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Abstract: Brown algae (Phaeophyceae) have been consumed by humans for hundreds of years. Cur-
rent studies have shown that brown algae are rich sources of bioactive compounds with excellent
nutritional value, and are considered functional foods with health benefits. Polysaccharides are the
main constituents of brown algae; their diverse structures allow many unique physical and chemical
properties that help to moderate a wide range of biological activities, including immunomodulation,
antibacterial, antioxidant, prebiotic, antihypertensive, antidiabetic, antitumor, and anticoagulant
activities. In this review, we focus on the major polysaccharide components in brown algae: the
alginate, laminarin, and fucoidan. We explore how their structure leads to their health benefits, and
their application prospects in functional foods and pharmaceuticals. Finally, we summarize the latest
developments in applied research on brown algae polysaccharides.
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1. Introduction

Algae is an important food source consumed by humans since ancient times. Marine
macroalgae, in particular, are important food sources in the coastal regions of East Asia
such as China, Korea, Japan, and Indonesia [1]. The global commercial seaweed market
was calculated at USD 5.9 billion in 2019 and is anticipated to a compound annual growth
rate of 9.1% [2]. Health benefits of seaweed food and snack products are gaining spotlight
as vegan sources of protein, lipid and carbohydrates, and demand is expected to boost both
for consumption and for further applications. For example, microalgae polysaccharide
extracts are used as thickening and gelling agents in the cosmetic and food industries, and
the demand is growing particularly in North America and Europe [3]. Among their many
uses, the portion directly consumed (excluding thickeners and hydrogels used in food and
beverage processing) alone have reached 24 million tons per year, accounting for about
40% of the annual seaweed production [4]. Indeed, the concept of seaweed as healthy
food is deeply rooted in many people’s minds. While new applications of polysaccharides
derived from marine algae are constantly being discovered, the raising awareness of this
ecofriendly, organic, and environmentally sustainable food source further promotes its
consumption. Macroalgae are also used in biorefineries; the carbohydrates are converted
to high-value byproducts with metabolic engineering approach [5]. The prospects of algae
as green, healthy food, and a bioresource is being actively explored.

Macroalgae are classified into green, red, and brown algae [6]. Brown algae is com-
prised of 20 classes; the class Phaeophyceae alone accounts for over 1800 species and 66%
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of the total algae consumption [7]. The most common species are the kelps Laminaria
(kombu), Undaria (wakame), and Macrocystis [8]. The polysaccharides alginate, laminarin,
and fucoidan (Figure 1) account for more than 50% of the total dry weight of brown algae,
and can reach up to 70% in some species. Cellulose is the only crystalline component
which has been reported in the walls from brown algae so far and it only occurs at 1-8%
of algal dry weight [9]. Mannitol exists in 2% of laminarin in M-chains, and can also be
found on its own, out of the M-chains, in a range of 5-25% of dry weight [10]. It is a sugar
alcohol derived from the six carbon sugar D-mannose [11] and appears to be the primary
product of photosynthesis [12]. Mixed-linkage-(1,3)-(1,4)-3-D-glucan (MLG) is common
in brown algal cell walls. MLG may perform a distinct role in strengthening the cell wall
of brown algae [13].The polysaccharides’” proportions and structures vary among species,
with some showing markable difference depending on cultivation conditions and harvest
seasons [14]. Such heterogeneity may reflect in their diverse biological activities, including
anti-inflammatory, antiviral, antioxidant, antitumor, anticoagulant, and hypolipidemic
activities, as reported in the literature. This review examines the current knowledge of
the biological activity of brown algae polysaccharides and their derivatives as functional
foods and bioactive substances. Furthermore, we aim to provide practical strategies and
references for developing brown algae-based functional foods and dietary supplements.
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Figure 1. Schematic diagram of the dry matter and carbohydrate composition of brown algae; data
summarized from references [9,15-17].

2. Alginate and Alginate Lyase

Alginate is the predominant polysaccharide component found in the cell walls and
intercellular matrix of brown macroalgae. It is a linear polysaccharide composed of two
conformational isomer residues: 3-D-mannuronic acid (M) and «-L-guluronic acid (G)
connected through 1,4-glycosidic linkages [18]. Therefore, the polymer may consist of
three types of blocks: homopolymeric sections of consecutive Ms, consecutive Gs, or
heteropolymeric sections of randomly arranged M and G units (Figure 2). The ratio of M
to G is generally 1:1. Nevertheless, the relative proportions of M and G, as well as their
arrangement in the polymer chain, vary according to numerous factors such as the algae
species, growth conditions, season, and part of the algae [19]. The M/G ratio of alginate
from Ascophyllum nodosum, for instance, is about 2:1 [20]. Alginates rich in G residues
have higher water solubility than those rich in M residues [21] which also exhibit stronger
stiffness and gelling properties due to the presence of metal ions such as Ca®* [22].
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Figure 2. The structure of alginate and the potential applications of alginate oligosaccharides.

Alginate oligosaccharides (AOS) are oligomers with a degree of polymerization of
2 to 25, commonly obtained by chemical degradation (such as acid hydrolysis, alkali hy-
drolysis), physical degradation (such as microwave degradation), enzymatic degradation
(alginate lyase), or chemical synthesis. Compared with physicochemical methods, enzy-
matic degradation of alginate is eco-friendly, energy-saving, selective, and the products
are biologically more active [23]. Alginate lyase degrade alginate through f3-elimination
and produce unsaturated oligosaccharides with double bonds at the non-reducing end [24].
Endolytic alginate lyase have been widely used to produce AOSs with various DPs. For
instance, Li et al. found a high activity endo-type alginate lyase from Pseudomonas sp.
HZJ216 and efficiently produced AOSs with DP of 2-7 [25]. Kim et al. reported an endo-
type alginate lyase Alg7D from a marine bacterium Saccharophagus degradans 2-40T, which
produces AOSs DP3-5 [26]. Endo-type alginate lyase Algb from Vibrio sp. W13 mainly
released oligosaccharides DP of 2-5 [27]. Zhu et al. prepared series of AOSs with DP of 2-5
by using a new alginate lyase Cel32 from Cellulophaga sp. NJ-1 [28]. Alginate lyase have
the advantage of controlling the predominant DP of AOS products between two and nine
without significant amounts of monomers or larger oligomers (DP > 10).

AQOSs have been reported to modulate a variety of biological activities and are benefi-
cial to health. Studies have shown that AOSs with different degrees of polymerization have
differential biological activity. Therefore, they can be used as antimicrobial, antioxidant,
prebiotic, antihypertensive, antidiabetic, antitumor, and anticoagulant agents; their many
applications are further discussed below. [29-35].
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2.1. Antioxidant Activity

AOSs can scavenge free radicals. The AOS produced by the alginate lyase from
Microbulbifer (DP: 2-5) was capable to scavenge free radicals (DPPH (2,2-Diphenyl-1-
picrylhydrazyl), ABTS+ (2,2"-Azinobis-(3-ethylbenzthiazoline-6-sulphonate), and hydroxyl)
and was non-toxic even at high concentrations [36]. Mia et al. found that the AOS prepared
by enzymatic method has good antioxidant properties and can completely inhibit the
formation of thiobarbituric acid-reactive substances (TBARS) during the iron-induced
oxidation of emulsified linoleic acid. In comparison, traditional antioxidant ascorbic
acid has only 89% inhibition. For the free radicals ABTS*, "OH, and O*,-, polymeric
alginate scavenged up to 23, 46, and <1%, while monomeric alginate (represented by
glucuronic acid) scavenged up to <1, 25, and 99%, respectively [37]. Due to the conjugated
alkenoic acid structure formed during enzymatic depolymerization, AOSs have a higher
scavenging ability than similar carbohydrates [37]. The possible mechanism for free radicals
scavenging may be a combination of hydrogen abstraction (presumably of hydrogen-
bonded hydrogens) and free radical addition to the conjugated olefin acid, resulting in an
adduct that is stable through resonance [38].

Compared to chitosan and fucoidan-derived oligosaccharides, AOSs showed higher
free radical scavenging capacity [39]. Studies have shown AOSs to play a role in preventing
lipid oxidation in skincare emulsions and to scavenge hydroxyl radicals and superoxide
anion radicals [40]. In the neuronal PC12 cell model, it was found that AOS pretreatment
can block caspase-dependent production of endoplasmic reticulum and mitochondria
induced by H,O, stress [41]. In mice injured by doxorubicin, AOS pretreatment increases
the survival rate through reducing the oxidative stress and inhibiting the expression of
gp91phox and 4-hydroxynonenal in the heart [42]. Furthermore, AOSs are also introduced
as a new additive in livestock and poultry feed formulation which can effectively im-
prove cellular antioxidative capacity [43]. The free radical scavenging activity of AOSs
is tentatively dose-dependent, and that their molecular weight and M/G ratio modulate
antioxidative activities. Studies have shown antioxidative activity is negatively correlated
with the molecular weight of the oligosaccharide [44,45].

2.2. Antimicrobial Activity

Hu et al. found that oligo-G and oligo-M (DP: 1-5) obtained by enzymatic hydrolysis
had in vitro antibacterial activity against 19 bacterial strains. The antibacterial spectrum
of the M oligomer fractions was wider than that of the G oligomers. Within the former,
mannuronic acid oligomers with a molecular weight of 4.2 kDa had the highest antibacterial
activity and a strong inhibitory effect on Escherichia coli, Salmonella paratyphi, Staphylococcus
aureus, and Bacillus subtilis [46].

The drug candidate OligoG CF-5/20 is developed by the Norway-based biotech com-
pany AlgiPharma. It is a G-enriched alginate oligosaccharide composed of G (85%) and
M (15%) blocks. The OligoG CF-5/20 is effective in disrupting and destroying biofilms
in a dose-dependent manner. The number of colony-forming units (CFU) in the lungs
of infected mice was reduced by 2.5 log; furthermore, 5% OligoG CF-5/20 significantly
reduced the minimum biofilm eradication concentration (MBEC) of colistin from 512 to
4 ug/mL after 8 h [47]. OligoG CF-5/20 treatment also reduced Candida albicans mycelial
infiltration in an in vitro epithelial cell model. OligoG CF-5/20 reduced the expression
of C. albicans virulence proteins (phospholipase B (PLB2), SAP4 and SAP6) [35], but the
mechanism is unclear. Powell et al. also reported AOS exposure to cause changes in biofilm
structure, lowering Young’s modulus compared to untreated biofilm. In the untreated con-
trol, surface irregularity was higher and resistance to hydrodynamic shear was lower [48].
The results suggested that the observed effect might be caused by OligoG induced changes
in the structural characteristics of the extracellular polymers in the bacterial biofilm [48].
Similar effects were found with mucociliary clearance, where lower molecular weight nega-
tively charged G oligomers was found to disrupt the intermolecular interactions of mucus,
weakened the viscoelastic properties of mucus, and led to rheological deformation [49].
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OligoG CF-5/20 has been proposed as inhalation therapy for the treatment of chronic
bacterial respiratory diseases [50]. The oligosaccharides can bind to respiratory mucin, al-
tering its surface charge and the porosity of the three-dimensional mucin network in cystic
fibrosis sputum. It has been found that AOSs can act synergistically with the antibiotic
azithromycin on wild-type antibiotic-resistant Pseudomonas aeruginosa. Azithromycin com-
bined with 2 mg/mL enzymatically produced AOS inhibited the growth of Pseudomonas
aeruginosa, virulence factors, and biofilm formation controlled by quorum sensing [51].
Pritchard et al. found OligoG CF-5/20 (2%) treatment to induce the destruction of Pseu-
domonas aeruginosa biofilm and colistin to maintain its antibacterial activity. OligoG CF-5/20
did not change the orientation of the alginate carboxyl groups, while mass spectrometry
analysis showed the oligomers to reduce pseudomonal quorum-sensing signaling [52]. The
gelation of alginate in the presence of divalent cations, such as Ca?*, in homopolyguluronic
acid, is known to induce changes in coordination of the carboxylate groups [53], which
resulting in formation of robust biofilms [54]. However, CD spectra indicated that the
orientation of the carboxy groups monitored at ~210 nm were not changed upon mixing
OligoG CF-5/20 with high-Mw alginate. This shows that OligoG CF-5/20 combines with
Ca?*, avoiding the formation of a strong biofilm, so that the colistin can better play an an-
tibacterial effect [52]. Tendervik et al. found that OligoG (>0.5%) also showed a significant
inhibitory effect on mycelial growth in embryonic tube analysis. OligoG (>2%) alone or in
combination with fluconazole significantly hindered fungal biofilm formation. Through
the combined treatment, the surface roughness of the cells also increased significantly
(pr <0.001) [55].

2.3. Immunomodulatory and Antitumor Activity

AOSs can enhance immune activity and regulate the function of the immune sys-
tem in a variety of ways, including regulating the secretion of cytokines and immune-
complement molecules. The AOSs produced by depolymerization with alginate lyase
increased TNF-a-inducing activity compared to untreated alginate, including the expres-
sions of cytokine-induced TNF-«, granulocyte colony-stimulating factor (CSF), single
nuclear cell chemotactic protein-1 (regulated after activating normal T cell expression and
secretion), granulocyte macrophages (GM)-CSF, and eosinophil chemokine [56]. AOSs
can readily activate macrophages and stimulate TLR4/Akt/NF-«B, TLR4/Akt/mTOR,
and MAPK signaling pathways to exert their immune activity [31]. According to the
Bio-Plex analysis in RAW264.7 cells, M-rich AOSs tend to have higher immune activity
than G-rich oligomers [57]. Uno et al. found that AOSs introduced orally can inhibit
the production of IgE and prevent allergic reactions in mice [58]. When administered
intraperitoneally, AOSs stimulated the production of 20 cytokines such as granulocyte
CSF, monocyte chemoattractant protein-1, IL-6, keratinocyte chemotactic factor, IL-12, and
RANTES [59]. AOSs can also induce the production of nitric oxide (NO) by increasing
the expression of NO synthase in cells. NO is a multifunctional molecule that can act
as a vasodilator, neurotransmitter, inflammatory mediator, and specific immunomodula-
tor [60]. The immunomodulatory activity of AOSs is affected by many factors, e.g., degree
of polymerization, purity, M/G ratio, and MG sequence. The unsaturated end-structure
achieved by the enzymatic degradation of alginate plays a key role in determining the
immunomodulatory activity, as saturated AOSs prepared by acid hydrolysis showed much
lower activity. Xu et al. showed that the unsaturated end-structure, molecular size, and
M/G ratio of enzymatically produced AOSs affect the activation of macrophages through
the NF-kB and MAPK signaling pathways [61-63].

