunity cells such as macrophages or adipocytes leading to a signalling cascade which ultimately leads to activation of NF-κB and MAPK. This then activates transcription and release of a panel of pro-inflammatory cytokines including TNF-α, IL-1β and IL-6 (Park et al., 2004; Mohammad & Thiemermann, 2021).
This chronic low-grade inflammatory condition is one of the major factors inducing insulin resistance in the periphery. It has for example been reported that TNF-α can directly block insulin signaling by stimulating the phosphorylation of IRS-1 at inhibitory serine residues (Ser307) thus interfering with activation of the downstream insulin signalling cascade and glucose uptake (Yang et al., 2024; Chandrasekaran, & Weiskirchen, 2024 Hotamisligil et al.,. 1996). IL-6 further promotes insulin resistance by increasing the expression of suppressor of cytokine signalling 3 (SOCS3) which counteracts with insulin receptor signalling (Mir et al., 2025; Senn et al., 2003). Therefore, metabolic endotoxemia establishes a positive feedback in which gut-derived inflammation further drives metabolic dysfunction.
3.2. The Role of Short-Chain Fatty Acids (SCFAs)
SCFAs are the primary metabolites produced by anaerobic bacterial fermentation of fibers, and resistant starches ingested in the diet within the colonic lumen. The main SCFAs are acetate (C2), propionate (C3) and butyrate (C4), which can be found in the colon with a molar ratio of approximate 60:20:20, respectively (Thulasinathan et al., 2025; den Besten et al., 2013; Cummings et al., 1987). This waste isn't just a throwaway product, but important signalling molecules that are central to helping maintain gut health and metabolism. Especially butyrate is the main energy source for colonocytes, i.e. the epithelial cells which line to colon, supplying about 70% of their metabolic demand (He et al., 2020; Donohoe et al., 2011). By energizing these cells, butyrate supports the gut barrier through upregulating the expression of tight junction proteins such as occludin and zonula occludens-1 (ZO-1) and mucus secretion (Parada Venegas et al., 2019; Peng et al., 2009).
In addition to their local gut effects, SCFAs can enter the systemic circulation and beneficially influence peripheral tissues. They exert a beneficial role in increasing insulin sensitivity and glucose homeostasis by multiple mechanisms. SCFAs activate G-protein coupled receptors (GPCRs) predominantly GPR41 (FFAR3) and GPR43 (FFAR2), which are present on many cell types, such as enteroendocrine L-cells, adipocytes, immune cells and pancreatic β-cells (Kimura et al., 2020; Pingitore et al., 2017; Canfora et al., 2015). In L-cells, GPR43 activation increases gut hormones including glucagon-like peptide-1 (GLP-1) and peptide YY (PYY). GLP-1 stimulates glucose-dependent insulin secretion by pancreatic β-cells, suppresses glucagon release, and slows down gastric emptying, leading to a better control of postprandial hyperglycemia (Müller et al., 2019; Tolhurst et al., 2012). PYY suppresses appetite with food restriction.
In addition, SCFAs have been found to exhibit anti-inflammatory properties in their own right. In particular, butyrate is a strong inhibitor of histone deacetylases (HDACs), enzymes that control gene expression. Through HDAC inhibition, butyrate may also block gene transcription of pro-inflammatory cytokines in immune cells, such as TNF-α and IL-6 (Wang et al., 2024; Korsten et al., 2023; Davie, 2003). Propionate and acetate further aid immune regulation by influencing the Tregs differentiation and function, which are necessary for maintaining immune tolerance as well as inhibiting exuberant inflammation (Tan, et al., 2023; Hu et al., 2022; Smith et al., 2013). A decrease in SCFA-producing bacteria is a hallmark of gut dysbiosis among those with metabolic syndrome, and T2DM (De la Cuesta-Zuluaga et al., 2021; Fan& Pedersen, 2021; Qin et al., 2012). This deficiency not only destabilizes the intestinal barrier leading to a further sensitization for metabolic endotoxemia, but is also responsible for deficient host health promoting effects of SCFAs and thus contributes to a self-aggravating situation fuelling inflammation and insulin resistance.
4. ALGAL POLYSACCHARIDES: STRUCTURE AND BIOACTIVE PROPERTIES
Marine algae are considered a rich source of bioactive compounds, with the complex polysaccharide matrixes garnering significant interest for their beneficial effects on human health. A noteworthy distinction about algal polysaccharides is that most of them are sulphated, unlike those from terrestrial plants, and this characteristic contributes to its distinctive biological activities and structural variation (Senthil, 2024; Wijesekara et al., 2011; Aquino et al., 2011). Thanks to their unique structures, fucoidans and ulvans have been established as powerful modulators of the gut-metabolic axis
4.1. Fucoidans: Structure and Sources
Fucoidans are a group of fucose-containing sulphated polysaccharides widely distributed in the cell wall of brown algae (Phaeophyceae) such as Fucus vesiculosus, Undaria pinnatifida (wakame), Laminaria japonica (kombu), Sargassum spp., and Ascophyllum nodosum (Usov et al., 2022; Ale et al., 2011). Structurally, the fucoidans are relatively complex and heterogeneous, and depend significantly with plant species, latitude at which the plant grows in, season of harvesting and extraction technique employed (Mabate et al., 2021). The main chain of fucoidan is usually composed of α-(1→3)- and/or α-(1→4)-linked L-fucopyranose. These backbones may also be further decorated with branches and/ or substitutions of sulphate groups at one (C-2 ), two (C-2, C-3 )or four(C-2, C-3,C 4) positions, and other monosaccharaides (e.g.galactose,mannose,.xylose, glucose, and uronic acids) (Zhou et al., 2024; Mensah et al.,2023; Bilan et al., 2025).
The level of sulfation, position of sulphates groups, and molecular weight are crucial for the biological activity of fucoidan. Generally, higher sulphate content and lower molecular weight have been known to result in better bioactivity such as anti-inflammatory and antioxidant effects because of the increased solubility and bioavailability. The native fucoidan exhibits a molecular weight in the range of 10-1,000 kDa, and depolymerisation methods are frequently applied to prepare low-molecular-weight fucoidan (LMWF) with higher therapeutic bioactivity (Abbas et al., 2025; Mabate et al., 2021).
Table 1: Comparative Structural and Source Characteristics of Fucoidans and Ulvans
	Feature
	Fucoidan
	Ulvan

