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Abstract: Oxidative stress induces various cardiovascular, neurodegenerative, and cancer diseases,
caused by excess reactive oxygen species (ROS). It is attributed to the lack of sufficient antioxidant
defense capacity to eliminate unnecessary ROS. Seaweeds are largely cultivated for their edible and
commercial purposes. Excessive proliferation of some seaweeds has occurred in coastal areas, causing
environmental and economic disasters, and even threating human health. Removing and disposing of
the excess seaweeds are costly and labor-intensive with few rewards. Therefore, improving the value
of seaweeds utilizes this resource, but also deals with the accumulated biomass in the environment.
Seaweed has been demonstrated to be a great source of polysaccharides antioxidants, which are
effective in enhancing the antioxidant system in humans and animals. They have been reported to be a
healthful method to prevent and/or reduce oxidative damage. Current studies indicate that they have
a good potential for treating various diseases. Polysaccharides, the main components in seaweeds,
are commonly used as industrial feedstock. They are readily extracted by aqueous and acetone
solutions. This study attempts to review the current researches related to seaweed polysaccharides
as an antioxidant. We discuss the main categories, their antioxidant abilities, their determinants,
and their possible molecular mechanisms of action. This review proposes possible high-value ways
to utilize seaweed resources.

Keywords: antioxidant; seaweed; polysaccharide; nuclear factor erythroid 2-related factor 2 (Nrf2)

1. Introduction

Reactive oxygen species (ROS) are byproducts of aerobic metabolism, mainly produced in the
mitochondria. They contain free and non-free radical oxygen, such as hydrogen peroxide (H,0O,),
superoxide (O, ™), singlet oxygen (1/2 O;), and hydroxyl radicals (-OH). At high levels, ROS are toxic to
cells as they impair the redox balance with high reactivity, resulting in damage to intracellular proteins,
lipids, and nucleic acids. However, cells have evolved mechanisms to deal with ROS toxicity so that at
low levels, they play an integral role in various cell signaling pathways as regulators, such as cytokine,
transcription, neuro-modulation, immune-modulation, and apoptosis [1]. The balance between the
formation of ROS and the ability to remove them is vital in biological systems, and a shift in the
balance to ROS formation is termed “oxidative stress” [2], disordered redox signaling, and control [3].
Excess levels of ROS or the abnormal functioning of the antioxidant system, have been identified in
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various cardiovascular [4], pulmonary [5], diabetes [6], neurodegenerative [7], and cancer diseases [8].
Tightly controlling ROS levels is clearly crucial to biosystems. Both early and delayed mechanisms
responding to increased ROS levels have evolved [9]. The early mechanism immediately removes
the ROS through chemical reactions; the delayed mechanism is by gene expression of antioxidant
enzymes and proteins that decrease oxidative damage [2,10]. More and more attention is being paid to
preparing antioxidant compounds from nature in order to prevent and/or reduce oxidative damage.

Antioxidants have been deemed as substances with the potential at a relatively low concentration
to delay or prevent the oxidation of a target substrate. They play the role of “free radical scavengers”
by avoiding and repairing damage caused by oxidative stress. They enhance the immune system
and decrease the risk of inflammation, cancer, aging, and hypertension [11-13]. Both endogenous
and exogenous antioxidants counteract oxidative stress in eukaryotes. They are naturally internally
produced or provided in foods and supplements [14]. Endogenous antioxidants are classified as either
enzymatic or non-enzymatic [2]. Exogenous antioxidants play vital roles in promoting endogenous
antioxidants, which cannot be produced and must be provided from foods or supplements such as
vitamin E, vitamin C, carotenoids, trace metals (selenium, manganese, zinc), and flavonoids [15].
A deficiency of nutrient antioxidants is responsible for various chronic and degenerative pathologies
and cancer [15].

While the benefits of antioxidants from terrestrial plants have been widely accepted, little attention
has been focused on the same benefits from seaweed. Seaweed cultivation, which has been carried out
for decades and is developing rapidly in the world, especially in China, has demonstrated effective
remediation of contaminants and improvement in water quality [16-21]. Well-known species are
Laminaria, Pyropia, Gracilaria, and Undaria [16], which are cultivated as industrial and edible resources.
However, large-scale excessive proliferation of some seaweeds has occurred in coastal areas and is a
widespread environmental problem. Examples include “green tides” caused by Ulva spp. along the
coastal regions of the northern Yellow Sea, Jiangsu Province of China [22] and the eastern coast of Jeju
Island, Korea [23], and “golden tides” initiated by Sargassum spp. along the Brazilian coast of the South
Atlantic and the West Coast of Africa [24]. Mechanically harvesting the seaweeds in coastal or shore
and then landfilling them is a common method to remove seaweeds; however, the process is costly
with few rewards [25]. Thus, isolating and identifying useful compounds from seaweeds with novel
applications that offer added economic value has become the focus of recent studies [26-31].

Seaweeds are rich in polysaccharides, proteins, vitamins, and minerals, as well as a great variety
of secondary metabolites with diverse biological functions [32]. Due to their special structures,
seaweed polysaccharides have been identified as being effective as antioxidants, immune-modulatory,
anti-inflammatory, anti-coagulant, and anticancer agents [30,33-36]. For their health promoting effects,
they are often recommended as food and food additives. Obviously, their potential in chemical and
pharmaceutical industries is attractive. This study attempts to review the current research related to
the antioxidant ability of seaweed polysaccharides, including the main categories, their antioxidant
abilities, and determinants, as well as the possible molecular mechanisms. This review proposes
possible high-value ways to utilize seaweeds. The keywords, “polysaccharide*”, “seaweed” or “marine
algae”, and “antioxidant” were searched in “Web of Science” and “Scopus”, for the period between
2000 and 2020.