Recent studies have also shown AOSs to have antitumor effects. They exert, for
instance, an inhibitory effect on the proliferation of human leukemia U-937 cells and
produced cytotoxins in human monocytes [56]. AOSs themselves, however, have no
direct cytotoxicity to tsFT210 cells. Sulfated AOS derivative with a molecular weight of
3798 Da (sulfation degree of 1.3) has been reported to suppress the growth of solid sarcoma
180 tumor [64]; adding 100 mg/kg AOS, the inhibition rate of solid sarcoma 180 tumor
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reached 70.4%. It is likely that the AOS and other sulfated derivatives may trigger antitumor
effects through organ-mediated immune defense response, especially the immune defense
response of the spleen. The AOS of DP 2-10 showed a significant inhibitory effect on the
growth of prostate cancer cells. Studies on molecular mechanisms have shown AOSs to
attenuate derivatization (x-2,6-sialylation) and reduce ST6Gal-1 promoter activity through
the Hippo/YAP/c-Jun signaling pathway [65]. At present, the molecular mechanisms of
the contribution of various chemical structural modifications to the antitumor activity of
AOSs have not been clarified. Further studies are also needed on the structure-function
relationships of antitumor AOSs in targeted cancer therapy.

3. Laminarin

Laminarin is another major storage carbohydrate of brown macroalgae. It is commonly
found in the fronds of Laminaria and Saccharina macroalgae, although it is also found in
Ascophyllum, Fucus and Undaria [7]. Laminarin is a 3-glucan, mainly composed of (3-
1,3-D-glucopyranose residues; the majority of glucose is 6-O-branched, while a part of
it has (3-1,6-intrachain links [66]. Laminarin linked to D-mannitol at the reducing end
of the chain is called an M chain, while laminarin without mannitol at the reducing
end is a G chain [67] (Figure 3). The ratio of 3-1,3- and 3-1,6-glycosidic bonds in the
polysaccharide depends on the type of algae. For example, laminarin from Eisenia bicyclis
has a ratio of 2:1 of (1-3) and (1-6) linkage [68]. Laminariales are known to produce high
amounts of laminarins, with contents reaching up to 35% of total dry weight, particularly
in L. saccharina and L. digitata [14]. Other reported values of laminarin contents include
those of A. esculenta, U. pinnatifida, A. nodosum and F. serratus (11.1, 3, 4.5, and up to 19%
of total dry weight, respectively) [69-71]. The molecular weight of laminarin is about
5 kDa, with a degree of polymerization between 20 and 25 [72,73]. Laminarinases are
the enzymes that degrade 3-1,3 and (3-1,6 glycosidic bonds of laminarin and produce
oligosaccharides and glucose, which were classified into endolytic (EC3.2.1.39) and exolytic
(EC3.2.1.58) enzymes [74]. The endo-p-1,3-glucanases hydrolyze (3-1,3 bonds between
adjacent glucose subunits to release oligosaccharides while exo-f3-1,3-glucosidase can
hydrolyze laminarin by sequentially cleaving glucose residues from the non-reducing
end and releasing glucose [75]. For debranching of laminarin, 3-1,6-glucanases randomly
hydrolyze 3-1,6 glycosidic bonds and release gentio-oligosaccharides or glucose [76]. Endo
laminarinases were widely applied to produce oligosaccharides. Recently, Kumar et al.
reported a thermostable laminarinase belongs to GHS81 from C. thermocellum which can
hydrolyze laminarin into a series of oligosaccharides (DP2 to DP7) [77]. Badur et al.
reported four laminarinases from Vibrio breoganii 1C10, of which VbGH16C can hydrolyze
laminarin to oligosaccharides of DP8 and DP9, and VbGH17A can hydrolyze laminarin
into a series of laminarin oligosaccharides (DP4 to DP9) [78]. Wang et al. characterized a
bifunctional enzyme from GH5 subfamily 47 (GH5_47) in Saccharophagus degradans 2-40T
and identified as a novel (3-1,3-endoglucanase (EC 3.2.1.39) and bacterial 3-1,6-glucanase
(EC 3.2.1.75). This bifunctional laminarinase can degrade both the backbone and branch
chain of laminarin, and is also active on hydrolyzing pustulan which is a linear 3-1,6-glucan.
This enzyme also showed transglycosylase activity toward (3-1,3-oligosaccharides when
laminarioligosaccharides were used as the substrates [79]. The above findings provide
more possibilities for the green preparation of biologically active oligosaccharides.
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Figure 3. Structures of laminarin.

Laminarins and laminarin oligosaccharides are recognized for their various biolog-
ical activities; they have shown to stimulate innate immunity [80], stimulate antitumor
responses [81,82], increase resistance to infections [83], promote wound repair [84], and
enhance the immune response of macrophages [85]. Laminarins can be used to activate
macrophages, leading to immune stimulation, antitumor, and wound-healing activities [86].
Furthermore, they can be partially or fully fermented by endogenous gut microbiota [87].
Consequently, they have good prospects for application in the field of functional foods
and biomedicine.

3.1. Antioxidant and Antimicrobial Activities

Studies have shown of the crude extracts of laminarin from L. hyperborea and A.
nodosum to remove DPPH free radicals effectively, with clearance rates of 87.6 and 93.2%,
respectively. Compared to extracts obtained with water solvents, acid-extracted laminarin
was showed to have higher antioxidant activity [88].

Laminarin-rich seaweed extracts are found to have inhibitory effects against both
Gram-positive (such as Staphylococcus aureus and Listeria monocytogenes) and Gram-negative
(E. coli and Salmonella typhimurium) bacterial strains. Notably, the inhibitory rate of A. no-
dosum extract against Salmonella typhimurium can reach 100%. Laminarin-rich extracts
obtained using ultrasound and acid solvents had minimum inhibitory concentrations
(MIC) of 13.1 mg/mL for E. coli and S. typhimurium and 6.6 and 3.3 mg/mL for S. aureus
and L. monocytogenes, respectively [88]. Therefore, the polysaccharide can be applied in
the preparation of antibacterial products such as edible packaging materials and even
wound dressings.

3.2. Antitumor and Anticoagulant Activity

Several studies have demonstrated the significant antitumor and anticancer activities
of laminarin and laminarin oligosaccharides [89]. The underlying mechanisms include
apoptosis and the inhibition of cancer cell colony formation [90]. Different concentrations
of laminarin have been used to treat human colon cancer LoVo cells and the intracellular
reactive oxygen species (ROS), pH, intracellular calcium ion concentration, mitochondrial
permeability transition pore, mitochondrial membrane potential, and Cyt-C, Caspase-9 and
Caspase-3 expression levels were analyzed. The studies have found kelp polysaccharides
to induce the apoptosis of human colon cancer LoVo cells through the mitochondrial path-
way [91,92]. The polysaccharide did not show direct cytotoxicity, but exhibited significant
antitumor activity on SK-MEL-28 human melanoma cells and it could effectively inhibit
the colony formation of HT-29 cells [93,94].

Laminarin oligosaccharides can inhibit the proliferation of human tissue lymphoma
cell line (U937 cells) by stimulating monocytes to produce cytokines [95]. Specific enzyme
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products with high content of 1,6-linked glucopyranose residues (laminarin oligosaccha-
rides with DP 9-23) have shown significant anticancer activity and can inhibit the colony
formation of melanoma and colon cancer cells [96,97]. Sulfated laminarins (LAMS) with
a sulfate content of 45.92% proved to inhibit the growth of LoVo cells more significantly
than laminarin, suggesting the better antitumor activity of LAMS. Accordingly, enzymatic
hydrolysis and molecular modification provide new ideas for the production of laminarin
derivatives with high antitumor activity [98].

The anticoagulant activity of Laminaria sp. extract was first reported in 1941 [99].
Although laminarin is a non-sulfated polysaccharide in seaweed, its sulfated products
showed anticoagulant activity [100]. Many studies have been published on the extraction
and modification of laminarin sulfate from algae in the genus Laminaria. If each glucose
residue has an average of two sulfate groups, the anticoagulant activity of the prepara-
tion reaches 25-30% of that of standard heparin [101], while the activity of sulfonic acid
derivatives appears to be higher than that of sulfate esters [102]. A derivative of laminarin
with 1.83 sulfate groups per glucose unit showed 33% of the potency of heparin in rabbits,
although it was extremely toxic to guinea pigs [103]. This suggests that laminarin sulphate
might be effective in the prevention and treatment of cerebrovascular diseases.

3.3. Anti-Inflammatory and Immunostimulatory Activity

Studies have shown that (3-glucans cause reduced recruitment of inflammatory cells
and decreased secretion of inflammatory mediators in liver tissues through direct effects on
immune cells or indirect effects as dietary fibers [104]. Laminarin significantly increases the
release of inflammatory mediators, such as hydrogen peroxide, calcium, nitric oxide, mono-
cyte chemoattractant protein-1, vascular endothelial growth factor, leukemia-inhibitory
factor, and granulocyte colony-stimulating factor, and enhances the expression of signal
transducer and transcriptional activators [86]. Recent studies have found laminarin to
induce positive effect of decreasing mitochondrial activities without cytotoxicity caused by
oxidative stress by regulating the interaction between glycans and receptors on the skin
cell surface [105].

3.4. Prebiotic Activity

The prebiotic properties of algae polysaccharides enable them to play an important
role in regulating human intestinal health [106]. For laminarin, it has been confirmed
in vitro that it cannot be hydrolyzed by hydrochloric acid under physiological conditions,
nor by homogenates of the human digestive system [14,107]. Since laminarin is resistant to
hydrolytic enzymes in the human upper digestive tract, it can reach the intestinal flora [108].
Animal experiments have shown that adding laminarin to the diet of mice can significantly
reduce the Firmicutes to Bacteroidetes ratio in the intestines, indicating that it can enhance
the high-energy metabolism of the intestinal microbiota to reduce the side-effects of high-
fat diets [109]. In addition, laminarin oligosaccharides are beneficial for the growth of
Bifidobacterium animalis and Lactobacillus casei, also increasing the production of short-chain
fatty acids, such as lactic acid and acetic acid [110].

4. Fucoidan

Fucoidan is a sulfated polysaccharide that consists mainly of fucose repeating units
besides several other monosaccharide residues. It is commonly found in brown sea-
weed [111,112], and has also been reported in echinoderms and some lower plants [113].
Fucoidan typically acts as a structural polysaccharide in the cell walls of brown macroalgae,
with its relative amount ranging between 4 and 8% of the total dry weight [114]. Since
fucoidan was first isolated in 1913, the structure of fucoidans from different brown sea-
weeds has been studied. Seaweed fucoidan is a heterogeneous material, with varying
composition of carbohydrate units and non-carbohydrate substituents [115]. Fucoidan
is mainly composed of fucose and sulfate groups (Figure 4). For example, the fucoidan
from bladder wrack (Fucus vesiculosus) has a simple composition and contains only fucose
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and sulfate groups (44.1% fucose, 26.3% sulfate) [116]. In addition, it might also contain
other monosaccharides (mannose, galactose, glucose, xylose, etc.), uronic acid, and even
acetyl groups and proteins. For example, the fucoidan from Fucus vesiculosus contains 84%
fucose, 6% xylose, 7.3% galactose, and 2% mannose [117]. The fucoidan found in Fucus
distichus is composed of 51.6% fucose, 2.7% xylose, 1.5% galactose, 0.7% mannose, and 0.2%
glucose [118]. Comprehensive analysis concluded that the fucose content of fucoidans is in
the range of 4.45-84%, besides 1.44-49% galactose, 0.2-45% glucose, and 0.3% to 16% xy-
lose and mannose. As a heterogeneous polymer, fucoidan exhibits considerable structural
diversity that makes it difficult to draw general conclusions. Moreover, its structure cannot
be described solely based on monosaccharide composition.

@
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Figure 4. Structure and biological effects of fucoidan (A: Ascophyllum nodosum and Fucus vesiculosus;
B: Saccharina japonica, adapted from literature [119-121]).

The structural variety of fucoidans is to a large extent related to the different types
of brown algae they are found in. Generally, o (1—3) and/or (1—4) glycosidic bonds
constitute the main chain of the macromolecules, dominating in most backbone structures.
The presence of sulfate groups at the C-2, C-4 and or C-3 position is another important
feature [94,122-127]. Due to the structural heterogeneity of fucoidans, the degradation
of fucoidan requires a large set of enzymes of different activities and specificities [128].
Fucoidanase are mainly from marine bacteria, invertebrates and sometimes fungi. Similar
to the above mentioned polysaccharide-degrading enzymes, endo-type fucoidanase pro-
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duce fuco-oligosaccharides while exo-type fucosidase leads to the formation of mono- or
oligosaccharides with a small degree of polymerization [129]. Natalie et al. purified a new
fucoidanase and hydrolyzed fucoidan without desulfation to form oligosaccharides rang-
ing from 10 to 2 fucose units plus fucose [130]. Dong et al. discovered a new a-L-fucosidase
from marine bacterium Wenyingzhuangia fucanilytica, and found that Alf1_Wf was capable
of hydrolyzing «-1,4-fucosidic linkage and synthetic substrate. Besides, Alfl1_Wf could
act on partially degraded fucoidan [131]. Compared to other brown polysaccharides,
there are few studies on the enzymatic degradation of fucoidan and the function of fuco-
oligosaccharides, whereas the functional investigation of biological activities, such as
anti-obesity, antivirus, antitumor, antidiabetic, and antioxidative effects has been widely
proven. It is generally believed that fucoidan can become an important substance in the
functional food and nutrition and health industries [132,133].