	Polysaccharide Type
	Fucose-containing sulfated polysaccharide
	Sulfated polysaccharide with rhamnose and uronic acids

	Algal Source (Phylum)
	Brown Algae (Phaeophyceae)
	Green Algae (Chlorophyta)

	Common Species
	Fucus vesiculosus, Undaria pinnatifida, Laminaria japonica, Sargassum spp., Ascophyllum nodosum
	Ulva lactuca, Ulva rigida, Ulva prolifera, Ulva linza

	Backbone Structure
	Primarily α-(1→3)- and/or α-(1→4)-linked L-fucopyranose
	Repeating disaccharide units of rhamnose and uronic acid

	Key Monosaccharides
	L-fucose, galactose, mannose, xylose, glucose, uronic acids
	L-rhamnose, D-glucuronic acid, L-iduronic acid, D-xylose

	Sulphate Position
	C-2, C-3, or C-4 of fucose residues
	Primarily C-3 of rhamnose residues

	Sulphate Content (% dry weight)
	5–38%
	16–23%

	Molecular Weight Range
	10 kDa to >1,000 kDa
	100 kDa to 900 kDa

	Key Bioactivity Determinants
	Degree and position of sulfation, molecular weight, monosaccharide composition
	Degree of sulfation, molecular weight, presence of iduronic acid

	Unique Structural Feature
	Highly branched with acetyl groups
	Contains rare L-iduronic acid (similar to mammalian GAGs)