2. Polysaccharides from Seaweeds

Polysaccharides are the main components of seaweeds, widely used as industrial feedstock [29].
Various processes are used to extract polysaccharides from seaweeds, ultimately dissolving them
into a liquid medium. Acidic or alkaline solutions traditionally facilitate extraction by interfering
with hydrogen linkages between polysaccharides [37]. Novel methods have been applied in
polysaccharides extraction, using fewer solvents, operating at lower temperatures, and decreasing
extraction time [38]. Ultrasound assisted extraction (UAE) breaks down cells with frequencies higher
than 20 kHz [39], microwave assisted extraction (MAE) disrupts hydrogen bonds, migrating dissolved
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ions with non-ionizing electromagnetic radiation of frequencies between 300 MHz and 300 GHz [40],
and enzyme-assisted extraction (EAE) degrades cell walls [41]. However, no method is perfect, and
yields may be low. In addition, the methods are not optimized and require adjustments to be boosted
to an industrial scale [38].

The structural complexity of polysaccharides and their “unconventional” and heterogeneous sugar
composition, sulfation, and other modifications limits their broader applications in the industry [38].
Polysaccharides have various brown, red, and green characteristics. Some important seaweed
polysaccharides that have commercial value are fucoidan, alginates, and laminarin from brown algae;
carrageenan and agar from red, and ulvan from green seaweeds [36,42—47].

2.1. Brown Seaweed Polysaccharides

Fucoidan, also called “fucan”, “fucosan”, or “sulfated fucan”, is composed of high percentages of
L-fucose and sulfated ester groups. It is found in brown seaweeds and some marine invertebrates
(such as sea urchins and sea cucumbers) [48,49]. Fucose, the preponderant constituent, is combined
with other monomers, such as galactose, mannose, xylose, and residues of glucuronic acid [50,51].
Based on the backbone structure, fucoidans are divided into two subgroups: one is made up of
a-1,3-L-fucopyranose and the other alternating 1,3-and 1,4-linked x-L-fucopyranose [52]. Fucoidan
molecular weights range from 40 kDa to 1600 kDa. The amount of fucoidans in seaweeds varies with
the seasons (highest during autumn), the species, and the development stage, from 0.1% to 20% of dry
weight [53].

Alginates are primarily extracted from Macrocystis pyrifera, Ascophyllum nodosum, Laminaria spp.,
Ecklonia maxima, Eisenia bicyclis, Lessonia nigricans, and Sargassum spp. [54]. They are usually distributed
in the cell walls as calcium, magnesium, and sodium salts and enhance the strength and flexibility of
seaweed tissue [55]. The extraction process usually converts the cationic salt from the insoluble form to
the soluble one, followed by eliminating impurities by successive dissolutions and precipitations [54].
Alginate is widely used in medical and pharmaceutical technology, and the cosmetic, food, agricultural,
textile, and paper industries [56]. They are linear anionic unbranched copolymers, composed of
(3-1,4-D-mannuronic acid (M) and «-1,4-L-guluronic acid (G) and are usually described by their M/G
ratio and average molecular weight, because their functions, physical properties, mechanical strength,
and biocompatibility are largely dependent on those parameters [57].

Laminarin, a major carbohydrate reserve, is mainly composed of 3-1,3-D-glucopyranose, with the
3-1,6-linked D-glucopyranose units as branch-points or interchain residues [58]. Its solubility in
water depends on the branching structure, as affected by interchain 3-1,6-linkages. The antioxidant
activity of laminarin has been linked to its molecular structure, degree, and length of branching and
monosaccharide constituents [59]. According to the difference in terminal reducing end of the polymer
chain, laminarin is divided into the G-type, which only contains glucopyranose, and the M-type
with 1-O-linked D-mannitol [58,60]. The ratio of M-type to G-type varies by species, as high as 3:1
in Laminaria digitate [61] and absent in Eisenia bicyclis. The biological activities of laminarins vary
according to species and are characterized by content, type (branchpoints or interchain), and the spatial
distribution of the (3-1,6-linkages [38].

2.2. Red Seaweed Polysaccharides

Carrageenan is a high molecular weight sulfated polysaccharide extracted from Chondrus, Gigartina,
and various Eucheuma species from the red algal family, Rhodophyceae [62]. It is a major component
of cell walls in red seaweeds and interacts with other bioactive compounds, such as proteins, lipids,
and other polysaccharides [38]. It is composed of the base units, D-galactopyranosyl with one or
two sulfate groups, linked via alternated (1—3)-f3-4-and (1—4)-3-4-glucoside [36]. Depending on the
number and position of the sulfate groups, carrageenans have been divided into 10 types, of which
the kappa (k), iota (1), and lambda (M) are of commercial significance. Carrageenan is edible and safe,
largely used in food and pharmaceutical industries as a stabilizer, gelling agent, thickener, binder,
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and additive. However, there are reports that its consumption increases the risk of colitis [63,64].
In addition, in studies of carrageenan-induced paw edema and pleurisy and thrombosis in a tail
thrombosis model, carrageenan is used to study the mechanisms involved in inflammation [65,66],
antithrombosis, and thrombolysis [67,68] in laboratory animals, such as rats.

Agar is a mixture of gel polysaccharides, including agarose and agaropectin, uniquely found
in the cell walls of some red seaweeds, specifically species in the families Gracilariaceae, Gelidiaceae,
Pterocladiaceae, and Gelidiellaceae [69]. Agar is composed of alternating monomers, p-and 1-galactose,
linked via glycosidic bonds. Agarose, the major fraction of agar, making up about 70% of the
polysaccharides, is composed of repeating p-galactose and 3,6-anhydro-L-galactose, with high molecular
weight [70,71]. Compared to agarose, agaropectin has a lower molecular weight and higher amount of
sulfate ester groups. The backbone of agaropectin is the same as agarose, substituted with various
amounts of sulfate esters and d-glucuronic and pyruvic acids [69]. Agar, a phycocolloid from species
in the genera Gracilaria and Gelidium, is broadly used in the food, pharmaceuticals, cosmetics, medical,
and biotechnology industries [72].