4.1. Antitumor Activity

Fucoidan has significant antitumor activity against liver cancer, stomach cancer, cer-
vical cancer, lung cancer, and breast cancer [113,134-138]. The underlying mechanism
includes the inhibition of tumor cell proliferation, stimulating tumor cell apoptosis, block-
ing tumor cell metastasis, and enhancing various immune responses [136,139-141]. Low
molecular weight fucoidan (LMWF), for instance, triggers G1-block and apoptosis in human
colon cancer cells (HCT116 cells) through ap53-independent mechanisms [142]. Through
the assessment of microtubule-associated proteins and the accumulation of Beclin-1, fu-
coidan is also found to induce autophagy in human gastric cancer cells (AGS cells) [143].
The polysaccharide induces the apoptosis of HTLV-1-infected T-cell lines mediated by cyto-
statics that downregulate apoptosis protein-2. The use of fucoidan in vivo thus severely
inhibits the tumor growth of subcutaneously transplanted HTHT-1-infected T-cell lines
in immunodeficient mice [138]. In addition, fucoidan activates the caspase-independent
apoptotic pathway in MCF-7 cancer cells by activating ROS-mediated MAP kinase and
regulating the mitochondrial pathway mediated by Bcl-2 family proteins [144]. Similarly,
fucoidan has shown antitumor activity against PC-3 (prostate cancer), HeLa (cervical
cancer), A549 (alveolar cancer), and HepG2 (hepatocellular carcinoma) cells [145].

4.2. Antiviral and Anti-Inflammatory Activity

Fucoidans isolated from different seaweed species have potential antiviral activity.
For instance, they can inhibit the replication of enveloped viruses, including the human
immunodeficiency virus (HIV) and the herpes simplex virus (HSV) [146]. According to
Queiroz et al. [147], fucoidans from Dictyota mertensii, Lobophora variegata, Spatoglossum
schroederi, and Fucus vesiculosus inhibit the HIV reverse transcriptase (RT) enzyme, while
other studies have shown that they also reduce the amount of the HIV-1 p24 antigen [148].
Compared with other antiviral drugs currently used in clinical medicine, the inhibitory
effect of fucoidan is accompanied by lower cytotoxicity. According to one potential mecha-
nism, fucoidan prevents viruses from entering the cells by changing the characteristics of
the cell surface. The polysaccharide may also directly interact with viral enzymes or viral
proteins on the surface of the pathogen.

Many studies have reported the blocking effect of fucoidan on HSV infection. Fledman
et al. isolated different fucoidan components from Leathesia difformis and verified the selec-
tive antiviral activity of different components against HSV-1 and HSV-2 [149]. Fucoidan
extracted from Undaria pinnatifida has shown antiviral activity against 32 HSV clinical
strains, including 12 ACV-resistant (4 HSV-1 and 8 HSV-2) and 20 ACV-susceptible ones.
Judging by the survival rate and lesion score, oral fucoidan can protect mice from HSV-1
infection by stimulating cytotoxic T lymphocytes, natural killer activity, and neutralizing
antibodies [150].

The above findings clearly indicate the potential antiviral activity of seaweed fu-
coidans, which can also strengthen the immune response of the host and achieve multi-
channel and multi-level regulation of the immune system [151,152]. The polysaccharide is
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able to prevent virus transmission by directly inhibiting virus replication and stimulating
innate and adaptive immune defense functions. The immunomodulatory activity of fu-
coidan is another hot research topic. Numerous studies have already confirmed fucoidan
to exhibit an anti-inflammatory effect through immune regulation (Table 1). This involves
the polysaccharide binding to different receptors, e.g., the Toll-like receptors (TLRs) of
monocytes, such as dendritic cells (DCs) and macrophages, and thereby initiating the
release of pro-inflammatory factors: cytokines and chemokines. They also suppress the
expression of NO synthase (iNOS) and cyclooxygenase (COX)-2 at the protein level, and
dose-dependently inhibit the production of nitric oxide (NO) and prostaglandin E2 (PGE2).

Table 1. Monosaccharide composition, molecular weight, concentration, sulfation degree and anti-inflammatory mechanism
of different fucoidans.

Molecular

Sulphate

Brown Seaweed Monosaccharide Composition Weight Concentration Content (%) Mechanisms References
. Fucose 73 mol%, .
Cladosiphon Xylose 12 mol% - 19.35 ng/ ul; 14.5% Inhibited COX-1 and COX-2 [153]
novae-caledoniae M o 80.64 ng/uL
annose 7 mol%
Sargassum horneri Polyphenols 3.9% Mw > 30 kDa 25-100 pg/mL 12% ngffflsfi?ﬁgi;tf;g]gz [154]
o Decreased production of
Fucose 79.49% TNE-«, L1 B,1L-6,NO,
Xylose 1.08% iNOS, and COX-2
Laminaria japonica Mannose 1.84% 104.3 kDa 25 ug/mL 30.72% S . [155]
Galactose 16.76% expression; downregulation
Rh 0.82°% of MAPK and NF-«B
amnose 0.82% X _
signaling pathways
l;(uiose %9 iojo Reduced the expression of
Turbinaria decurrens G ylose 2L - 50 mg/kg 23.51% genes of COX-2, IL-13, the [156]
alactose 12.6% NF-«B signaline pathwa
Mannose 9.6% Kb signaling p Y
Fucose 86.4 mol% Suppressed the expression of
N Rhamnose 0.4 mol% o COX-2 and pro-inflammator
Turbinaria ornata Galactose 1.7 mol% . 25-100 pg/mL. 38.3% cytokines[i)n LPS-induced Y (1571
Glucose 0.8 mol% RAW 264.7 macrophages
Fucose 50.9%
.. o Xylose 4.2% 50 mg/kg;150 Reduced the COX-2
Undaria pinnatifida Galz)ilctose 44.6% ) mgg / kgg expression dose dependently (112}
Mannose 0.3%
Fucose 77.9 mol%
Rhamnose 2.3 mol% Reduced NO production
Ecklonia cava Galactose 10.1 mol% - 50-100 pg/mL 39.1% and levels of TNF-«, IL-13, [158]
Glucose 2.2 mol% and IL-6
Xylose 7.5 mol%
Molar rate
1:0.03:0.02:0.04:0.2:1.2 for Inhibition of COX,
Fucus vesiculosus Fucose, Galactose, Mannose, - 30-60 mg/kg 27% hyaluronidase, and MAPK [159]
Xylose, p38 enzymes.
Uronic acid, and sulfate
Fucose 30.9% - .
Cladosiphon Xylose 0.7% 40 K 15.1% Inhibition of ne}ltrophll 115
okamuranus Glucose 2.2% B O mg/kg e . extr'avasatllon . [115]
Uronic acid 23.4% into peritoneal cavity
Inhibited the release of nitric
oxide, IL-1b, TNF-a,
prostaglandin E2 and
Fucus vesiculosus Fucoidan - 0-100 mg/mL monocyte [160]
chemoattractant protein-1 by
inhibiting NF-kB, Akt and
MAPK kinases activation
Inhibition of IL-1b, TNF-a,
argassum and reduction of IL-10, IFN-
hfm g) il Fucose 210.99 mmol /g - 100 mg/mL 38.99.4% . p‘io dfw?iori’u)s t?éatéj ¢ [161]
cells
Fucose 25.77%
Galactose 3.93% Delayed the apoptosis and
. . 1 1.14% rom ro-inflammator: 151
Macrocystis pyrifera I\(/i’al;\ilcz)s:e 1.12‘/’/0 ) 5-100 pg/mlL. 27.32% P gyt(?l?i:nz groductiorii fﬁ Y e
Xylose 0.84% human neutrophils
Uronic acid 5.54%
Fucose 39.8%
Galactose 3.37% Delayed the apoptosis and
Ascophyllum Glucose 0.88% o romote pro-inflammator
nocri)osyum Mannose 0.72% ) 50-100 pg/mL 24.07% P cytokini production in Y [151]
Xylose 3.68% human neutrophils

Uronic acid 1.72%
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Fucoidan can enhance the various beneficial effects of lactic acid bacteria on immune
function by improving Th1/Th2 immune balance [162], and can also treat gastric mucosal
damage caused by oral aspirin through its ability to regulate immune response and reduce
ulcers’ inflammation [163]. During in vivo experiments, Li et al. evaluated the potential
inhibitory activity of fucoidan on the myocardial ischemia-reperfusion (I/R) model in
rats. The results showed a significant effect by modulating the inflammatory response
through the inactivation of high mobility group box 1 (HMGB1) and nuclear factor kappa
B (NF-«B) [164].

It has been reported that the destruction of connective tissue during inflammatory
diseases such as chronic wounds, chronic inflammation, or rheumatoid arthritis is a result
of a continuous supply of inflammatory cells and increased production of inflammatory
cytokines and matrix proteases [165]. Selectins expressed on endothelial cells, leukocytes,
and platelets contribute to the interaction of leukocytes and platelets on the side of vas-
cular injury, thereby enhancing the inflammatory response during the arterial response
to injury [166]. Fucoidan can effectively inhibit the interaction between selectins and
their ligands leading to reduced inflammation at an early stage. Therefore, fucoidan use
seems beneficial for treating certain inflammations accompanied by uncontrolled extracel-
lular matrix degradation. The above studies have laid the preclinical foundation for the
development of fucoidans as a new generation of polysaccharide immunomodulators.

4.3. Antidiabetic Activity

Studies have shown that fucoidan can also exhibit antidiabetic effects by reducing
postprandial hyperglycemia and pancreatic 3-cell damage, increasing insulin secretion,
and regulating glucose metabolism to reduce blood sugar [167,168]. Fucoidan has a sig-
nificant inhibitory effect on the three starch-hydrolyzing enzymes; it is a non-competitive
inhibitor of x-amylase and amyloglucosidase, while being a competitive inhibitor of o-
glucosidase [169]. Its inhibitory mechanism lies in the formation of hydrogen bonds [170]:
the hydroxyl groups of fucoidan, especially the ones at the C-terminus that may be con-
nected to fucose, can easily form hydrogen bonds with the amino acids of the two enzymes.
The negatively charged oxygens of the sulfated groups of the polysaccharide (and the ones
connected to C-2 and/or C-3 in particular) further facilitate the formation of hydrogen
bonds or salt bridges with the proteins, resulting in strong interactions, thereby inhibiting
the enzyme. Furthermore, inhibition of dipeptidyl peptidase-IV (DPP-IV) is one of the
possible mechanisms involved in the antihyperglycemic activity of fucoidan. Dipeptidyl
peptidase-IV (DPP-1V) is an enzyme that is involved in the inhibition of the rapid degrada-
tion of incretin hormones, which prevents postprandial hyperglycemia. Inhibiting DPP-IV
prolongs the action of incretins, which reduces glucose production and increases insulin
production [171]. Fucoidan can be used as a dipeptidyl peptidase-IV (DPP-IV) inhibitor
to block DPP-1V action thereby prolonging the half-life and biological activity of incretin
hormones [172], which play a crucial role in glucose homeostasis by promoting « and 3
cell function [173]. It also downregulates the gastric emptying and gastric acid secretion to
reduce the postprandial glucose level [174,175]. Olga N. Pozharitskaya et al. have found a
concentration-dependent inhibition of the enzyme DPP-IV by fucoidan at the concentration
range of 0.02-200 pg/mL, The IC50 was 11.1 pg/mL and the maximum inhibition degree
was 60-75% [176].

In addition, fucoidan may have a positive effect on antidiabetics by reducing {3 cell
damage in the pancreas and increasing insulin secretion. According to a complex mecha-
nism, the polysaccharide enhances the activity of sirtuin 1, thereby inducing deacetylation
and upregulation of FOXA2 and p-FOXO-1 to promote the expression of PDX-1 and its reg-
ulation of insulin synthesis, thereby reducing 3 cell apoptosis and dysfunction in mice [177].
Furthermore, fucoidan is able to prevent the occurrence of diabetic nephropathy (DN)
associated with spontaneous diabetes by inhibiting the NF-«kB signaling pathway and
lowering blood sugar in a non-toxic way [178]. It has also been found that a combination
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of fucoidan and traditional Chinese medicine has a beneficial effect on hyperglycemia and
DN in rats [179].

4.4. Other Biological Activities

Heparin is a highly sulfated polysaccharide found in mammalian tissues and has been
used as an anticoagulant for more than 50 years [180]. However, the clinical use of heparin
is known to cause various side effects, such as excessive bleeding, thrombocytopenia,
mild transaminase elevation, and hyperkalemia [181]. Therefore, it is necessary to find
alternative drugs with safe and effective anticoagulant properties. It is worth noting that
fucoidan has shown effectiveness for blood clotting, and many studies suggest it as an
alternative to heparin [182,183]. Through studying the anticoagulant activity of fucoidans
isolated from nine species of brown seaweed, the ones from Ecklonia kurome and Hijikia
fusiforme were found to have the strongest effect in terms of thromboplastin time (TT) and
activated partial thromboplastin time (aPTT) [184]. The mechanism of fucoidan action
differs from that of heparin since it can be used in the cases where the application of heparin
itself, for some reason or other, is ineffective. The anticoagulant action of fucoidans (as well
as that of heparin) can be quickly blocked by the intravenous introduction of biocompatible
cationic polymers such as protamine sulfate and VIM-DEMC (a synthetic copolymer of
1-vinylimidazole with diethyl maleate) [185]. Fucoidans may inhibit thrombin activity by
directly acting on the enzyme or through the activation of thrombin inhibitors, including
antithrombin III and heparin cofactor II [186].The position of the sulfate group on the sugar
residues was found to be an important factor, with the concentration of C-2 sulfated and
C-2,3 disulfated residues considerably affecting anticoagulant activity [123].

Fucoidan also has a positive effect in treating and preventing obesity. It has been
shown to suppress the formation of 3T3-L1 adipocytes, thus inhibiting fat accumulation,
by downregulating fatty acid binding proteins, acetyl-CoA carboxylase, and peroxisome
proliferation-activated receptor y. [187]. Furthermore, Fucus vesiculosus-derived fucoidan
was found to hinder fat accumulation in 3T3-L1 adipocytes by stimulating lipolysis through
increased hormone-sensitive lipase expression and reduced glucose uptake [188].

At present, there is limited information available regarding the antiallergic effect
of fucoidan. Recent studies have shown that the orally administered polysaccharide
suppresses allergic symptoms by promoting the expression of galectin-9 mRNA and serum
galectin-9 levels, thereby preventing immunoglobulin E (IgE) binding to mast cells [189].