4.2. Ulvans: Structure and Sources
Ulvans are water-soluble sulphated polysaccharides isolated from cell wall of green seaweeds, mainly belonging to the genera Ulva (e.g., Ulva lactuca, Ulva rigida and Ulva prolifera) popularly known as sea lettuce (Zhao et al., 2025; Lahaye & Robic, 2007). Ulvans are a relevant part of the algal dry matter content, ranging between 8 and 29%. By and large, ulvan is composed of repeated disaccharide units, such as ulvanobiuronic acids. They are composed of either β-D-glucuronic acid (1→4)-linked to α-L-rhamnose 3-sulfate (type A) or α-L-iduronic acid (1→4)-linked to α-L-rhamnose 3-sulfate (type B); xylose residues can also substitute for the uronic acids (Barakat et al., 2022;  Kidgell et al., 2020).
Like fucoidans, the biological activity of ulvans depends on its molecular weight, degree of sulphation, and monosaccharide content. Ulvans have also distinguishing characteristics as other cell wall polysaccharides, where the presence of iduronic acid, an unusual sugar in nature is a typical feature that might influence their bioactivities (because iduronic acid is found on mammalian glycosaminoglycans such as heparin and dermatan sulphate) (Kamali et al., 2025; Lahaye & Robic, 2007). Ulvans have shown diverse bio-activities including antioxidant, immunomodulatory, anti-inflammatory and antihyperlipidemic effects (Li et al., 2018; Alves et al., 2013; Qui et al., 2012).
5. MECHANISMS OF ACTION: MODULATION OF THE GUT-METABOLIC AXIS
Fucoidans and ulvans employ a multi-pronged approach to combat systemic inflammation and insulin resistance, acting both indirectly through the modulation of the gut microbiota and directly on host cells and signalling pathways.
5.1. Prebiotic Effects and Gut Microbiota Modulation
A predominant feature of both fucoidans and ulvans is that they are resistant to digestion by human GI enzymes which enables them to largely transit the colon intact, acting as a fermentation substrate for the resident gut microbiota (Sun et al., 2025; O’Sullivan et al., 2010) This prebiotic effect has been extensively explored using in vitro and in vivo approaches.
Fucoidan studies: Several researches showed prebiotic nature of fucoidans. In vitro fermentation trials with human faecal inoculum confirmed that fucoidans are fermentable by human gut bacteria and produce SCFAs, mainly acetate and propionate (Zhou et al., 2025; Zhou et al., 2010). These findings have also been supported by animal studies. Shang et al. (2016) revealedthat-2A,3C-Bra supplementation with fucoidan from Laminaria japonica and Ascophyllum nodosum strikingly stimulated the abundance of beneficial bacteria(Lactobacillus and members of Ruminococcaceaefamily) in mice. In another study, supplementation of high-fat diet-fed mice with fucoidan led to an increased presence of Akkermansia muciniphila in their gut microbiome which is a mucus utilizing bacterium strongly associated with better metabolic health and reduced inflammation (Zhang et al., 2022; Shang et al., 2017). Fucoidan has also been shown to ameliorate dyslipidemia and modulate the gut microbiota by increasing beneficial bacteria like Bacteroides and Bifidobacterium while decreasing harmful bacteria (Limijadi et al., 2025; Chen et al., 2019; Liu et al., 2018). Recent reports have documented that fucoidan acts as a modulator of gut microbiota and has an anti-inflammatory effect in other models, such as inflammatory bowel disease (IBD) indicating additional therapeutic potential (Li et al., 2024; Zhang et al., 2025).
Ulvan: Ulvans have been also reported to have strong prebiotic effects. Pratap et al. (2022) found that dietary ulvan exerted a positive modulation on the gut microbiota in mice and led to an expansion of favourable genera. In vitro fermentation experiments have demonstrated that ulvan derived from U. linza is fermentable with human faecal microbiota, resulting in a decline in pH and elevation of SCFA generation as well as increase of the beneficial bacteria (Liang et al., 2024). Reduced levels of type 2 diabetes in mice were alleviated by polysaccharides prepared from Ulva lactuca, possibly due to a modulation of the gut microbiota and/or an improvement in metabolic parameters (Chen et al., 2022; Ruan et al., 2023). Seong et al. (2019) investigated the prebiotic effect of laminaran, porphyran, and ulvan utilizing in vitro human faecal fermentation, and ulvan was identified to have significant beneficial effects on the human gut microbiota besides laminaran.
Although two polysaccharides are capable of being prebiotics, their high sulphate content is a potential threat contributing to excessive H₂S production by sulphydrate-reducing bacteria in the gut (Yao et al., 2018; Gotteland et al., 2020). Thus beneficial physiological responses to H₂S signal formation and function are complex and concentration dependent; indeed high levels of H₂S may also be involved in contributing to colonic disease via impaired energy metabolism in colonocytes, as well as down regulation of butyrate oxidation (Blachier et al., 2021). This aspect is relevant in the use of these polysaccharides, and particularly ulvans that contain a major part of sulphate, which can be partially dissimilated into H2S by gut microbiome (Cui et al., 2024).
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Figure 2. Mechanisms of fucoidan and ulvan action via the gut-metabolic axis.
Algal polysaccharides (fucoidan, ulvan) promote beneficial gut microbiota (Lactobacillus, Bifidobacterium, Akkermansia) and SCFA production (acetate, butyrate, propionate). Enhanced tight junction proteins (occludin, ZO-1) and mucus layer integrity prevent LPS translocation, reducing systemic inflammation (↓TNF-α, ↓IL-6, ↑IL-10). Downstream effects include improved hepatic glucose metabolism, enhanced skeletal muscle insulin sensitivity (GLUT4), and protected pancreatic β-cells.