2.3. Green Seaweed Polysaccharides

Ulvan is a uronic acid-rich sulfated polysaccharide, primarily composed of sulfated rhamnose,
uronic acids (glucuronic acid and iduronic acid), and xylose, It is found in species mainly in the
Ulvalean genera Ulva and Enteromorpha [73]. It is the major component of cell walls in green seaweed,
occupying 9 to 36% of their dry weight [44]. The backbone of ulvan is mainly composed of repeating
disaccharide units, «- and (3-(1,4)-linked monosaccharides (thamnose, xylose, glucuronic acid and
iduronic acid). Ulvan has been reported to be effective as an immune modulator [74,75], and with
antiviral [76,77] and anticoagulant properties [78,79]. It is regarded to have potential in nutraceutical,
pharmaceutical, and cosmetic applications.

3. Antioxidant Ability of Polysaccharides

3.1. Radical Scavenging Capacity

The radical scavenging capacity of seaweed polysaccharides have been evaluated by two
categories of assays: hydrogen atom transfer (HAT) and electron transfer (ET) reaction-based assays,
depending on particular reactions [12]. Based on calculations of the ability of antioxidants to donate
hydrogen, HAT-based methods are usually quick and independent of solvent and pH conditions [12,80].
In contrast, ET-based methods require relatively longer times, are typically expressed as percent
decrease in product rather than kinetics [80,81]. Because of the dominant role of hydrogen atom transfer
in biological redox reactions, HAT-based methods are considered to be more relevant to biology [12].

ET-based methods usually employ the scavenging capacity of 2,2-diphenyl-1-picrylhydrazyl
(DPPH), the measurement of total phenolic content (TPC) by the Folin—Ciocalteu (FC) assay and the
Ferric reducing antioxidant power (FRAP). The DPPH assay is simple and effective for evaluating the
antioxidant capacity of extracts. It is based on the antioxidant potential to give a hydrogen atom to
the synthetic nitrogen radical compound DPPH [82]. The Folin—Ciocalteu (FC) assay measures the
reducing capacity of a sample by the Folin-Ciocalteu reagent (FCR), a mixture of phosphomolybdate
and phosphotungstate [83]. The weight equivalents of standard antioxidants, such as gallic acid
(GAE) [83], phloroglucinol (PGE) [84], and tannic acid equivalents (TAE), are used to measure the
values of polyphenols in samples. Because of the similarity of the chemistry between FCR and an
ET-based antioxidant capacity assay [12], good linear correlations have been frequently reported
between the “total phenolic profiles” and “the antioxidant activity”. However, the opposite results,
i.e., a lack of correlation between TP content and antioxidant activity, have also been reported [85],
suggesting that other components, such as chlorophyll and carotenoids, together with differences in the
polyphenols profiles may affect the antioxidant activity [85]. The FRAP assay measures the power of
the antioxidant to reduce Fe>* to Fe?* in acidic media (pH 3.6) maintained by 2,3,5-triphenyltetrazolium
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chloride (TPTZ). Due to the blue color of the ferrous (Fe?*) complex, antioxidant ability is calculated
by the absorbance at 593 nm [86]. The equivalent of Fe?* or reference standard antioxidants, such as
Trolox, is expressed as the value of antioxidant ability.

The assays of oxygen radical absorbance capacity (ORAC), 2,2’-azino-bis (3-ethylbenzothiazoline
-6-sulphonic acid)(ABTS), superoxide anion (O, ™), and hydroxyl (-OH) radicals scavenging activity
are typically the HAT-based methods applied to measure the antioxidant ability of seaweed
polysaccharides [80,87-89]. The ORAC assay measures the ability of the antioxidants to break
radical chains by monitoring the inhibition of antioxidants to peroxyl radical induced oxidations [90].
Trolox is usually used as a standard antioxidant, and trolox equivalents (TE) are commensurately
expressed as the ORAC values of the tested antioxidants [91]. Superoxide radical scavenging activity
assay evaluates antioxidant capacities by supervising the inhibition in the photochemical reduction of
nitro blue tetrazolium (NBT). The hydroxyl radical scavenging activity assay is based on the Fenton’s
reaction [92]. Gallic acid is usually used as a positive control in the two assays [92,93].