5. Conclusions

This review summarized the physicochemical and structural properties of polysac-
charides and oligosaccharides derived from brown algae. Their structure and composition
determine their biological activity and thereby their nutritional and therapeutic potentials.
Although more is now known regarding their biological activities in vitro and significant
advance has been made in their extraction from natural sources and modifications, further
structural-activity investigation is necessary. Sustainable technologies must be established
for the purification of the polysaccharides and the production of oligosaccharides, mini-
mizing energy and chemical consumption while allowing upscaling of consistent quality
and freedom from side-effect causing impurities. Lastly, research on catalytic enzymes,
including alginate lyase, laminarinase, fucoidanase, and fucosidase, with high stability and
desired substrate specificity is needed to enable the production of high-purity oligosac-
charides with uniform structure and degrees of polymerization. Progress in enzyme and
metabolic engineering will further promote the utilization of brown algae polysaccharides
in the food and pharmaceutical industries.

Author Contributions: D.W. and Y.S.Y.H. conceived and designed the project. Y.L., Y.Z. (Yuting
Zheng), A.C.YW. and B.I. wrote the article. Y.Z. (Ye Zhang), Y.Y. and P.W. collected the literature. All
authors have read and agreed to the published version of the manuscript.



Mar. Drugs 2021, 19, 620 14 of 21

Funding: This work was supported by “the Fundamental Research Funds for the Central Universities,
Southwest University” (No. SWU019034), Chongqing Science and Technology Bureau (cstc2020jcyj-
msxmX0463), “Innovation and entrepreneurship project for returned overseas talents in Chongging”
(CX2019016), Postgraduate mentor team-building program of Southwest University (XYDS201905),
Knut and Alice Wallenberg Foundation, and the Swedish Foundation for International Cooperation
in Research and Higher Education (KO2018-7936).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wells, M.L,; Potin, P; Craigie, ].S.; Raven, J.A.; Merchant, S.S.; Helliwell, K.E.; Smith, A.G.; Camire, M.E.; Brawley, S.H. Algae as
nutritional and functional food sources: Revisiting our understanding. J. Appl. Phycol. 2017, 29, 949-982. [CrossRef]

2. Commercial Seaweeds Market Size, Share & Trends Analysis Report by Product (Brown Seaweeds, Red Seaweeds, Green
Seaweeds), by Form (Liquid, Powdered, Flakes), by Application, by Region, and Segment Forecasts, 2020-2027. Available online:
https:/ /www.grandviewresearch.com/industry-analysis /commercial-seaweed-market (accessed on 25 April 2021).

3. Lourengo-Lopes, C.; Fraga-Corral, M.; Jimenez-Lopez, C.; Pereira, A.G.; Garcia-Oliveira, P.; Carpena, M.; Prieto, M. A.; Simal-
Gandara, J. Metabolites from Macroalgae and Its Applications in the Cosmetic Industry: A Circular Economy Approach. Resources
2020, 9, 101. [CrossRef]

4. Radulovich, R.; Neori, A.; Valderrama, D.; Reddy, C.R.K; Cronin, H.; Forster, J. Chapter 3—Farming of seaweeds. In Seaweed
Sustainability; Tiwari, B.K., Troy, D.J., Eds.; Academic Press: San Diego, CA, USA, 2015; pp. 27-59.

5. Li,].; Sheahan, C.; Fu, P. Metabolic engineering of algae for fourth generation biofuels production. Energ. Environ. Sci. 2011, 4,
2451-2466. [CrossRef]

6.  Sudhakar, K.; Mamat, R.; Samykano, M.; Azmi, W.H.; Ishak, WEW.,; Yusaf, T. An overview of marine macroalgae as bioresource.
Renew. Sustain. Energy Rev. 2018, 91, 165-179. [CrossRef]

7. Holdt, S.L.; Kraan, S. Bioactive compounds in seaweed: Functional food applications and legislation. J. Appl. Phycol. 2011, 23,
543-597. [CrossRef]

8. Rioux, L.-E.; Turgeon, S.L. Chapter 7—Seaweed carbohydrates. In Seaweed Sustainability; Tiwari, B.K., Troy, D.J., Eds.; Academic
Press: San Diego, CA, USA, 2015; pp. 141-192.

9.  Salmean, A.; Duffieux, D.; Harholt, J.; Qin, F; Michel, G.; Czjzek, M.; Willats, W.; Herv¢, C. Insoluble (1—3), (1—4)-p-D-glucan is
a component of cell walls in brown algae (Phaeophyceae) and is masked by alginates in tissues. Sci. Rep. 2017, 7, 2880. [CrossRef]

10. Lewis, D.H.; Smith, D.C. Sugar alcohols (polyols) in fungi and green plants. I. Distribution, physiology and metabolism. New
Phytol. 1967, 66, 143-184. [CrossRef]

11. Tada, B.; Bv, A.; Am, B. A review of the biochemistry of heavy metal biosorption by brown algae. Water Res. 2003, 37, 4311-4330.

12.  Black, W.A.P. The seasonal variation in the cellulose content of the common Scottish Laminariaceae and Fucaceae. J. Mar. Biol.
Assoc. UK 2010, 29, 379-387. [CrossRef]

13. Kloareg, B.; Quattrano, R.S. Structure of the cell walls of marine algae and ecophysiological functions of the matrix polysaccharides.
Oceanogr. Mar. Biol. 1988, 26, 259-315.

14. Kadam, S.U.; Tiwari, B.K.; O'Donnell, C.P. Extraction, structure and biofunctional activities of laminarin from brown algae. Int. J.
Food Sci. Technol. 2015, 50, 24-31. [CrossRef]

15. Dobrin¢i¢, A.; Balbino, S.; Zori¢, Z.; Pedisi¢, S.; Bursa¢ Kovacevi¢, D.; Elez Garofuli¢, I.; Dragovi¢-Uzelac, V. Advanced
Technologies for the Extraction of Marine Brown Algal Polysaccharides. Mar. Drugs 2020, 18, 168. [CrossRef]

16. Olsson, J.; Toth, G.B.; Albers, E. Biochemical composition of red, green and brown seaweeds on the Swedish west coast. . Appl.
Phycol. 2020, 32, 3305-3317. [CrossRef]

17.  Cronshaw, J.; Myers, A.; Preston, R.D. A chemical and physical investigation of the cell walls of some marine algae. Biochim.
Biophys. Acta 1958, 27, 89-103. [CrossRef]

18. Brownlee, .A.; Allen, A.; Pearson, ].P.; Dettmar, PW.; Havler, M.E.; Atherton, M.R.; Onspyen, E. Alginate as a source of dietary
fiber. Crit. Rev. Food Sci. Nutr. 2005, 45, 497-510. [CrossRef] [PubMed]

19. Usman, A.; Khalid, S.; Usman, A.; Hussain, Z.; Wang, Y. Chapter 5—Algal Polysaccharides, Novel Application, and Outlook. In
Algae Based Polymers, Blends, and Composites; Zia, KM., Zuber, M., Ali, M., Eds.; Elsevier: Amsterdam, The Netherlands, 2017;
pp- 115-153.

20. Moen, E.; Larsen, B.; Jstgaard, K.; Jensen, A. Alginate Stability during High Salt Preservation of Ascophyllum nodosum. In
Proceedings of the Sixteenth International Seaweed Symposium, Cebu City, Philippines, 12-17 April 1998; Kain, ].M., Brown,
M.T., Lahaye, M., Eds.; Springer: Dordrecht, The Netherlands, 1999; pp. 535-539.

21. Jiménez-Escrig, A.; Sanchez-Muniz, EJ. Dietary fibre from edible seaweeds: Chemical structure, physicochemical properties and
effects on cholesterol metabolism. Nutr. Res. 2000, 20, 585-598. [CrossRef]

22. Radwan, A,; Davies, G.; Fataftah, A.; Ghabbour, E.A ; Jansen, S.A.; Willey, R.]. Isolation of humic acid from the brown algae
Ascophyllum nodosum, Fucus vesiculosus, Laminaria saccharina and the marine angiosperm Zostera marina. |. Appl. Phycol. 1996, 8,
553-562. [CrossRef]

23. Cheng, D,; Jiang, C.; Xu, J.; Liu, Z.; Mao, X. Characteristics and applications of alginate lyases: A review. Int. ]. Biol. Macromol.

2020, 164, 1304-1320. [CrossRef] [PubMed]


http://doi.org/10.1007/s10811-016-0974-5
https://www.grandviewresearch.com/industry-analysis/commercial-seaweed-market
http://doi.org/10.3390/resources9090101
http://doi.org/10.1039/c0ee00593b
http://doi.org/10.1016/j.rser.2018.03.100
http://doi.org/10.1007/s10811-010-9632-5
http://doi.org/10.1038/s41598-017-03081-5
http://doi.org/10.1111/j.1469-8137.1967.tb05997.x
http://doi.org/10.1017/S0025315400055429
http://doi.org/10.1111/ijfs.12692
http://doi.org/10.3390/md18030168
http://doi.org/10.1007/s10811-020-02145-w
http://doi.org/10.1016/0006-3002(58)90295-6
http://doi.org/10.1080/10408390500285673
http://www.ncbi.nlm.nih.gov/pubmed/16183570
http://doi.org/10.1016/S0271-5317(00)00149-4
http://doi.org/10.1007/BF02186335
http://doi.org/10.1016/j.ijbiomac.2020.07.199
http://www.ncbi.nlm.nih.gov/pubmed/32745554

Mar. Drugs 2021, 19, 620 15 of 21

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Gacesa, P. Alginate-modifying Enzymes—A proposed unified mechanism of action for the lyases and epimerases. FEBS Lett.
1987, 212, 199-202. [CrossRef]

Li, L.; Jiang, X.; Guan, H.; Wang, P. Preparation, purification and characterization of alginate oligosaccharides degraded by
alginate lyase from Pseudomonas sp. HZ] 216. Carbohydr. Res. 2011, 346, 794-800. [CrossRef] [PubMed]

Kim, H.T.; Ko, H.-].; Kim, N.; Kim, D.; Lee, D.; Choi, 1.-G.; Woo, H.C.; Kim, M.D.; Kim, K.H. Characterization of a recombinant
endo-type alginate lyase (Alg7D) from Saccharophagus degradans. Biotechnol. Lett. 2012, 34, 1087-1092. [CrossRef]

Zhu, B,; Tan, H.; Qin, Y.; Xu, Q.; Du, Y;; Yin, H. Characterization of a new endo-type alginate lyase from Vibrio sp. W13. Int. . Biol.
Macromol. 2015, 75, 330-337. [CrossRef]

Zhu, B.; Chen, M.; Yin, H.; Du, Y; Ning, L. Enzymatic Hydrolysis of Alginate to Produce Oligosaccharides by a New Purified
Endo-Type Alginate Lyase. Mar. Drugs 2016, 14, 108. [CrossRef] [PubMed]

Wang, X.; Wang, L.; Che, J.; Li, X,; Li, ].; Wang, J.; Xu, Y. In vitro non-specific immunostimulatory effect of alginate oligosaccharides
with different molecular weights and compositions on sea cucumber (Apostichopus japonicus) coelomocytes. Aquaculture 2014, 434,
434-441. [CrossRef]

Chen, J.; Hu, Y,; Zhang, L.; Wang, Y.; Wang, S.; Zhang, Y.; Guo, H,; Ji, D.; Wang, Y. Alginate Oligosaccharide DP5 Exhibits
Antitumor Effects in Osteosarcoma Patients following Surgery. Front. Pharmacol. 2017, 8, 623. [CrossRef] [PubMed]

Fang, W.; Bi, D.; Zheng, R.; Cai, N.; Xu, H.; Zhou, R;; Ly, J.; Wan, M.; Xu, X. Identification and activation of TLR4-mediated
signalling pathways by alginate-derived guluronate oligosaccharide in RAW264.7 macrophages. Sci. Rep. 2017, 7, 1663. [CrossRef]
[PubMed]

Hao, J.; Hao, C.; Zhang, L.; Liu, X.; Zhou, X,; Dun, Y.; Li, H; Li, G.; Zhao, X.; An, Y.; et al. OM2, a Novel Oligomannuronate-
Chromium(IIT) Complex, Promotes Mitochondrial Biogenesis and Lipid Metabolism in 3T3-L1 Adipocytes via the AMPK-PGC1lo
Pathway. PLoS ONE 2015, 10, e0131930. [CrossRef]

Hu, Y,; Feng, Z.; Feng, W.; Hu, T.; Guan, H.; Mao, Y. AOS ameliorates monocrotaline-induced pulmonary hypertension by
restraining the activation of P-selectin/p38MAPK/NF-«B pathway in rats. Biomed. Pharmacother. 2019, 109, 1319-1326. [CrossRef]
Li, S.; Wang, L.; Han, E; Gong, Q.; Yu, W. Cloning and characterization of the first polysaccharide lyase family 6 oligoalginate
lyase from marine Shewanella sp. Kz7. J. Biochem. 2016, 159, 77-86. [CrossRef]

Pritchard, M.F,; Jack, A.A.; Powell, L.C.; Sadh, H.; Rye, P.D.; Hill, K.E.; Thomas, D.W. Alginate oligosaccharides modify hyphal
infiltration of Candida albicans in an in vitro model of invasive human candidosis. J. Appl. Microbiol. 2017, 123, 625-636. [CrossRef]
Zhu, Y.; Wu, L.; Chen, Y;; Ni, H.; Xiao, A.; Cai, H. Characterization of an extracellular biofunctional alginate lyase from marine
Microbulbifer sp. ALW1 and antioxidant activity of enzymatic hydrolysates. Microbiol. Res. 2016, 182, 49-58. [CrossRef]
Falkeborg, M.; Cheong, L.-Z.; Gianfico, C.; Sztukiel, K.M.; Kristensen, K.; Glasius, M.; Xu, X.; Guo, Z. Alginate oligosaccharides:
Enzymatic preparation and antioxidant property evaluation. Food Chem. 2014, 164, 185-194. [CrossRef]

Liu, M.; Liu, L.; Zhang, H.-f; Yi, B.; Everaert, N. Alginate oligosaccharides preparation, biological activities and their application
in livestock and poultry. J. Integr. Agric. 2021, 20, 24-34. [CrossRef]

Wang, P; Jiang, X.; Jiang, Y.; Hu, X.; Mou, H.; Li, M.; Guan, H. In vitro antioxidative activities of three marine oligosaccharides.
Nat. Prod. Res. 2007, 21, 646—654. [CrossRef]

Zhao, X; Li, B.; Xue, C.; Sun, L. Effect of molecular weight on the antioxidant property of low molecular weight alginate from
Laminaria japonica. ]. Appl. Phycol. 2012, 24, 295-300. [CrossRef]