5.2. Enhancement of Intestinal Barrier Function
In addition, fucoidans and ulvans are responsible for increasing the growth of SCFA-producing bacteria, which supports the reinforcement of the intestinal barrier. The higher production of butyrate provides necessary energy to colonocytes, augments their performance and induces the expression of tight junction proteins such as occludin and ZO-1 (Liu etal.,2024; Caetano &Castelucci,2022). This reinforcement of the physical barrier decreases barrier permeability, which limits passage of LPS and other pro-inflammatory molecules across the luminal-to-serosal side preventing metabolic endotoxemia (Ye et al., 2024).
Fucoidan may have a direct beneficial effect on the intestine barrier. Zheng et al. (2025) reported that Undaria pinnatifida fucoidan ameliorated fiber deficiency-exacerbating colitis through the inhibition of MAPK/NF-κB-associated gut barrier damage. Also noteworthy is the expansion of A. muciniphila, further supporting a beneficial effect of fucoidan on gut barrier health, as this species has been implicated in maintaining the mucus layer, which is part of the intestinal barrier (Shang et al., 2017; Everard et al., 2013). Meanwhile, the ulvan polysaccharides have been found to ameliorate the gut barrier and regulate the gut microbiota in mice for constipation treatment (Liu et al., 2025). It should be noted, however, that most evidence for direct barrier-protective effects comes from animal models of induced colitis or high-fat diet feeding, and it remains unclear whether these effects are primarily a consequence of microbiota modulation or a truly independent, direct action on epithelial cells. Distinguishing between these mechanisms is an important goal for future mechanistic studies.
5.3. Direct Anti-inflammatory Effects
In addition to their prebiotic properties, fucoidans and ulvans might have direct immunomodulatory effects such as the interaction with different immune cells of the host and the control of important inflammatory pathways.
Fucoidan: Anti-inflammatory effects of fucoidan are well published. Park et al.(2011) demonstrated that Fucoidan from Fucus vesiculosus reduced the expression of pro-inflammatory mediators, such as nitric oxide (NO), prostaglandin E2 (PGE2), TNF-α and interleukin 1 beta (IL-1β) in LPS-stimulated BV2 microglia cells . This effect was associated with the inhibition of NF-κB activation, and reduction of extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinases (MAPK) phosphorylation. Fucoidan has also been reported to block the attachment of LPS onto TLR4 and hence, limit the triggering of inflammatory signaling (Qin et al., 2025; Phull & Kim, 2017). In a recent review by Apostolova et al. (2020) emphasized the immunomodulatory and anti-inflammatory properties of fucoidans, that inhibit macrophage functions by suppressing inflammatory cytokine production in several disease models. Fucoidan extracted from Sargassum autumnale was reported to suppress LPS-mediated inflammation in macrophage, by inactivating TLR/NF-κB signaling pathway (Liyanage et al., 2023). Fucoidan was also reported to act against lipid accumulation, oxidative stress, and NF-κB-induced inflammation in addition to the PI3K/AKT/Nrf2 pathway (Chu et al., 2025).
Ulvan: Anti-inflammatory properties are also remarkable for ulvans. Berri et al. (2017) showed that the ulvan derived from Ulva armoricana activates the PI3K/Akt signaling pathway through TLR4 in intestinal epithelial cells and then induces cytokines. Crucially, ulvan has been described to promote the production of the anti-inflammatory cytokine IL-10 necessary for inhibition of inflammation and tissue repair (Kidgell et al., 2019). Molecular mimicry of ulvan to mammalian glycosaminoglycans might also be responsible for its immunomodulatory effects by binding to pattern recognition and immune regulatory receptors including toll-like (TLR) and scavenger receptors. This glycosaminoglycan-like structure—sulphation patterns, uronic acid backbones etc.—is implicated in the modification of cytokine response and innate immune responses (Guevara-Torrejón et al., 2025; Son et al., 2024; Lahaye & Robic, 2007).
5.4. Improvement of Glucose Homeostasis and Insulin Sensitivity
The positive effects of fucoidans and ulvans on the gut metabolic axis lead to better glucose homeostasis and insulin resistance. The reduction in systemic inflammation alleviates the inflammatory pressure on insulin signaling pathways in peripheral tissues. These polysaccharides also increase SCFAs and gut hormones such as GLP-1, which further promote insulin secretion and action.
Fucoidan: The ability of fucoidans to mediate glucose metabolism by several pathways has been demonstrated. The fucoidans are found to have the capacity to inhibit the carbohydrate digestive enzymes, α-amylase and α-glucosidase. The downregulation of these enzymes by fucoidan slows the hydrolysis of complex carbohydrates to glucose in the small intestine and reduces postprandial glucose excursions (Din et al., 2025; Mabate et al., 2021; Wen et al., 2021). Fucoidan is also found to elevate the translocation of GLUT4 to membrane in muscle and adipose cells, resulting in glucose entries from blood (Liu et al., 2025; Sim et al., 2019). Liu et al. (2022) reported fucoidan protects liver, improved the glucose and lipid antigonistic effects in DM mice, by enhancing insulin sensitivity and reducing postprandial blood glucose. In addition, fucoidan has been shown to relieve diabetic skeletal muscle atrophy by reducing insulin resistance and improving disturbances in glucose metabolism (Li et al., 2024). Clinical trial study by Wright et al. (2019) studied the impact of a fucoidan extract on insulin resistance in obese, non-diabetic participants and reported that it did not significantly affect insulin resistance for 90 days which suggests that further investigations are required to identify dosages and target populations.
Ulvan: Ulvans and ulvan oligosaccharides have also been showed to possess major anti-diabetic properties. Ruan et al. (2023) demonstrated that Ulva lactuca polysaccharide (ULP) could attenuated type 2 diabetes in mice by enhancing insulin tolerance and the activities of antioxidant enzymes (SOD and CAT), while decreasing blood glucose, which might be attributable to intestinal flora. Chen et al. (2022) revealed the hypoglycemic and anti-aging efficacy of ULP involved with gut microbiota modulation in aging-related diabetic mice. The lipometabolism of high fat diet mice could be significantly regulated by ulvan oligosaccharide (Chi et al., 2023). Pung et al. (2022) showed that Ulva prolifera polysaccharides exert anti-obesity effects by modulating the gut microbiota in mice fed a high-fat diet. Zang et al. (2023) summarized the positive influences of seaweed compounds on metabolic syndrome and reported that ulvan and its oligosaccharides could ameliorate insulin resistance induced by obesity and elevate serum insulin levels in diabetic mice. Lee et al. (2023) researched the anti-diabetic capacity of Ulva australis and demonstrated that its extracts could be used to develop drugs enhancing insulin resistance. 
Table 2: Summary of Key Preclinical and Clinical Studies on the Metabolic Effects of Fucoidans and Ulvans
	Study (Author, Year)
	Polysaccharide
	Model
	Key Findings