Generally, more than two assays are applied to measure the antioxidant ability (Table 1).
For example, the ulvan extracted from U. pertusa by the method of microwave-assisted extraction
exerted a high antioxidant ability as evaluated by the radical-scavenging activity of DPPH and
ABTS, and reducing power [94]. However, the results from different assays do not always agree,
which may be attributed to the diverse mechanisms of the antioxidants. According to the action
mode, there are primary and secondary antioxidants also referred to as chain breaking and preventive
antioxidants [95]. Primary antioxidants commonly accept free radicals, breaking the propagation chain
of autoxidation by inhibiting the initial step or interfering with the propagation step [96]. The activities
of primary antioxidants are determined by their ability to donate hydrogen atoms to free radicals [97].
Secondary antioxidants alleviate oxidative stress by decreasing the rate of oxidation reactions via
various mechanisms [98], such as providing H to a primary antioxidant, scavenging reactive oxygen and
decomposing hydroperoxide [95]. Koh et al. reported that the antioxidant activity of Undaria pinnatifida
fucoidan had a significantly less free radical scavenging ability than both the synthetic antioxidants,
ascorbic acid, and BHA, but it had a hydroxyl radical scavenging activity similar to BHA although still
lower than ascorbic acid [99]. Similar results were found with the Sargassum binderi fucoidan [100],
indicating that fucoidan is a better secondary antioxidant than a primary one. However, Costa et al.
measured the antioxidants of sulfated polysaccharides from 11 species of tropical marine seaweed,
and found that only four species (Caulerpa sertularioide, Dictyota cervicornis, Sargassum filipendula,
and Dictyopteris delicatula) showed hydroxyl radical scavenging activities, far less than gallic acid.
Meanwhile, all species showed antioxidant ability through the assay of a total capacity antioxidant [93].
Oliveira reported a similar result of a sulfated galactan prepared from the red seaweed, Gracilaria birdiae,
that showed no hydroxyl radical scavenging ability, suggesting that the antioxidant mechanism of
seaweed sulfated polysaccharides is likely different [92].
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Table 1. Summary of recently reported antioxidant ability of seaweed polysaccharides.
Type Main Backbone Source Antioxidant Ability Reference
a-1,3-L-fucop Undaria pinnatifida At 2.0 mg/mL: DPPH (ug/mL TE):
Fucoidan yranose and the other from New Zealapd 7.43 £ 0.99; OH (%): 75.97 + 1.69 [99]
alternating 1,3-and Undaria pinnatifida At 2.0 mg/mL: DPPH (ug/mL TE):
1,4-linked a-L-fucopyranose from Sigma-Aldrich 8.05 + 1.49; -OH (%): 75.32 + 1.08
At 2.0 mg/mL: TPC (mg GAE/100 g),
Sargassum binderi 3.69 + 0.15; DPPH (IC50 (mg/ml),
from Malaysia 2.01 £ 0.29; Oy~ (%), 26.78 + 1.90; [100]
-OH (%), 60.95 + 0.69; FRAP
(mg GAE/100 g), 0.60 + 0.08
B-1,4-D-mannuronic acid Cystoseira barbata At 0.5 mg/L: DPPH (%), 74%; At 4 and [54]
Alginates M) “ind o-1,4-L-guluronic from Tunisia 5 mg/ml, -OH: 80 and 82%
acid (G) MW of 1-6 KDa and 6-10 KDa:
Laminaria japonica 0,7 (Isp): 8 ug mL1 and 18 ug mL7}; 57]
from China OH (I5p): 0.01 mg mL~! and g
0.03 mg mL~!
B-1,3-p-glucopyranose, with L
the p1 6tinked _ Laminaria o o oo
Laminarin p-glucopyrancse units as digitata/ Ascophyllum DPPH: reach 93.23%/87.57%; TPC [101]
branch-points or interchain nodosum from (mg PGE/g): 0.343-0.365/0.110-0.166
residues SigmaeAldrich, USA
p-galactopyranosyl with one o
or two sulfate groups, linked Chondrus armatus Atalnr;%/ gl]g’ooif;fi?zw;ﬁ S;Eill;ate
Carrageenan via alternated and C. pinnulatus N Y PN [102]
(1-3)-p-p-and from Russian (mM AAE/g), 58'50_980'22' 027 (%),
(1—4)-B-p-glucoside 45.95-54.82%
repeating D-galactose and ‘ ‘ At 10 mg/ml, DPPH (%), 16.47-22.71%;
Agar 3,6-anhydro- L-galactose SigmaeAldrich, USA ABTS (%), 61.95-81.26%; FRAP, [103]
! 0.95-1.46
repeating disaccharide units, .
Ulvan i oc-angd 3-(1,4)-linked Ulva pertusa from Korea Among 0.025-0.800 mg/L: ABTS (%), [94]

. 20.15-30.25; DPPH (%), 5.61-46.51;
monosaccharides

AAE: ascorbic acid equivalents; ABTS: 2,2"-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid radical scavenging
activity; DPPH: 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity; FRAP: Ferric reducing antioxidant power;
GAE: gallic acid; MW: molecular weight; TE: trolox equivalent; TPC: total phenolic content; PGE: phloroglucinol
equivalents; OH: hydroxyl radicals scavenging activity; O,: Superoxide anion radicals scavenging activity.

3.2. Endogenous Antioxidant Ability

Besides their direct ROS scavenging ability, polysaccharides play a stronger role in the fight
against oxidative stress by enhancing the endogenous antioxidant systems of humans and animals [44].
The endogenous antioxidant ability of polysaccharides is indirectly evaluated via the measurement
of enzymatic (e.g., SOD, CAT, GPx) and oxidation products (such as malondialdehyde (MDA) and
lipid peroxidation (LPO)) [44]. Tables 2 and 3 summarized the recently reported enhancement of the
endogenous antioxidant ability of seaweed polysaccharides according to cell lines and animal models,
as related to diabetes [104], nephropathy [105], immunity [106], Alzheimer’s disease [42], pulmonary
disease [107], and others. For examples, the neoagaro-oligosaccharides (NAOs), acid hydrolyzed
from agar, have been reported to benefit the antioxidative system of type 2 diabetes mellitus (T2DM)
mice by upregulating the activity of GPx and SOD while significantly reducing the concentration of
MDA [108]. Ulvan alleviated the damage of RAW264.7 murine macrophage cell lines induced by Hy,O,
through the upregulation of levels of SOD and CAT [94]. Chen et al. investigated the ROS scavenging
ability of agaro-oligosaccharides in vitro through the DPPH assay, then further studied the attenuating
effect of oligosaccharides on ROS production in human liver L-02 cells treated by the oxidative agents,
H,0; and antimycin A [109]. However, agaro-oligosaccharides, such as agarobiose and agarotetraose,
showed protection against oxidation in a concentration-dependent manner; they were also reported to
induce oxidation at lower levels [109]. Additionally, pretreatment of polysaccharides before induction
were applied in various studies with significantly protective effects, such as ABAP induced female
Wistar rats [110], alcohol induced male Kunming mice [106], UVB radiation induced hairless Kun Ming
mice [111], and HyO,-induced NT2 neurons [112]. Jin et al. compared four strategies of administering
algal oligosaccharides (AOS) from Gracilaria lemaneiformis (Table 2), suggesting that taking AOS 2 h
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orally before alcohol consumption is the best strategy to protect the liver from alcohol damage [106].
A similar result was reported by Liu et al.—pretreatment of laminarin shows more significant changes
in SOD, MDA, GSH, and CAT [107].