Tusi, S.K.; Khalaj, L.; Ashabi, G.; Kiaei, M.; Khodagholi, F. Alginate oligosaccharide protects against endoplasmic reticulum- and
mitochondrial-mediated apoptotic cell death and oxidative stress. Biomaterials 2011, 32, 5438-5458. [CrossRef] [PubMed]

Guo, J.-J.; Ma, L.-L,; Shi, H.-T.; Zhu, J.-B.; Wu, |.; Ding, Z.-W.; An, Y.; Zou, Y.-Z.; Ge, ].-B. Alginate Oligosaccharide Prevents Acute
Doxorubicin Cardiotoxicity by Suppressing Oxidative Stress and Endoplasmic Reticulum-Mediated Apoptosis. Mar. Drugs 2016,
14, 231. [CrossRef]

Jacobsen, C.; Serensen, A.M.; Holdt, S.L.; Akoh, C.C.; Hermund, D.B. Source, Extraction, Characterization, and Applications of
Novel Antioxidants from Seaweed. Annu. Rev. Food Sci. Technol. 2019, 10, 541-568. [CrossRef]

Sen, M. Effects of molecular weight and ratio of guluronic acid to mannuronic acid on the antioxidant properties of sodium
alginate fractions prepared by radiation-induced degradation. Appl. Radiat. Isot. 2011, 69, 126-129. [CrossRef]

Ueno, M.; Hiroki, T.; Takeshita, S.; Jiang, Z.; Kim, D.; Yamaguchi, K.; Oda, T. Comparative study on antioxidative and macrophage-
stimulating activities of polyguluronic acid (PG) and polymannuronic acid (PM) prepared from alginate. Carbohydr. Res. 2012,
352, 88-93. [CrossRef] [PubMed]

Hu, X; Jiang, X.; Gong, ].; Hwang, H.; Liu, Y.; Guan, H. Antibacterial activity of lyase-depolymerized products of alginate. J. Appl.
Phycol. 2005, 17, 57-60. [CrossRef]

Hengzhuang, W.; Song, Z.; Ciofu, O.; Onseyen, E.; Rye, P.D.; Hoiby, N. OligoG CF-5/20 Disruption of Mucoid Pseudomonas
aeruginosa Biofilm in a Murine Lung Infection Model. Antimicrob. Agents Chemother. 2016, 60, 2620-2626. [CrossRef] [PubMed]
Powell, L.C.; Sowedan, A.; Khan, S.; Wright, C.J.; Hawkins, K.; Onseyen, E.; Myrvold, R.; Hill, K.E.; Thomas, D.W. The effect
of alginate oligosaccharides on the mechanical properties of Gram-negative biofilms. Biofouling 2013, 29, 413—421. [CrossRef]
[PubMed]

Nordgérd, C.T.; Draget, K.I. Oligosaccharides as modulators of rheology in complex mucous systems. Biomacromolecules 2011, 12,
3084-3090. [CrossRef]


http://doi.org/10.1016/0014-5793(87)81344-3
http://doi.org/10.1016/j.carres.2011.01.023
http://www.ncbi.nlm.nih.gov/pubmed/21371694
http://doi.org/10.1007/s10529-012-0876-9
http://doi.org/10.1016/j.ijbiomac.2015.01.053
http://doi.org/10.3390/md14060108
http://www.ncbi.nlm.nih.gov/pubmed/27275826
http://doi.org/10.1016/j.aquaculture.2014.08.021
http://doi.org/10.3389/fphar.2017.00623
http://www.ncbi.nlm.nih.gov/pubmed/28955228
http://doi.org/10.1038/s41598-017-01868-0
http://www.ncbi.nlm.nih.gov/pubmed/28490734
http://doi.org/10.1371/journal.pone.0131930
http://doi.org/10.1016/j.biopha.2018.10.109
http://doi.org/10.1093/jb/mvv076
http://doi.org/10.1111/jam.13516
http://doi.org/10.1016/j.micres.2015.09.004
http://doi.org/10.1016/j.foodchem.2014.05.053
http://doi.org/10.1016/S2095-3119(20)63195-1
http://doi.org/10.1080/14786410701371215
http://doi.org/10.1007/s10811-011-9679-y
http://doi.org/10.1016/j.biomaterials.2011.04.024
http://www.ncbi.nlm.nih.gov/pubmed/21543116
http://doi.org/10.3390/md14120231
http://doi.org/10.1146/annurev-food-032818-121401
http://doi.org/10.1016/j.apradiso.2010.08.017
http://doi.org/10.1016/j.carres.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22402099
http://doi.org/10.1007/s10811-005-5524-5
http://doi.org/10.1128/AAC.01721-15
http://www.ncbi.nlm.nih.gov/pubmed/26833153
http://doi.org/10.1080/08927014.2013.777954
http://www.ncbi.nlm.nih.gov/pubmed/23574333
http://doi.org/10.1021/bm200727c

Mar. Drugs 2021, 19, 620 16 of 21

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

Pritchard, M.E,; Powell, L.C.; Menzies, G.E.; Lewis, P.D.; Hawkins, K.; Wright, C.; Doull, I.; Walsh, T.R.; Onseyen, E.; Dessen,
A.; etal. A New Class of Safe Oligosaccharide Polymer Therapy to Modify the Mucus Barrier of Chronic Respiratory Disease.
Mol. Pharm. 2016, 13, 863-872. [CrossRef]

He, X.; Hwang, HM.; Aker, W.G.; Wang, P.; Lin, Y,; Jiang, X.; He, X. Synergistic combination of marine oligosaccharides and
azithromycin against Pseudomonas aeruginosa. Microbiol. Res. 2014, 169, 759-767. [CrossRef]

Pritchard, M.E; Powell, L.C.; Jack, A.A.; Powell, K.; Beck, K.; Florance, H.; Forton, J.; Rye, P.D.; Dessen, A.; Hill, K.E,; et al.
A Low-Molecular-Weight Alginate Oligosaccharide Disrupts Pseudomonal Microcolony Formation and Enhances Antibiotic
Effectiveness. Antimicrob. Agents Chemother. 2017, 61, e00762-17. [CrossRef]

Grant, G.T.; Morris, E.R.; Rees, D.A.; Smith, PJ.C.; Thom, D. Biological interactions between polysaccharides and divalent cations:
The egg-box model. FEBS Lett. 1973, 32, 195-198. [CrossRef]

Flemming, H.C.; Wingender, J. The biofilm matrix. Nat. Rev. Microbiol. 2010, 8, 623-633. [CrossRef]

Tondervik, A; Sletta, H.; Klinkenberg, G.; Emanuel, C.; Powell, L.C.; Pritchard, M.F;; Khan, S.; Craine, K.M.; Onseyen, E.; Rye,
P.D,; et al. Alginate Oligosaccharides Inhibit Fungal Cell Growth and Potentiate the Activity of Antifungals against Candida and
Aspergillus spp. PLoS ONE 2014, 9, e112518. [CrossRef]

Iwamoto, Y.; Xu, X.; Tamura, T.; Oda, T.; Muramatsu, T. Enzymatically depolymerized alginate oligomers that cause cytotoxic
cytokine production in human mononuclear cells. Biosci. Biotechnol. Biochem. 2003, 67, 258-263. [CrossRef]

Yamamoto, Y.; Kurachi, M.; Yamaguchi, K.; Oda, T. Induction of multiple cytokine secretion from RAW264.7 cells by alginate
oligosaccharides. Biosci. Biotechnol. Biochem. 2007, 71, 238-241. [CrossRef] [PubMed]

Uno, T,; Hattori, M.; Yoshida, T. Oral Administration of Alginic Acid Oligosaccharide Suppresses IgE Production and Inhibits the
Induction of Oral Tolerance. Biosci. Biotechnol. Biochem. 2006, 70, 3054-3057. [CrossRef]

Yamamoto, Y.; Kurachi, M.; Yamaguchi, K.; Oda, T. Stimulation of multiple cytokine production in mice by alginate oligosaccha-
rides following intraperitoneal administration. Carbohydr. Res. 2007, 342, 1133-1137. [CrossRef] [PubMed]

Ueno, M.; Cho, K.; Nakazono, S.; Isaka, S.; Abu, R.; Takeshita, S.; Yamaguchi, K.; Kim, D.; Oda, T. Alginate oligomer induces nitric
oxide (NO) production in RAW264.7 cells: Elucidation of the underlying intracellular signaling mechanism. Biosci. Biotechnol.
Biochem. 2015, 79, 1787-1793. [CrossRef]

Xu, X,; Bi, D.-C,; Li, C; Fang, W.-S.; Zhou, R; Li, S.-M.; Chi, L.-L.; Wan, M.; Shen, L.-M. Morphological and Proteomic Analyses
Reveal that Unsaturated Guluronate Oligosaccharide Modulates Multiple Functional Pathways in Murine Macrophage RAW264.7
Cells. Mar. Drugs 2015, 13, 1798-1818. [CrossRef]

Xu, X.; Bi, D.; Wu, X.; Wang, Q.; Wei, G.; Chi, L.; Jiang, Z.; Oda, T.; Wan, M. Unsaturated guluronate oligosaccharide enhances the
antibacterial activities of macrophages. FASEB ]. Off. Publ. Fed. Am. Soc. Exp. Biol. 2014, 28, 2645-2654. [CrossRef]

Xu, X.; Wu, X,; Wang, Q.; Cai, N.; Zhang, H.; Jiang, Z.; Wan, M.; Oda, T. Inmunomodulatory Effects of Alginate Oligosaccharides
on Murine Macrophage RAW264.7 Cells and Their Structure-Activity Relationships. J. Agric. Food Chem. 2014, 62, 3168-3176.
[CrossRef]

Hu, X,; Jiang, X.; Hwang, H.; Liu, S.; Guan, H. Antitumour activities of alginate-derived oligosaccharides and their sulphated
substitution derivatives. Eur. J. Phycol. 2004, 39, 67-71. [CrossRef]

Han, Y,; Zhang, L.; Yu, X.; Wang, S.; Xu, C.; Yin, H.; Wang, S. Alginate oligosaccharide attenuates «2,6-sialylation modification to
inhibit prostate cancer cell growth via the Hippo/YAP pathway. Cell Death Dis. 2019, 10, 374. [CrossRef] [PubMed]

Peat, S.; Whelan, W.J.; Lawley, H.G. 141. The structure of laminarin. Part I. The main polymeric linkage. J. Chem. Soc. 1958,
724-728. [CrossRef]

Stark, J.R. A new method fot the analysis of laminarins and for preparative-scale fractionation of their components. Carbohydr.
Res. 1976, 47, 176-178. [CrossRef]

Shin, H.J.; Oh, S.J.; Kim, S.I.; Won Kim, H.; Son, J.-H. Conformational characteristics of 3-glucan in laminarin probed by terahertz
spectroscopy. Appl. Phys. Lett. 2009, 94, 111911. [CrossRef]

Je, ].-Y,; Park, P-J; Kim, E.-K,; Park, ].-S.; Yoon, H.-D.; Kim, K.-R.; Ahn, C.-B. Antioxidant activity of enzymatic extracts from the
brown seaweed Undaria pinnatifida by electron spin resonance spectroscopy. LWIT—Food Sci. Technol. 2009, 42, 874-878. [CrossRef]
Schiener, P; Black, K.D.; Stanley, M.S.; Green, D.H. The seasonal variation in the chemical composition of the kelp species
Laminaria digitata, Laminaria hyperborea, Saccharina latissima and Alaria esculenta. J. Appl. Phycol. 2015, 27, 363-373. [CrossRef]
Stiger-Pouvreau, V.; Bourgougnon, N.; Deslandes, E. Chapter 8—Carbohydrates from Seaweeds. In Seaweed in Health and Disease
Prevention; Fleurence, J., Levine, 1., Eds.; Academic Press: San Diego, CA, USA, 2016; pp. 223-274.

Nelson, T.E.; Lewis, B.A. Separation and characterization of the soluble and insoluble components of insoluble laminaran.
Carbohydr. Res. 1974, 33, 63-74. [CrossRef]

Alderkamp, A.C.; van Rijssel, M.; Bolhuis, H. Characterization of marine bacteria and the activity of their enzyme systems
involved in degradation of the algal storage glucan laminarin. FEMS Microbiol. Ecol. 2007, 59, 108-117. [CrossRef] [PubMed]
Davies, G.; Henrissat, B. Structures and Mechanisms of Glycosyl Hydrolases. Structure 1995, 3, 853-859. [CrossRef]

Bara, M.T.F;; Lima, A.L.; Ulhoa, C.J. Purification and characterization of an exo-beta-1,3-glucanase produced by Trichoderma
asperellum. Fems Microbiol. Lett. 2003, 219, 81-85. [CrossRef]

Wang, D.; Kim, D.H.; Yun, E.J.; Park, Y.-C.; Seo, ].-H.; Kim, K.H. The first bacterial beta-1,6-endoglucanase from Saccharophagus
degradans 2-40" for the hydrolysis of pustulan and laminarin. Appl. Microbiol. Biotechnol. 2017, 101, 197-204. [CrossRef] [PubMed]


http://doi.org/10.1021/acs.molpharmaceut.5b00794
http://doi.org/10.1016/j.micres.2014.01.001
http://doi.org/10.1128/AAC.00762-17
http://doi.org/10.1016/0014-5793(73)80770-7
http://doi.org/10.1038/nrmicro2415
http://doi.org/10.1371/journal.pone.0112518
http://doi.org/10.1271/bbb.67.258
http://doi.org/10.1271/bbb.60416
http://www.ncbi.nlm.nih.gov/pubmed/17213650
http://doi.org/10.1271/bbb.60391
http://doi.org/10.1016/j.carres.2007.02.015
http://www.ncbi.nlm.nih.gov/pubmed/17336950
http://doi.org/10.1080/09168451.2015.1052768
http://doi.org/10.3390/md13041798
http://doi.org/10.1096/fj.13-247791
http://doi.org/10.1021/jf405633n
http://doi.org/10.1080/09670260310001636695
http://doi.org/10.1038/s41419-019-1560-y
http://www.ncbi.nlm.nih.gov/pubmed/31076566
http://doi.org/10.1039/jr9580000724
http://doi.org/10.1016/S0008-6215(00)83563-6
http://doi.org/10.1063/1.3100778
http://doi.org/10.1016/j.lwt.2008.10.012
http://doi.org/10.1007/s10811-014-0327-1
http://doi.org/10.1016/S0008-6215(00)82940-7
http://doi.org/10.1111/j.1574-6941.2006.00219.x
http://www.ncbi.nlm.nih.gov/pubmed/17233748
http://doi.org/10.1016/S0969-2126(01)00220-9
http://doi.org/10.1016/S0378-1097(02)01191-6
http://doi.org/10.1007/s00253-016-7753-8
http://www.ncbi.nlm.nih.gov/pubmed/27521023