	 
	
	
	

	Shang et al. (2016)
	Fucoidan 
	Mice
	Increased Lactobacillus and Ruminococcaceae; enhanced SCFA production

	Shang et al. (2017)
	Fucoidan 
	High-fat diet-fed mice
	Improved metabolic syndrome; increased Akkermansia population; reduced body weight

	Liu et al. (2018)
	Fucoidan
	High-fat diet-fed mice
	Ameliorated dyslipidemia; modulated gut microbiota composition

	Chen et al. (2019)
	Fucoidan
	High-fat diet-fed rats
	Reduced serum lipids; modulated gut microbiota and bile acid metabolism

	Liu et al. (2022)
	Fucoidan
	Diabetic mice (STZ-induced)
	Protected pancreatic β-cells; improved glucose metabolism and insulin sensitivity

	Li et al. (2024)
	Fucoidan
	Diabetic mice
	Ameliorated skeletal muscle atrophy; alleviated insulin resistance

	Wright et al. (2019)
	Fucoidan 
	Obese, non-diabetic humans (RCT)
	No significant effect on insulin resistance over 90 days; well-tolerated

	
	
	
	

	Seong et al. (2019)
	Ulvan
	In vitro human fecal fermentation
	Prebiotic effects; increased beneficial bacteria; SCFA production

	Pratap et al. (2022)
	Ulvan
	Mice
	Positively modulated gut microbiota; increased beneficial genera

	Chen et al. (2022)
	Ulvan 
	Aging-associated diabetic mice
	Hypoglycemic and anti-aging effects via gut microbiota modulation