Table 2. Summary of recently reported antioxidant ability from seaweed polysaccharides in animals.

Seaweed  Compound Source Administration Dose (mg/kg) Markers Tissues Model Reference
Kappaphycus t{lvurezii . 2 days after‘ 500, 750 TCAT, GPx, Alloxan induced ’
Carrageenan from India/ induction, daily and 1000 SOD, GST, and diabetic rats [104]
Red Sigma-Aldrich, USA treatment, lasts 45 d GSH; |[LPO Liver
I Before 18 h .
Sulfated Gracilaria - induction; TCAT and ABAP induced
. . Caudata from Brazilian 3and 10 Female [110]
polysaccharide Atlanti pretreatment lasts SOD )
antic coast . Wistar rats
30 min
Pretreatment 2 h
before induction,
once daily, lasts 21 d;
pretreatment daily,
lasts 2 weeks,
followed by
induction daily for
3 weeks; TGSH and Alcohol
Oligosaccharide  G. lemaneiformis pretreatment 50,150 and 250 SOD; induced male [106]
immediately IMDA Kunming mice
followed by
induction, once
daily, lasts 2 weeks;
induction daily, lasts
3 weeks, followed
by treatment daily
for 2 weeks
Pretreatment twice Contrast-induced
Sulfated Sargassum fusiforme daily, lasts 5 days 5670 1SOD; MDA Kidney nephropathy [105]
polysaccharide from China Y Y rats
. 2 rSopnd
rown ) ' 200, 400, 600 ’ Skin induced hairless ~ [111]
3 times a week, lasts LROS and Kun Ming mice
9 weeks MDA
150D, GSH Acetaminophen
Cool Chemistry CO. Pretreatment once 100 or 200 and CAT Liver induced n}:ale [13]
Ltd., China daily, lasts 7 days IROS and ICR mice N
Fucoidan MDA
Laminaria After induction, 1TSDO and Ap-induced
Japonica from China treatment once daily, 50, 100, 200 GPX; Hippocampus Sprague-Dawley [42]
lasts 14 days IMDA rats
Pretreatment 2 h TGSH, GPx Acetaminophen
Sigma-Aldrich, USA before induction, 100 and SOD; liver induced [114]
lasts 2 days MDA Sprague-Dawleyrats
Saccharina japonica
from Ciyuan X
Biotechnolog};/Sargussum Twice daily, lasts 110, 220 and TCSA(;Da'nd y;ll;)‘:\/ bc atfish
hormeri from 12 weeks 440/30, 60, 120 : blood (Petteobagrus (1151
laboratory of MDA fulvidraco)
y
Ningbo university
Dalian Institute of 1SOD, CAT,
Alginic acid Chemical Physics, . T-AOC and .
oligosaccharide Chinese Acadgmy of Daily, lasts 21 days 100 GPx; weaned pigs (el
Sciences MDA
After induction,
Ulva lactuca from treatment daily, lasts D-galactosamine
Green Sulfated Mandapam 4 weeks; 100 TCAT and liver induced Adult [117]
polysaccharide region pretreatment SOD male Albino
& 4 weeks before Wistar rats
induction

ABAP: 2,2’-azobis (2-methylpropionamidine) dihydrochloride; AB: amyloid beta peptide; CAT: Catalase;
GPx: glutathione peroxidase; GSH: glutathione; GST: glutathione S-transferase; ICR: Institute of Cancer Research;
LPO: Lipid peroxidation; MDA: malondialdehyde; SOD: superoxide dismutase; TAOC: total antioxidant capacity;
UVB: ultraviolet B; The arrows upward represent increase and the downward represent decrease.
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Table 3. Summary of recently reported antioxidant ability from seaweed polysaccharides in cell lines.

Dose

Seaweed Compound Source Administration Markers Model Reference
(mg/mL)
. Sigma Aldrich, Pretreatment 1 h H,O;-induced NT2
Alginate USA before induction; 0.030 TGSH neurons [12]
Brown Cool Chemistry ~ Pretreatment 4 h 0.025.0.050  TGSH and SOD; Aceﬁg‘;mghen [113]
Fucoidan CO., China before induction and 0.100 IROS and MDA ot -

HL-7702 cell line
Dictyota Co-treatment with H,0, induced pre-

mertensii from induction, lasts 6 h 0.050-0.500 1TSOD; |ROS, osteoblast-like [118]

Brazil cells (MC3T3-L1)
H,0; induced
L Sigma-Aldrich, Treatment 1 h before 17SOD, GSH and Human lung .
Laminarin USA or after induction 0.020 CAT, [MDA fibroblasts (107
MRC-5 cells
Hizikia Ethanol induced rat
olsgiiac:;i de fusiformis from I;r:gf:ti:;;\z fzif)r? 0.500 TGSH intestinal cell line [119]
poly Korean IEC-6
H,0,; induced
Ulvan Ulva pertusa Pretrea-tment-Z h 0.100 and 7SOD and CAT RAW264.7 murine [94]
G from Korea before induction 0.200 macrophage
reen cell line
Monostroma
s Treatment after 0.050, 0.100 Lipid-loaded
P Sulfa’fedA nitidun from induction, lasts 24 h and 0.200 1S0D HepG2 cells [120]
olysaccharides Korea
FeSO4 or CuSO4
Udotea flabellum  Co-treatment, with 1.000 7SOD and GSH; and ascorbate [121]
from Brazil induction, lasts 1.5 h ! IMDA induced 3T3
fibroblasts

CAT: Catalase; GPx: glutathione peroxidase; GSH: glutathione; MDA: malondialdehyde; SOD: superoxide dismutase;
The arrows upward represent increase and the downward represent decrease.