Mar. Drugs 2021, 19, 620 17 of 21

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

Kumar, K.; Correia, M.A.S,; Pires, VM.R,; Dhillon, A.; Sharma, K.; Rajulapati, V.; Fontes, CM.G.A.; Carvalho, A.L.; Goyal, A.
Novel insights into the degradation of beta-1,3-glucans by the cellulosome of Clostridium thermocellum revealed by structure and
function studies of a family 81 glycoside hydrolase. Int. ]. Biol. Macromol. 2018, 117, 890-901. [CrossRef]

Badur, A.H.; Ammar, E.M.; Yalamanchili, G.; Hehemann, J.-H.; Rao, C.V. Characterization of the GH16 and GH17 laminarinases
from Vibrio breoganii 1C10. Appl. Microbiol. Biotechnol. 2020, 104, 161-171. [CrossRef] [PubMed]

Wang, D.; Kim, D.H.; Seo, N.; Yun, E.J.; An, H]J.; Kim, ] H,; Kim, K.H. A Novel Glycoside Hydrolase Family 5 (3-1,3-1,6-
Endoglucanase from Saccharophagus degradans 2-40T and Its Transglycosylase Activity. Appl. Environ. Microbiol. 2016, 82,
4340-4349. [CrossRef]

Williams, D.L. Overview of (1—3)-beta-D-glucan immunobiology. Mediat. Inflamm. 1997, 6, 247-250. [CrossRef]

Cheung, N.K,; Modak, S.; Vickers, A.; Knuckles, B. Orally administered beta-glucans enhance anti-tumor effects of monoclonal
antibodies. Cancer Immunol. Immunother. 2002, 51, 557-564. [CrossRef]

Hong, F; Yan, J.; Baran, ].T.; Allendorf, D.J.; Hansen, R.D.; Ostroff, G.R.; Xing, P.X.; Cheung, N.K.; Ross, G.D. Mechanism by
which orally administered beta-1,3-glucans enhance the tumoricidal activity of antitumor monoclonal antibodies in murine tumor
models. |. Immunol. 2004, 173, 797-806. [CrossRef] [PubMed]

Williams, D.L.; Mueller, A.; Browder, W. Glucan-Based Macrophage Stimulators. Clin. Immunother. 1996, 5, 392-399. [CrossRef]
Wei, D.; Zhang, L.; Williams, D.L.; Browder, LW. Glucan stimulates human dermal fibroblast collagen biosynthesis through a
nuclear factor-1 dependent mechanism. Wound Repair Regen. 2002, 10, 161-168. [CrossRef]

Schepetkin, I.A.; Quinn, M.T. Botanical polysaccharides: Macrophage immunomodulation and therapeutic potential. Int.
Immunopharmacol. 2006, 6, 317-333. [CrossRef] [PubMed]

Lee, ].Y,; Kim, Y.-].; Kim, H.J.; Kim, Y.-S.; Park, W. Inmunostimulatory Effect of Laminarin on RAW 264.7 Mouse Macrophages.
Molecules 2012, 17, 5404-5411. [CrossRef] [PubMed]

Devillé, C.; Damas, ].; Forget, P.; Dandrifosse, G.; Peulen, O. Laminarin in the dietary fibre concept. J. Sci. Food Agric. 2004, 84,
1030-1038. [CrossRef]

Kadam, S.U.; O’Donnell, C.P; Rai, D.K.; Hossain, M.B.; Burgess, C.M.; Walsh, D.; Tiwari, B.K. Laminarin from Irish Brown
Seaweeds Ascophyllum nodosum and Laminaria hyperborea: Ultrasound Assisted Extraction, Characterization and Bioactivity. Mar.
Drugs 2015, 13, 4270-4280. [CrossRef] [PubMed]

Park, HK.; Kim, LH.; Kim, ].; Nam, T.J. Induction of apoptosis by laminarin, regulating the insulin-like growth factor-IR signaling
pathways in HT-29 human colon cells. Int. J. Mol. Med. 2012, 30, 734-738. [CrossRef]

Zargarzadeh, M.; Amaral, A.J.R.; Custédio, C.A.; Mano, J.F. Biomedical applications of laminarin. Carbohyd. Polym. 2020,
232,115774. [CrossRef]

Ji, Y.B.; Ji, C.E; Zhang, H. Laminarin induces apoptosis of human colon cancer LOVO cells through a mitochondrial pathway.
Molecules 2012, 17, 9947-9960. [CrossRef]

Ji, C.E; Ji, Y.B. Laminarin-induced apoptosis in human colon cancer LoVo cells. Oncol. Lett. 2014, 7, 1728-1732. [CrossRef]
Ermakova, S.; Men’shova, R.; Vishchuk, O.; Kim, S.-M.; Um, B.-H.; Isakov, V.; Zvyagintseva, T. Water-soluble polysaccharides
from the brown alga Eisenia bicyclis: Structural characteristics and antitumor activity. Algal Res. 2013, 2, 51-58. [CrossRef]
Usoltseva Menshova, R.V.; Anastyuk, S.D.; Shevchenko, N.M.; Zvyagintseva, T.N.; Ermakova, S.P. The comparison of structure
and anticancer activity in vitro of polysaccharides from brown algae Alaria marginata and A. angusta. Carbohydr. Polym. 2016, 153,
258-265. [CrossRef]

Pang, Z.; Otaka, K.; Maoka, T.; Hidaka, K.; Ishijima, S.; Oda, M.; Ohnishi, M. Structure of beta-glucan oligomer from laminarin and
its effect on human monocytes to inhibit the proliferation of U937 cells. Biosci. Biotechnol. Biochem. 2005, 69, 553-558. [CrossRef]
Menshova, R.V,; Ermakova, S.P.; Anastyuk, S.D.; Isakov, V.V.; Dubrovskaya, Y.V.; Kusaykin, M.I; Um, B.H.; Zvyagintseva, T.N.
Structure, enzymatic transformation and anticancer activity of branched high molecular weight laminaran from brown alga
Eisenia bicyclis. Carbohydr. Polym. 2014, 99, 101-109. [CrossRef]

Ji, CE; Ji, Y.B.; Meng, D.Y. Sulfated modification and anti-tumor activity of laminarin. Exp. Ther. Med. 2013, 6, 1259-1264.
[CrossRef]

Huang, Y; Jiang, H.; Mao, X.; Ci, F. Laminarin and Laminarin Oligosaccharides Originating from Brown Algae: Preparation,
Biological Activities, and Potential Applications. J. Ocean Univ. China 2021, 20, 641-653. [CrossRef]

Shanmugam, M.; Mody, K.H. Heparinoid-active sulphated polysaccharides from marine algae as potential blood anticoagulant
agents. Curr. Sci. 2000, 79, 1672-1683.

Hoffman, J.; Larm, O.; Larsson, K.; Andersson, L.O.; Holmer, E.; S6derstrom, G. Studies on the blood-anticoagulant activity of
sulphated polysaccharides with different uronic acid content. Carbohyd. Polym. 1982, 2, 115-121. [CrossRef]

O'Neill, A.N. Sulphated derivatives of laminarin. Can. J. Chem. 1955, 33, 1097-1101. [CrossRef]

Hawkins, W.W.; O'Neill, A.N. The anticoagulant action in blood of sulphated derivatives of laminarin. Can. . Biochem. Physiol.
1955, 33, 545-552. [CrossRef]

Adams, S.S.; Thorpe, H.M. The anticoagulant activity and toxicity of laminarin sulphate K. J. Pharm. Pharmacol. 1957, 9, 459-463.
[CrossRef]

Goodridge, H.S.; Wolf, A J.; Underhill, D.M. Beta-glucan recognition by the innate immune system. Immunol. Rev. 2009, 230,
38-50. [CrossRef]


http://doi.org/10.1016/j.ijbiomac.2018.06.003
http://doi.org/10.1007/s00253-019-10243-0
http://www.ncbi.nlm.nih.gov/pubmed/31754764
http://doi.org/10.1128/AEM.00635-16
http://doi.org/10.1080/09629359791550
http://doi.org/10.1007/s00262-002-0321-3
http://doi.org/10.4049/jimmunol.173.2.797
http://www.ncbi.nlm.nih.gov/pubmed/15240666
http://doi.org/10.1007/BF03259335
http://doi.org/10.1046/j.1524-475X.2002.10804.x
http://doi.org/10.1016/j.intimp.2005.10.005
http://www.ncbi.nlm.nih.gov/pubmed/16428067
http://doi.org/10.3390/molecules17055404
http://www.ncbi.nlm.nih.gov/pubmed/22569419
http://doi.org/10.1002/jsfa.1754
http://doi.org/10.3390/md13074270
http://www.ncbi.nlm.nih.gov/pubmed/26184235
http://doi.org/10.3892/ijmm.2012.1084
http://doi.org/10.1016/j.carbpol.2019.115774
http://doi.org/10.3390/molecules17089947
http://doi.org/10.3892/ol.2014.1952
http://doi.org/10.1016/j.algal.2012.10.002
http://doi.org/10.1016/j.carbpol.2016.07.103
http://doi.org/10.1271/bbb.69.553
http://doi.org/10.1016/j.carbpol.2013.08.037
http://doi.org/10.3892/etm.2013.1277
http://doi.org/10.1007/s11802-021-4584-8
http://doi.org/10.1016/0144-8617(82)90057-1
http://doi.org/10.1139/v55-127
http://doi.org/10.1139/y55-068
http://doi.org/10.1111/j.2042-7158.1957.tb12298.x
http://doi.org/10.1111/j.1600-065X.2009.00793.x

Mar. Drugs 2021, 19, 620 18 of 21

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Ozanne, H.; Toumi, H.; Roubinet, B.; Landemarre, L.; Lespessailles, E.; Daniellou, R.; Cesaro, A. Laminarin Effects, a 3-(1,3)-
Glucan, on Skin Cell Inflammation and Oxidation. Cosmetics 2020, 7, 66. [CrossRef]

Ramnani, P.; Chitarrari, R.; Tuohy, K.; Grant, J.; Hotchkiss, S.; Philp, K.; Campbell, R.; Gill, C.; Rowland, I. In vitro fermentation
and prebiotic potential of novel low molecular weight polysaccharides derived from agar and alginate seaweeds. Anaerobe 2012,
18, 1-6. [CrossRef]

Walsh, A.M.; Sweeney, T.; O’Shea, C.J.; Doyle, D.N.; "Doherty, ].V.O. Effect of supplementing varying inclusion levels of laminarin
and fucoidan on growth performance, digestibility of diet components, selected faecal microbial populations and volatile fatty
acid concentrations in weaned pigs. Anim. Feed Sci. Technol. 2013, 183, 151-159. [CrossRef]

Devill¢, C.; Gharbi, M.; Dandrifosse, G.; Peulen, O. Study on the effects of laminarin, a polysaccharide from seaweed, on gut
characteristics. J. Sci. Food Agric. 2007, 87, 1717-1725. [CrossRef]

Nguyen, S.G.; Kim, J.; Guevarra, R.B; Lee, ] H.; Kim, E.; Kim, S.I.; Unno, T. Laminarin favorably modulates gut microbiota in
mice fed a high-fat diet. Food Funct. 2016, 7, 4193-4201. [CrossRef]

Leal, B.E.S.; Prado, M.R.; Grzybowski, A.; Tiboni, M.; Koop, H.S.; Scremin, L.B.; Sakuma, A.C.; Takamatsu, A.A.; Santos, A.Ed.;
Cavalcanti, V.F; et al. Potential prebiotic oligosaccharides from aqueous thermopressurized phosphoric acid hydrolysates of
microalgae used in treatment of gaseous steakhouse waste. Algal Res. 2017, 24, 138-147. [CrossRef]

Fitton, J.H.; Stringer, D.N.; Karpiniec, S.S. Therapies from Fucoidan: An Update. Mar. Drugs 2015, 13, 5920-5946. [CrossRef]
[PubMed]

Phull, A.-R.; Majid, M.; Haq, I.-u.; Khan, M.R.; Kim, S.J. In vitro and in vivo evaluation of anti-arthritic, antioxidant efficacy of
fucoidan from Undaria pinnatifida (Harvey) Suringar. Int. J. Biol. Macromol. 2017, 97, 468—480. [CrossRef]

Atashrazm, F; Lowenthal, R.M.; Woods, G.M.; Holloway, A.F.; Dickinson, J.L. Fucoidan and Cancer: A Multifunctional Molecule
with Anti-Tumor Potential. Mar. Drugs 2015, 13, 2327-2346. [CrossRef] [PubMed]

Black, W.A.P. The seasonal variation in the combined L-fucose content of the common British Laminariaceae and fucaceae. J. Sci.
Food Agric. 1954, 5, 445—448. [CrossRef]

Cumashi, A.; Ushakova, N.A.; Preobrazhenskaya, M.E.; D’Incecco, A.; Piccoli, A.; Totani, L.; Tinari, N.; Morozevich, G.E.; Berman,
A.E.; Bilan, M.L; et al. A comparative study of the anti-inflammatory, anticoagulant, antiangiogenic, and antiadhesive activities of
nine different fucoidans from brown seaweeds. Glycobiology 2007, 17, 541-552. [CrossRef]

Nishino, T.; Nishioka, C.; Ura, H.; Nagumo, T. Isolation and partial characterization of a novel amino sugar-containing fucan
sulfate from commercial Fucus vesiculosus fucoidan. Carbohydr. Res. 1994, 255, 213-224. [CrossRef]

Lahrsen, E.; Schoenfeld, A.K.; Alban, S. Size-dependent pharmacological activities of differently degraded fucoidan fractions
from Fucus vesiculosus. Carbohydr. Polym. 2018, 189, 162-168. [CrossRef]