	Pung et al. (2022)
	Ulvan 
	High-fat diet-fed mice
	Anti-obesity effects; reduced body weight via gut microbiota modulation

	Chi et al. (2023)
	Ulvan oligosaccharides
	High-fat diet-fed mice
	Regulated lipid metabolism; reduced serum triglycerides and cholesterol

	Ruan et al. (2023)
	Ulvan 
	T2DM mice
	Alleviated T2DM; improved insulin tolerance; increased SOD and CAT activities

	Lee et al. (2023)
	Ulvan 
	3T3-L1 adipocytes (in vitro)
	Potential to improve insulin resistance; enhanced glucose uptake

	Liang et al. (2024)
	Ulvan 
	In vitro human fecal fermentation
	Antioxidant activity; increased Bacteroides and Parabacteroides



6. SUMMARY OF KEY MECHANISMS
The following table summarizes the key mechanisms by which fucoidans and ulvans attenuate systemic inflammation and insulin resistance through the gut-metabolic axis
Table 3 Summary of key mechanisms of action of fucoidans and ulvans
	Mechanism
	Fucoidan
	Ulvan

	Prebiotic Effect
	Increases Lactobacillus, Ruminococcaceae, Akkermansia, Bacteroides, Bifidobacterium
	Increases Bacteroides, Parabacteroides, Bifidobacterium

	SCFA Production
	Promotes acetate, propionate, and butyrate production
	Promotes SCFA production

	Intestinal Barrier
	Strengthens tight junctions, promotes mucus production, increases A. muciniphila
	Repairs intestinal barrier, regulates gut microbiota

	Anti-inflammatory Pathways
	Inhibits NF-κB, MAPK (ERK, JNK, p38); blocks TLR4; activates PI3K/AKT/Nrf2
	Activates PI3K/Akt via TLR4; enhances IL-10 production

	Glucose Metabolism
	Inhibits α-amylase and α-glucosidase; promotes GLUT4 translocation; protects pancreatic β-cells
	Improves insulin tolerance; increases antioxidant enzyme activity

	Lipid Metabolism
	Ameliorates dyslipidemia
	Regulates lipid metabolism; anti-obesity effects


7. CONCLUSION AND FUTURE PERSPECTIVES
[bookmark: _Hlk219284361][bookmark: _Hlk198031404]Evidence presented in this review firmly establishes algal polysaccharides fucoidan and ulvan as antihyperglycemic agents against metabolic disorders with systemic inflammation and insulin resistance. Through modulation of gut microbiota, improving intestinal barrier and direct anti-inflammatory activities; these compounds provide a multi-targeted approach to the underlying causes of metabolic disruption within gut-metabolic axis. Due to their ability to restore symbiosis of gut bacteria and limit inflammatory cascades associated with insulin resistance, they are potent candidates for developing functional foods or nutraceuticals.

Nevertheless, we need to carefully appraise the available literature and recognize its limitations. Most results are obtained from in vitro and preclinical animal studies. Although these are important mechanistic findings, they cannot be necessarily extrapolated to human physiology. This inconsistency between studies, probably due to the remarkable structural heterogeneity of these polysaccharides (being changed by species, season of harvesting and extraction method), reveals a major problem. It is imperative for future studies to focus specifically on delineating clear structure-activity relationships associated with the most potent and safe fucoidans as well as ulvans, to be used clinically in distinct therapeutic situations. Standardization of extraction and characterization protocols is critical to obtain product uniformity as well as the possibility for meaningful comparison between studies.

Additionally, the scarcity of human clinical trials is a notable deficiency in the literature. For example, the only clinical trial on fucoidan referenced (Wright et al., 2019), did not find a significant impact on insulin resistance and therefore it was concluded that more well-designed, long-term randomized controlled human trials are required to demonstrate efficacy and determine optimal doses, as well as assess long term safety in diverse human populations. The possibility of possible deleterious effects, e.g. the over production and therefore poisoning by H2S arising from the fermentation of sulphated polysaccharides, should also be examined in human subjects.

In summary, although fucoidans and ulvans offer a potential natural approach for the fight against chronic inflammation and metabolic disease, their progression from sea to clinic must be carefully and critically assessed. Key elements of these ‘marinized agents’ are currently poorly reported and future work should narrow this gap between preclinical promise and clinical validation in order to fully exploit the therapeutic benefits of these appealing marine molecules.
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