4. Determinants of Antioxidant Activity

The influence of the molecular weight of polysaccharides on antioxidant activity has been
mentioned in various papers. The lower molecular weight sulphated polysaccharides tend to have
a higher antioxidant activity. Lim et al. reported that among the fucoidans from Fucus vesiculosus
degraded by gamma rays, via the assay method of ferric-reducing antioxidant power (FRAP), the lesser
the molecular weight, the higher the antioxidant activity [122]. The fucoidan fraction with molecular
weight lower than 10 kDa from Undaria pinnatifida showed a significantly higher secondary antioxidant
activity than the crude fucoidan, the fraction with molecular weight cut off (MWCO) of 300 kDa,
and even synthetic antioxidant butylated hydroxyanisole BHA [99]. Chen et al. reported that the
fucoidan fractions with molecular weight between 5-10 k Da promoted the highest DPPH radical
scavenging activity (48.3%) among fractions with molecular weight below 5 kDa, between 5-10 kDa,
10-30 kDa, 30-50 kDa, and over 50 kDa [123]. The stronger antioxidant activity of lower molecular
weight polysaccharides may be attributed to their non-compact structure, which potentially makes more
hydroxyl and amine groups available to neutralize free radicals [124]. However, agar oligosaccharides
from Gelidum amausii showed an inverse consequence in which the oligosaccharide with higher
molecular weight (2000-3800 Da) showed a higher antioxidation activity [125]. Sulfated polysaccharides
from Mastocarpus stellatus showed similar results in which the fraction with the highest and lowest
molecular weight were the best antioxidants, compared to the other fractions [124]. Therefore,
other factors should be considered when evaluating the antioxidative ability of polysaccharides.

Sulfate content is also a vital factor affecting the antioxidant activity of fucoidan. There is a
positive correlation between sulfate content and the scavenging superoxide radical ability in fucoidan
from Laminaria japonica [126]. The ratio of sulfate content/fucose was proposed to be an effective
indicator to evaluate the antioxidant activity of fucoidans [126]. Similar results were reported in the
sulfated polysaccharides from the red seaweed Mastocarpus stellatus through the assay methods of
FRAP-reducing power and ABTS-radical scavenging [124].

Other factors, such as the position of sulfate groups, and monosaccharide content and structure,
influence the antioxidant activity of sulfated polysaccharides. However, Costa et al. analyzed the
antioxidant ability of 11 seaweed polysaccharides, finding no correlation between sulfate content
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and superoxide anion scavenging ability [93]. Similar results were reported where concentration
and structure were found to be the factors affecting the antioxidant ability of carrageenans rather
than the degree of sulfation [47,102]. This indicates that not only sulfate content but also spatial
patterns of sulfate groups determine the antioxidant activity of polysaccharides [47]. In Ulva intestinalis,
alkaline-extracted sulfated polysaccharides exhibited no significantly higher DPPH radical scavenging
ability, though they had higher sulfate content and lower molecular weight than water-extracted
polysaccharides [127]. The study proposed that the antioxidant activity of the sulfated polysaccharides
was more related to glucose content than sulfate content or molecular weight, which agreed with
the conclusion by Lo et al. that the free-radical scavenging ability of polysaccharides were notably
dependent on the monosaccharide composition [128]. Sokolova et al. measured the in vitro antioxidant
properties of the various carrageenans (lambda-, iks-, kappa-, kappa/beta-and kappa/iota-) from
Gigartinaceae and Tichocarpaceae, using the FRAP and PPM assays, and the radical scavenging of DPPH,
superoxide anion, hydrogen peroxide, and nitric oxide [102]. Iks-carrageenan exhibited the most
effective antioxidative ability, possibly because it has the highest content of sulfate groups and the
3,6-anhydrogalactose unit [102]. A similar result by Abad et al. reported that the antioxidant ability of
K-, 1- and A-carrageenans followed the order of A < t < k, according to the hydroxyl radical scavenging,
reducing power, and DPPH radicals scavenging capacity assays [47].

Extraction and degradation methods affect the sulfate content at the same level of molecular
weight, which determines the antioxidant activity of polysaccharides. Peasura et al. found that
the antioxidant activities of sulphated polysaccharides from Ulva intestinalis were influenced by the
extraction solvent (distilled water, 0.1 NHCI, and 0.1 N NaOH) and time (1, 3, 6, 12, and 24 h). The acid
extract exhibited higher antioxidants than distilled water or alkali extract [127]. In Fucus vesiculosus
fucoidans, the radical degradation method acquired almost 0.8-fold more sulfate content than acidic
heating [122]. The degree of polymerization, an important factor affecting the antioxidant ability of
carrageenans, depends on the methods of depolymerization. Sun et al. used four degradation methods,
free radical depolymerization, mild acid hydrolysis, k-carrageenase digestion and partial reductive
hydrolysis, to degrade food-grade k-carrageenan. Free radical depolymerization was proposed as an
effective method to obtain hydrolysates with the highest antioxidant ability according to the structure
analysis by ESI-MS and CID MS/MS and antioxidant activity assay [129]. It is attributed to the
difference of the reducing sugar content, the degree of polymerization, and the carboxyl and sulfate
groups affected by the methods of depolymerization [129]. Kang et al. explored the influence of the
concentration of substrate and enzyme on the antioxidant activity of agaro-oligosaccharides degraded
from agarose [103]. Using the assays of DPPH, ABTS, and FRAP, considerable antioxidant activities
of agaro-oligosaccharides that depended on the degree of hydrolysis [103] were observed. Gamma
irradiation also produced a low molecular weight laminarin through a random scission of chains,
formatting more carbonyl groups and enhancing the antioxidation [59]. However, Rafiquzzaman et al.
compared the antioxidant ability of carrageenans from Hypnea musciformis separately extracted by the
conventional method and ultrasonic-assisted extraction (UAE). No significant difference was observed
between the two methods [130].