Bilan, M.L; Grachev, A A ; Ustuzhanina, N.E.; Shashkov, A.S.; Nifantiev, N.E.; Usov, A.I. A highly regular fraction of a fucoidan
from the brown seaweed Fucus distichus L. Carbohydr. Res. 2004, 339, 511-517. [CrossRef]

Ale, M.T.; Meyer, A.S. Fucoidans from brown seaweeds: An update on structures, extraction techniques and use of enzymes as
tools for structural elucidation. RSC Adv. 2013, 3, 8131-8141. [CrossRef]

Chevolot, L.; Foucault, A.; Chaubet, E; Kervarec, N.; Sinquin, C.; Fisher, A.M.; Boisson-Vidal, C. Further data on the structure of
brown seaweed fucans: Relationships with anticoagulant activity. Carbohydr. Res. 1999, 319, 154-165. [CrossRef]

Fedorov, S.N.; Ermakova, S.P.; Zvyagintseva, T.N.; Stonik, V.A. Anticancer and cancer preventive properties of marine polysac-
charides: Some results and prospects. Mar. Drugs 2013, 11, 4876-4901. [CrossRef]

Bilan, M.L; Grachev, A.A; Shashkov, A.S.; Kelly, M.; Sanderson, C.J.; Nifantiev, N.E.; Usov, A.I. Further studies on the composition
and structure of a fucoidan preparation from the brown alga Saccharina latissima. Carbohydr. Res. 2010, 345, 2038-2047. [CrossRef]
[PubMed]

Chevolot, L.; Mulloy, B.; Ratiskol, J.; Foucault, A.; Colliec-Jouault, S. A disaccharide repeat unit is the major structure in fucoidans
from two species of brown algae. Carbohydr. Res. 2001, 330, 529-535. [CrossRef]

Lim, S.J.; Wan Aida, WM.; Schiehser, S.; Rosenau, T.; Bchmdorfer, S. Structural elucidation of fucoidan from Cladosiphon
okamuranus (Okinawa mozuku). Food Chem. 2019, 272, 222-226. [CrossRef]

Menshova, R.V.; Anastyuk, S.D.; Ermakova, S.P.; Shevchenko, N.M.; Isakov, V.I.; Zvyagintseva, T.N. Structure and anticancer
activity in vitro of sulfated galactofucan from brown alga Alaria angusta. Carbohydr. Polym. 2015, 132, 118-125. [CrossRef]
Shevchenko, N.M.; Anastyuk, S.D.; Menshova, R.V.; Vishchuk, O.S.; Isakov, V.I; Zadorozhny, P.A.; Sikorskaya, T.V.; Zvyagintseva,
T.N. Further studies on structure of fucoidan from brown alga Saccharina gurjanovae. Carbohydr. Polym. 2015, 121, 207-216.
[CrossRef]

Sun, Q.-L.; Li, Y.; Ni, L.-Q.; Li, Y.-X,; Cui, Y.-S,; Jiang, S.-L.; Xie, E.-Y,; Du, J.; Deng, E; Dong, C.-X. Structural characterization and
antiviral activity of two fucoidans from the brown algae Sargassum henslowianum. Carbohydr. Polym. 2020, 229, 115487. [CrossRef]
[PubMed]

Zvyagintseva, T.N.; Usoltseva, R.V.; Shevchenko, N.M.; Surits, V.V;; Imbs, T.1.; Malyarenko, O.S.; Besednova, N.N.; Ivanushko,
L.A.; Ermakova, S.P. Structural diversity of fucoidans and their radioprotective effect. Carbohydr. Polym. 2021, 273, 118551.
[CrossRef] [PubMed]

Kusaykin, M.L; Silchenko, A.S.; Zakharenko, A.M.; Zvyagintseva, T.N. Fucoidanases. Glycobiology 2016, 26, 3-12. [CrossRef]
[PubMed]


http://doi.org/10.3390/cosmetics7030066
http://doi.org/10.1016/j.anaerobe.2011.08.003
http://doi.org/10.1016/j.anifeedsci.2013.04.013
http://doi.org/10.1002/jsfa.2901
http://doi.org/10.1039/C6FO00929H
http://doi.org/10.1016/j.algal.2017.03.020
http://doi.org/10.3390/md13095920
http://www.ncbi.nlm.nih.gov/pubmed/26389927
http://doi.org/10.1016/j.ijbiomac.2017.01.051
http://doi.org/10.3390/md13042327
http://www.ncbi.nlm.nih.gov/pubmed/25874926
http://doi.org/10.1002/jsfa.2740050909
http://doi.org/10.1093/glycob/cwm014
http://doi.org/10.1016/S0008-6215(00)90980-7
http://doi.org/10.1016/j.carbpol.2018.02.035
http://doi.org/10.1016/j.carres.2003.10.028
http://doi.org/10.1039/C3RA23373A
http://doi.org/10.1016/S0008-6215(99)00127-5
http://doi.org/10.3390/md11124876
http://doi.org/10.1016/j.carres.2010.07.009
http://www.ncbi.nlm.nih.gov/pubmed/20701899
http://doi.org/10.1016/S0008-6215(00)00314-1
http://doi.org/10.1016/j.foodchem.2018.08.034
http://doi.org/10.1016/j.carbpol.2015.06.020
http://doi.org/10.1016/j.carbpol.2014.12.042
http://doi.org/10.1016/j.carbpol.2019.115487
http://www.ncbi.nlm.nih.gov/pubmed/31826428
http://doi.org/10.1016/j.carbpol.2021.118551
http://www.ncbi.nlm.nih.gov/pubmed/34560963
http://doi.org/10.1093/glycob/cwv072
http://www.ncbi.nlm.nih.gov/pubmed/26347522

Mar.

Drugs 2021, 19, 620 19 of 21

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.
153.

154.

155.

156.

Wang, Y.; Li, B.; Zhao, X.; Piao, M. Isolation and characterization of a fucoidan-degrading bacterium from Laminaria japonica.
J. Ocean Univ. China 2014, 13, 153-156. [CrossRef]

Dong, S.; Chang, Y.; Shen, ].; Xue, C.; Chen, F. Purification, expression and characterization of a novel alpha-L-fucosidase from a
marine bacteria Wenyingzhuangia fucanilytica. Protein Expr. Purif. 2017, 129, 9-17. [CrossRef]

Wijesinghe, W.A.].P; Jeon, Y.-]. Biological activities and potential industrial applications of fucose rich sulfated polysaccharides
and fucoidans isolated from brown seaweeds: A review. Carbohydr. Polym. 2012, 88, 13-20. [CrossRef]

Vo, T.-S.; Ngo, D.-H.; Kim, S.-K. Marine algae as a potential pharmaceutical source for anti-allergic therapeutics. Process Biochem.
2012, 47, 386-394. [CrossRef]

Yamasaki-Miyamoto, Y.; Yamasaki, M.; Tachibana, H.; Yamada, K. Fucoidan induces apoptosis through activation of caspase-8 on
human breast cancer MCF-7 cells. J. Agric. Food Chem. 2009, 57, 8677-8682. [CrossRef]

Xie, ].H.; Liu, X.; Shen, M.Y.; Nie, S.P,; Zhang, H.; Li, C.; Gong, D.M.; Xie, M.Y. Purification, physicochemical characterisation and
anticancer activity of a polysaccharide from Cyclocarya paliurus leaves. Food Chem. 2013, 136, 1453-1460. [CrossRef] [PubMed]
Zong, A.; Cao, H.; Wang, F. Anticancer polysaccharides from natural resources: A review of recent research. Carbohydr. Polym.
2012, 90, 1395-1410. [CrossRef] [PubMed]

Aisa, Y.; Miyakawa, Y.; Nakazato, T.; Shibata, H.; Saito, K.; Ikeda, Y.; Kizaki, M. Fucoidan induces apoptosis of human HS-Sultan
cells accompanied by activation of caspase-3 and down-regulation of ERK Pathways. Am. J. Hematol. 2005, 78, 7-14. [CrossRef]
Haneji, K.; Matsuda, T.; Tomita, M.; Kawakami, H.; Ohshiro, K.; Uchihara, J.-N.; Masuda, M.; Takasu, N.; Tanaka, Y.; Ohta, T.; et al.
Fucoidan Extracted From Cladosiphon Okamuranus Tokida Induces Apoptosis of Human T-Cell Leukemia Virus Type 1-Infected
T-Cell Lines and Primary Adult T-Cell Leukemia Cells. Nutr. Cancer 2005, 52, 189-201. [CrossRef]

Hyun, J.-H.; Kim, S.-C.; Kang, ].-I.; Kim, M.-K.; Boo, H.-J.; Kwon, J.-M.; Koh, Y.-S.; Hyun, J.-W.; Park, D.-B.; Yoo, E.-S.; et al.
Apoptosis Inducing Activity of Fucoidan in HCT-15 Colon Carcinoma Cells. Biol. Pharm. Bull. 2009, 32, 1760-1764. [CrossRef]
[PubMed]

Jin, J.-O.; Song, M.-G.; Kim, Y.-N.; Park, J.-I.; Kwak, J.-Y. The mechanism of fucoidan-induced apoptosis in leukemic cells:
Involvement of ERK1/2, JNK, glutathione, and nitric oxide. Mol. Carcinog. 2010, 49, 771-782. [CrossRef] [PubMed]

Yu, Y; Shen, M.; Song, Q.; Xie, J. Biological activities and pharmaceutical applications of polysaccharide from natural resources:
A review. Carbohydr. Polym. 2018, 183, 91-101. [CrossRef] [PubMed]

Park, H.Y,; Park, S.-H.; Jeong, J.-W.; Yoon, D.; Han, M.H,; Lee, D.-S.; Choi, G.; Yim, M.-]; Lee, ].M.; Kim, D.-H.; et al. Induction of
p53-Independent Apoptosis and G1 Cell Cycle Arrest by Fucoidan in HCT116 Human Colorectal Carcinoma Cells. Mar. Drugs
2017, 15, 154. [CrossRef]

Park, H.S.; Kim, G.-Y,; Nam, T.-J.; Deuk Kim, N.; Hyun Choi, Y. Antiproliferative Activity of Fucoidan Was Associated with the
Induction of Apoptosis and Autophagy in AGS Human Gastric Cancer Cells. J. Food Sci. 2011, 76, T77-T83. [CrossRef] [PubMed]
Zhang, Z.; Teruya, K.; Eto, H.; Shirahata, S. Fucoidan extract induces apoptosis in MCF-7 cells via a mechanism involving the
ROS-dependent JNK activation and mitochondria-mediated pathways. PLoS ONE 2011, 6, e27441. [CrossRef]

Synytsya, A.; Kim, W.-J.; Kim, S.-M.; Pohl, R.; Synytsya, A.; Kvasnicka, F; Copikové, J.; Il Park, Y. Structure and antitumour
activity of fucoidan isolated from sporophyll of Korean brown seaweed Undaria pinnatifida. Carbohydr. Polym. 2010, 81, 41-48.
[CrossRef]

Jiao, G.; Yu, G.; Zhang, J.; Ewart, H.S. Chemical structures and bioactivities of sulfated polysaccharides from marine algae. Mar.
Drugs 2011, 9, 196-223. [CrossRef]

Queiroz, K.C.; Medeiros, V.P,; Queiroz, L.S.; Abreu, L.R.; Rocha, H.A.; Ferreira, C.V.; Juca, M.B.; Aoyama, H.; Leite, E.L. Inhibition
of reverse transcriptase activity of HIV by polysaccharides of brown algae. Biomed. Pharmacother. 2008, 62, 303-307. [CrossRef]
Dinesh, S.; Menon, T.; Hanna, L.E.; Suresh, V.; Sathuvan, M.; Manikannan, M. In vitro anti-HIV-1 activity of fucoidan from
Sargassum swartzii. Int. J. Biol. Macromol. 2016, 82, 83-88. [CrossRef]

Feldman, S.C.; Reynaldi, S.; Stortz, C.A.; Cerezo, A.S.; Damont, E.B. Antiviral properties of fucoidan fractions from Leathesia
difformis. Phytomedicine Int. |. Phytother. Phytopharm. 1999, 6, 335-340. [CrossRef]

Hayashi, K.; Nakano, T.; Hashimoto, M.; Kanekiyo, K.; Hayashi, T. Defensive effects of a fucoidan from brown alga Undaria
pinnatifida against herpes simplex virus infection. Int. Immunopharmacol. 2008, 8, 109-116. [CrossRef]

Zhang, W.; Oda, T.; Yu, Q.; Jin, J.-O. Fucoidan from Macrocystis pyrifera Has Powerful Inmune-Modulatory Effects Compared to
Three Other Fucoidans. Mar. Drugs 2015, 13, 1084-1104. [CrossRef] [PubMed]

Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783-801. [CrossRef]

Oka, S.; Okabe, M.; Tsubura, S.; Mikami, M.; Imai, A. Properties of fucoidans beneficial to oral healthcare. Odontology 2020, 108,
34-42. [CrossRef] [PubMed]

Sanjeewa, K.; Fernando, I; Kim, E.; Kim, S.Y,; Jeon, Y.J. Anti-inflammatory activity of a fucose rich sulfated polysaccharide isolated
from an enzymatic digest of brown seaweed Sargassum horneri. In Proceedings of the 2016 KEN International Symposium and
Annual Meeting, Jeju, Korea, 31 October-2 November 2016; p. 476.

Ln, A.; Lei, W,; Xf, A.; Ddd, E.; Yjjb, C.; Jx, A; Xin, G.A. In vitro and in vivo anti-inflammatory activities of a fucose-rich fucoidan
isolated from Saccharina japonica. Int. |. Biol. Macromol. 2020, 156, 717-729.