5. Molecular Mechanism of Polysaccharide-Induced Antioxidant Ability

A sequence of signaling cascades are available to eukaryotes to protect them from various harms
and to maintain cellular redox homeostasis [131]. Besides immediately removing the generated ROS,
antioxidants enhance the endogenous antioxidant system by upregulating the expression of genes
encoding antioxidant enzymes and proteins to reduce the generation of noxious substances [2,10]
(Table 4 and Figure 1). They also play roles in repairing the damage caused by ROS [132] which,
when induced by oxidative stress, inhibits cell proliferation and causes apoptosis that is also regulated
by a complex network of signaling pathways [133]. Antioxidants protect against oxidative stress
damage induced by the regulation of apoptotic-related signaling pathways [134] (Table 4 and Figure 2).
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Figure 2. Schematic representation of apoptotic pathway regulated by seaweed polysaccharides.

5.1. Endogenous Antioxidant System

The activation of nuclear factor erythroid 2-related factor 2 (Nrf2)-driven antioxidant response
element (ARE) is a crucial pathway in the response to oxidative stress. It induces various cytoprotective
phase Il enzymes [131,135,136]. The regulation of Nrf2 dependent on Kelch ECH associating protein
1 (Keap1) is the most characterized mechanism of ARE activation [137]. Nrf2 is an inducible cap ‘n’
collar type of transcription factor, normally degraded by the promotion of its repressor, Keap1, through
the ubiquitin proteasome pathway [9,136]. When exposed to oxidant stress, the Keap1-Cul3 complex
normally linked to Nrf2 is dissociated because of the modifications of Keapl [10]. Nrf2 bound to
ARE accumulates, promoting the production of the corresponding downstream phase II detoxifying
enzymes and antioxidative proteins (e.g., superoxide dismutase-1 (SOD-1), hemeoxygenase-1 (HO-1),
Glutamylcysteine synthetase (y-GCS)) [9,138,139]. Ryu and Chung investigated the molecular
mechanisms of fucoidan in the protection of human keratinocytes (HaCaT cells) from mild oxidative
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stress, indicating that the expression levels of HO-1, SOD-1, and Nrf2 are positively time-dependent
following fucoidan treatment, whereas Keap1 expression was the opposite [140]. A similar positive
effect of fucoidan treatment was also observed in the translocation of elevated Nrf2 from the cytosol
into the nucleus, through the nuclear localization of Nrf2 by immunocytochemistry [140]. Fucoidan
was also reported to extend the lifespan of the Drosophila melanogaster under heat stress by enhancement
of the endogenous antioxidant system of upregulation of Nrf2 [141]. Positive regulation of Nrf2 by
alginate was also reported in the HyO,-induced NT2 neural cell line by an increase in the levels of
HO-1 and y-GCS from upregulation of the expression of Nrf2 [112]. Laminarin also regulated NRF2
signaling pathways, suppressed KEAP1, and promoted NQO1, GCLC, and HO1 [108].

Upstream molecules of the Nrf2 signaling pathway regulated by seaweed polysaccharides, such
as extracellular regulated protein kinases (ERK) [140] and glycogen synthase kinase33 (GSK-3p3) [142],
have been reported. The ERK/Nrf2 pathway regulates cellular protection against oxidative stress in
various types of cells [143,144]. It was reported that fucoidan increased the level of ERK by positively
upregulating the expression of Nrf2 [140]. Fucoidan also activates the Nrf2 signaling pathway by
increasing the levels of GSK-3 in lipopolysaccharide (LPS)-induced male BALB/c mice [145].

5.2. Apoptotic Pathway

The Caspase and Bcl-2 families play important roles in apoptotic pathways [146]. Caspase-3 and
Caspase-9, the former an effector and the latter an initiator, are crucial mediators of apoptosis [118,147].
Caspases are induced by an increase in intracellular ROS in response to oxidative damage [118].
Once Caspase-9 is activated, a cascade triggers the cleavage or activation of other downstream caspases
such as caspase-3, causing cell death by apoptosis [132]. Fucoidans from Dictyota mertensii protect the
pre-osteoblast-like cells (MC3T3-L1) from HyO,-induced apoptosis by decreasing intracellular ROS
and depressing the activation of caspase-3 and caspase-9 [118]. Similar protections by polysaccharides,
mainly fucoidans, depress the activation of caspase-3 and caspase-9 caused by inducers, such as FeSOy,
CuSQy, ascorbate, and acetaminophen, and thereby ameliorate apoptosis [42,114,121,148].

Table 4. Summary of recently reported molecular mechanisms of seaweed polysaccharides against
oxidative stress.

Possible

Seaweed Compound Source Administration Dose Model . Reference
Mechanism
Ethanol induced rat
Sulfated‘ Hizikia fusiformis Pretreafment ?4 h 0.5 mg/L intestinal cell line INK . [119]
polysaccharide before induction IEC-6 phosphorylation
Dictyota mertensii Co-treatment with H0, mducec.l pre- lcaspase-3 and
from Brazil induction, lasts for 6 h 0.5 mg/L. osteoblast-like caspase-9 (18]
’ cells (MC3T3-L1) P
Brown . Heat Stress induced
. Sargassum fusiforme Co-treatment for 50 400, 800 and . X )
Fucoidan from China days 1600 mg/L Drosophila TN1f2; Lkeapl [141]
melanogaster
Lanirin e day, 100200 e Bl 2/Ba; 2]
Japonica from China v mg/Kg prag 4 lcaspase-3

rats
AP induced rat
24 h pretreatment 0.1and 1 uM cholinergic basal

lasts for 14 days

lcaspase-3 and [145]

Sigma-Aldrich, USA forebrain neurons caspase-9
¥ ' human keratinocyte THO-1,S0D-1,
24 h treatment 30 mg/L . ocy Nrf2 and ERK; [140]
cell line (HaCaT)
|Keapl
Pretreatment 1 h 20,40,and ~ Lipopolysaccharide o oqp a0 gy .
before induction 80 mg/kg (LPS)-induced male and HO-1 [145]
BALB/c mice
Pretreatment 2 h R 1Bcl-2; |Bax and
before induction, lasts 100 mg/kg g [114]
24 Sprague-Dawley caspse-3
ays
rats
THO-1, v-GCS,

H,0; induced NT2
30 mg/L neural
cell line

Pretreatment 1 h
before induction

Hsp-70 and Nrf2;
lcaspase-3 and
NF-«B

Alginate Sigma Aldrich, USA [112]
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Table 4. Cont.

Seaweed Compound Source Administration Dose Model POSSlb.l ¢ Reference
Mechanism

H,0, induced

Treatment 1 h before Human lun TNrf2, NQO1,

Laminarin Sigma-Aldrich, USA or after induction, 20 mg/L fibroblast: MRgC-S GCLC and HO1; [107]
lasts 24 h e s IKEAP1
APAP included INIFE2; [JNK
Fucoidan Cool Chemistry CO Pretreatment once 100 and human normal Phosphorvlation [113]
<o 001 Lhemistry R daily, lasts 7 days 200 mg/kg hepatocyte HL-7702 (;sr]?d 2%’1(1 © ;
cell line
. FeSOy or CuSOy and

sulfated Co-treatment, with . lcaspase-3 and

Green polysaccharide Udotea flabellum induction, lasts 1.5 h 1000 mg/L ascorbate induced caspase-9 [121]

3T3 fibroblasts

ASK1: apoptosis signal-regulating kinase 1; Bax: Bcl-2 associated X protein; Bcl-2: B-cell lymphoma 2;
ERK: extracellular regulated protein kinases; GSK-3f3: Glycogen synthase kinase33; HO-1: hemeoxygenase-1;
JNK: jun N-terminal kinase; Keap1: Kelch ECH associating protein 1; Nrf2: nuclear factor erythroid 2-related factor 2;
v-GCS: Glutamylcysteine synthetase; The arrows upward represent increase and the downward represent decrease.

Among ROS, H,O, is a well-known apoptosis-inducing factor, which acts by several
pathways [149]. The expression of the Bcl-2 family is regulated by H, O, particularly by down-regulating
anti-apoptotic Bcl-2 and increasing the expression of the pro-apoptotic Bcl-2- associated X protein
(Bax). Bax plays a crucial role in mitochondria-dependent programed cell death. It induces necrotic
cell death even without caspase activation in certain cases [150,151]. The ratio of Bax/Bcl has been
demonstrated as a molecular control point in many apoptotic pathways and determines the progress
of the cell death program [152]. Recent studies have shown that the decrease in activity of SOD,
Gpx, and caspase-3, as well as the increased content of MDA and ratio of Bcl-2/Bax induced by
Ap-induced stress in Sprague-Dawley rats, were reversed by the fucoidan from Laminaria japonica [42].
Hong et al. also reported similar results in Sprague—-Dawley rats, where fucoidan inhibited ROS
accumulation and hepatic apoptosis was induced by acetaminophen with increasing activity of
GSH, GPx, SOD, and expression of Bcl-2, as well as decreasing content of MDA and expression of
Bax [114]. Polysaccharides from Sargassum fulvellum showed dose-dependent potential for scavenging
intracellular ROS in 2,2-azobis (2-amidinopropane) hydrochloride (A APH)-treated monkey kidney
fibroblasts (Vero) cells. It inhibited apoptosis by downregulating Bax and caspase-3 and upregulating
Bcl-xL and PARP [134].

Phosphorylation of c-Jun N-terminal protein kinases (JNKSs) is another adverse consequence
caused by oxidative stress, further aggravating oxidative stress in mitochondria, evoking dysfunction
and DNA fragmentation, as well as cellular necrosis [113,153]. JNK activation upregulated the levels
of Bax and promoted translocation to mitochondria in APAP hepatotoxicity [153]. Wang et al. showed
that fucoidan markedly mitigated APPP-induced hepatotoxicity in the human normal hepatocyte
HL-7702 cell line by alleviating mitochondria dysfunction, downregulation of a signal-regulating
kinase 1(ASK1), followed by inhibition of JNK and Bax activation. Choi et al. also indicated that
sulfated polysaccharide from Hizikia fusiformis effectively protected ethanol-induced cytotoxicity in
IEC-6 cells by downregulation of JNK [119].

6. Conclusions

Polysaccharides are effective antioxidants both in vivo and in vitro. They are therapeutic for
various diseases, such as diabetes, nephropathy, repressed immunity, Alzheimer’s, and pulmonary
disease. The effects are determined by many factors, including molecular weight, sulfate content,
position of sulfate groups, and monosaccharide content and structure. However, the determinants are
complex and need further study. The exogenous antioxidants, polysaccharides, have been demonstrated
to promote endogenous antioxidants such as CAT, SOD and GPx via upregulation of the expression
of genes encoding antioxidant enzymes and proteins. The Nrf2 pathway is crucial to the oxidative
stress response. Seaweed polysaccharides effectively upregulate Nrf2 by increasing the levels of
Nrf2 upstream molecules such as ERK and GSK-3f3, thus promoting the production of corresponding
downstream Phase II detoxifying enzymes and antioxidative proteins such as SOD-1, HO-1, and y-GCS.
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Seaweed polysaccharides also protect against oxidative stress by regulating apoptotic-related signaling
pathways, such as Caspase-9, Bax and JNKs, in order to repair the damage caused by oxidative stress.
We hope this review might be conducive to boost their value as antioxidants and facilitate seaweed
polysaccharides as therapy for various diseases, in order to utilize seaweed resources to the utmost.
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