Rm, A.; Dp, A.; Km, A; Mb, B.; Ma, A;Sj, A; Spc, D.; Sgyc, D.; Nmp, E. Studies on isolation, characterization of fucoidan from
brown algae Turbinaria decurrens and evaluation of it’s in vivo and in vitro anti-inflammatory activities. Int. ]. Biol. Macromol.
2020, 160, 1263-1276.


http://doi.org/10.1007/s11802-014-2011-0
http://doi.org/10.1016/j.pep.2016.08.016
http://doi.org/10.1016/j.carbpol.2011.12.029
http://doi.org/10.1016/j.procbio.2011.12.014
http://doi.org/10.1021/jf9010406
http://doi.org/10.1016/j.foodchem.2012.09.078
http://www.ncbi.nlm.nih.gov/pubmed/23194548
http://doi.org/10.1016/j.carbpol.2012.07.026
http://www.ncbi.nlm.nih.gov/pubmed/22944395
http://doi.org/10.1002/ajh.20182
http://doi.org/10.1207/s15327914nc5202_9
http://doi.org/10.1248/bpb.32.1760
http://www.ncbi.nlm.nih.gov/pubmed/19801840
http://doi.org/10.1002/mc.20654
http://www.ncbi.nlm.nih.gov/pubmed/20572161
http://doi.org/10.1016/j.carbpol.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29352896
http://doi.org/10.3390/md15060154
http://doi.org/10.1111/j.1750-3841.2011.02099.x
http://www.ncbi.nlm.nih.gov/pubmed/21535865
http://doi.org/10.1371/journal.pone.0027441
http://doi.org/10.1016/j.carbpol.2010.01.052
http://doi.org/10.3390/md9020196
http://doi.org/10.1016/j.biopha.2008.03.006
http://doi.org/10.1016/j.ijbiomac.2015.09.078
http://doi.org/10.1016/S0944-7113(99)80055-5
http://doi.org/10.1016/j.intimp.2007.10.017
http://doi.org/10.3390/md13031084
http://www.ncbi.nlm.nih.gov/pubmed/25706632
http://doi.org/10.1016/j.cell.2006.02.015
http://doi.org/10.1007/s10266-019-00437-3
http://www.ncbi.nlm.nih.gov/pubmed/31214896

Mar. Drugs 2021, 19, 620 20 of 21

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.
181.

Jayawardena, T.U.; Fernando, I.; Lee, W.W.; Sanjeewa, K.; Kim, H.S.; Lee, D.S.; Jeon, Y.J. Isolation and purification of fucoidan
fraction in Turbinaria ornata from the Maldives; Inflammation inhibitory potential under LPS stimulated conditions in in-vitro and
in-vivo models. Int. J. Biol. Macromol. 2019, 131, 614-623. [CrossRef]

Lee, S.H.; Ko, C.I; Ahn, G.; You, S.G.; Kim, ].S.; Min, S.H.; Kim, J.I; Jee, Y.; Jeon, Y.J. Molecular characteristics and anti-
inflammatory activity of the fucoidan extracted from Ecklonia cava. Carbohydr. Polym. 2012, 89, 599-606. [CrossRef]

Lim, ].D.; Lee, S.R; Kim, T,; Jang, S.-A.; Kang, S.C.; Koo, H.].; Sohn, E.; Bak, J.P.; Namkoong, S.; Kim, HK.; et al. Fucoidan from
Fucus vesiculosus Protects against Alcohol-Induced Liver Damage by Modulating Inflammatory Mediators in Mice and HepG2
Cells. Mar. Drugs 2015, 13, 1051-1067. [CrossRef]

Park, H.Y,; Han, M.H.; Park, C.; Jin, C.Y.; Kim, G.Y.; Choi, LW.; Kim, N.D.; Nam, T.].; Kwon, T.K.; Choi, Y.H. Anti-inflammatory
effects of fucoidan through inhibition of NF-kB, MAPK and Akt activation in lipopolysaccharide-induced BV2 microglia cells.
Food Chem. Toxicol. 2011, 49, 1745-1752. [CrossRef]

Hwang, PA; Phan, N.N.; Lu, WJ.; Hieu, B.T.N.; Lin, Y.C. Low-molecular-weight fucoidan and high-stability fucoxanthin from
brown seaweed exert prebiotics and anti-inflammatory activities in Caco-2 cells. Food Nutr. Res. 2016, 60, 32033. [CrossRef]
[PubMed]

Jin, J.-O.; Zhang, W.; Du, J.-Y.; Wong, K.-W.; Oda, T.; Yu, Q. Fucoidan Can Function as an Adjuvant In Vivo to Enhance Dendritic
Cell Maturation and Function and Promote Antigen-Specific T Cell Inmune Responses. PLoS ONE 2014, 9, €99396.
Raghavendran, H.R.B,; Srinivasan, P.; Rekha, S. Inmunomodulatory activity of fucoidan against aspirin-induced gastric mucosal
damage in rats. Int. Immunopharmacol. 2011, 11, 157-163. [CrossRef]

Li, C; Gao, Y.; Xing, Y.; Zhu, H.; Shen, J.; Tian, J. Fucoidan, a sulfated polysaccharide from brown algae, against myocardial
ischemia-reperfusion injury in rats via regulating the inflammation response. Food Chem. Toxicol. 2011, 49, 2090-2095. [CrossRef]
Senni, K.; Gueniche, F.; Foucault-Bertaud, A.; Igondjo-Tchen, S.; Fioretti, F.; Colliec-Jouault, S.; Durand, P.; Guezennec, J.; Godeau,
G.; Letourneur, D. Fucoidan a sulfated polysaccharide from brown algae is a potent modulator of connective tissue proteolysis.
Arch. Biochem. Biophys. 2006, 445, 56—64. [CrossRef]

Ley, K. The role of selectins in inflammation and disease. Trends Mol. Med. 2003, 9, 263-268. [CrossRef]

Bordone, L.; Motta, M.C.; Picard, F,; Robinson, A.; Jhala, U.S.; Apfeld, J.; McDonagh, T.; Lemieux, M.; McBurney, M.; Szilvasi,
A_; et al. Sirtl regulates insulin secretion by repressing UCP2 in pancreatic beta cells. PLoS Biol. 2006, 4, e31. [CrossRef]
Lorenzati, B.; Zucco, C.; Miglietta, S.; Lamberti, E.; Bruno, G. Oral Hypoglycemic Drugs: Pathophysiological Basis of Their
Mechanism of ActionOral Hypoglycemic Drugs: Pathophysiological Basis of Their Mechanism of Action. Pharmaceuticals 2010, 3,
3005-3020. [CrossRef] [PubMed]

Koh, H.S.A; Lu, J.; Zhou, W. Structural Dependence of Sulfated Polysaccharide for Diabetes Management: Fucoidan From
Undaria pinnatifida Inhibiting o-Glucosidase More Strongly Than x-Amylase and Amyloglucosidase. Front. Pharmacol. 2020,
11, 831. [CrossRef] [PubMed]

Raghu, C.; Arjun, H.A.; Anantharaman, P. In vitro and in silico inhibition properties of fucoidan against x-amylase and o-D-
glucosidase with relevance to type 2 diabetes mellitus. Carbohydr. Polym. 2019, 209, 350-355.

Havale, S.H.; Pal, M. Medicinal chemistry approaches to the inhibition of dipeptidyl peptidase-4 for the treatment of type 2
diabetes. Bioorganic Med. Chem. 2009, 17, 1783-1802. [CrossRef] [PubMed]

Sanjeewa, A.; Jayawardena, T.U.; Kim, H.S.; Kim, S.Y,; Jeon, Y.J. Fucoidan isolated from Padina commersonii inhibit LPS-induced
inflammation in macrophages blocking TLR/NF-«B signal pathway. Carbohydr. Polym. 2019, 224, 115195. [CrossRef] [PubMed]
Wang, J.; Zhang, Q.; Zhang, Z.; Li, Z. Antioxidant activity of sulfated polysaccharide fractions extracted from Laminaria japonica.
Int. ]. Biol. Macromol. 2008, 42, 127-132. [CrossRef]

Wang, Y.; Xing, M.; Cao, Q.; Ji, A.; Liang, H.; Song, S. Biological Activities of Fucoidan and the Factors Mediating Its Therapeutic
Effects: A Review of Recent Studies. Mar. Drugs 2019, 17, 183. [CrossRef]

Hui, S.; Lu, J.; Zhou, W. Structure characterization and antioxidant activity of fucoidan isolated from Undaria pinnatifida grown in
New Zealand. Carbohydr. Polym. 2019, 212, 178-185.

Pozharitskaya, O.N.; Obluchinskaya, E.D.; Shikov, A.N. Mechanisms of Bioactivities of Fucoidan from the Brown Seaweed Fucus
vesiculosus L. of the Barents Sea. Mar. Drugs 2020, 18, 275. [CrossRef] [PubMed]

Yu, W.-C; Chen, Y.-L.; Hwang, P.-A.; Chen, T.-H.; Chou, T.-C. Fucoidan ameliorates pancreatic 3-cell death and impaired insulin
synthesis in streptozotocin-treated ( cells and mice via a Sirt-1-dependent manner. Mol. Nutr. Food Res. 2017, 61, 1700136.
[CrossRef]

Wang, Y.; Nie, M,; Lu, Y,; Wang, R.; Li, J.; Yang, B.; Xia, M.; Zhang, H.; Li, X. Fucoidan exerts protective effects against diabetic
nephropathy related to spontaneous diabetes through the NF-«B signaling pathway in vivo and in vitro. Int. J. Mol. Med. 2015,
35, 1067-1073. [CrossRef]

Peng, Y.; Ren, D,; Song, Y.; Hu, Y.; Wu, L.; Wang, Q.; He, Y.; Zhou, H.; Liu, S.; Cong, H. Effects of a combined fucoidan and
traditional Chinese medicine formula on hyperglycaemia and diabetic nephropathy in a type II diabetes mellitus rat model. Int. ].
Biol. Macromol. 2020, 147, 408-419. [CrossRef]

Lindahl, U. "Heparin’—From anticoagulant drug into the new biology. Glycoconj. J. 2000, 17, 597-605. [CrossRef] [PubMed]
Tolwani, A.J.; Wille, KM. Anticoagulation for continuous renal replacement therapy. Semin. Dial. 2009, 22, 141-145. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.ijbiomac.2019.03.105
http://doi.org/10.1016/j.carbpol.2012.03.056
http://doi.org/10.3390/md13021051
http://doi.org/10.1016/j.fct.2011.04.020
http://doi.org/10.3402/fnr.v60.32033
http://www.ncbi.nlm.nih.gov/pubmed/27487850
http://doi.org/10.1016/j.intimp.2010.11.002
http://doi.org/10.1016/j.fct.2011.05.022
http://doi.org/10.1016/j.abb.2005.11.001
http://doi.org/10.1016/S1471-4914(03)00071-6
http://doi.org/10.1371/journal.pbio.0040295
http://doi.org/10.3390/ph3093005
http://www.ncbi.nlm.nih.gov/pubmed/27713388
http://doi.org/10.3389/fphar.2020.00831
http://www.ncbi.nlm.nih.gov/pubmed/32581797
http://doi.org/10.1016/j.bmc.2009.01.061
http://www.ncbi.nlm.nih.gov/pubmed/19217790
http://doi.org/10.1016/j.carbpol.2019.115195
http://www.ncbi.nlm.nih.gov/pubmed/31472848
http://doi.org/10.1016/j.ijbiomac.2007.10.003
http://doi.org/10.3390/md17030183
http://doi.org/10.3390/md18050275
http://www.ncbi.nlm.nih.gov/pubmed/32456047
http://doi.org/10.1002/mnfr.201700136
http://doi.org/10.3892/ijmm.2015.2095
http://doi.org/10.1016/j.ijbiomac.2019.12.201
http://doi.org/10.1023/A:1011030711317
http://www.ncbi.nlm.nih.gov/pubmed/11421351
http://doi.org/10.1111/j.1525-139X.2008.00545.x
http://www.ncbi.nlm.nih.gov/pubmed/19426417

Mar.

Drugs 2021, 19, 620 21 of 21

182.

183.

184.

185.
186.

187.

188.

189.

Mourao, P.A. Use of sulfated fucans as anticoagulant and antithrombotic agents: Future perspectives. Curr. Pharm. Des. 2004, 10,
967-981. [CrossRef]

Mourao, P.A.; Pereira, M.S. Searching for alternatives to heparin: Sulfated fucans from marine invertebrates. Trends Cardiovasc.
Med. 1999, 9, 225-232. [CrossRef]

Nishino, T.; Nagumo, T. Anticoagulant and antithrombin activities of oversulfated fucans. Carbohydr. Res. 1992, 229, 355-362.
[CrossRef]

Usov, A.L; Bilan, M.I. Fucoidans—Sulfated polysaccharides of brown algae. Russ. Chem. Rev. 2009, 78, 846-862. [CrossRef]
Graulffel, V.; Kloareg, B.; Mabeau, S.; Durand, P,; Jozefonvicz, ]. New natural polysaccharides with potent antithrombic activity:
Fucans from brown algae. Biomaterials 1989, 10, 363-368. [CrossRef]

Kim, M.-].; Chang, U.-]; Lee, ].-S. Inhibitory Effects of Fucoidan in 3T3-L1 Adipocyte Differentiation. Mar. Biotechnol. 2009, 11,
557-562. [CrossRef]

Park, M.K,; Jung, U.; Roh, C. Fucoidan from Marine Brown Algae Inhibits Lipid Accumulation. Mar. Drugs 2011, 9, 1359-1367.
[CrossRef] [PubMed]

Tanino, Y.; Hashimoto, T.; Ojima, T.; Mizuno, M. F-fucoidan from Saccharina japonica is a novel inducer of galectin-9 and exhibits
anti-allergic activity. J. Clin. Biochem. Nutr. 2016, 59, 25-30. [CrossRef] [PubMed]


http://doi.org/10.2174/1381612043452730
http://doi.org/10.1016/S1050-1738(00)00032-3
http://doi.org/10.1016/S0008-6215(00)90581-0
http://doi.org/10.1070/RC2009v078n08ABEH004063
http://doi.org/10.1016/0142-9612(89)90127-0
http://doi.org/10.1007/s10126-008-9170-1
http://doi.org/10.3390/md9081359
http://www.ncbi.nlm.nih.gov/pubmed/21892350
http://doi.org/10.3164/jcbn.15-144
http://www.ncbi.nlm.nih.gov/pubmed/27499575

	Introduction 
	Alginate and Alginate Lyase 
	Antioxidant Activity 
	Antimicrobial Activity 
	Immunomodulatory and Antitumor Activity 

	Laminarin 
	Antioxidant and Antimicrobial Activities 
	Antitumor and Anticoagulant Activity 
	Anti-Inflammatory and Immunostimulatory Activity 
	Prebiotic Activity 

	Fucoidan 
	Antitumor Activity 
	Antiviral and Anti-Inflammatory Activity 
	Antidiabetic Activity 
	Other Biological Activities 

	Conclusions 
	References

