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Abstract

Marine environment exploration has increased in the search for new compounds that may be attractive to the industrial
field, especially for the development of drugs. Brown marine algae are part of this environment and, because of their
production of secondary metabolites, they have become a possible source of bioactive compounds that have important
biological actions such as anticoagulant, antioxidant and antiproliferative. However, there are still obstacles to complete
knowledge about their structures and activities. This review provides key information about the isolation, composition,
and structure and antiproliferative activity in vitro and in vivo of compounds derived from different brown algae.
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1 Introduction

The marine environment has a wide variety of species, such as invertebrate animals, macroalgae, fungi and bacteria [1].
Due to their biodiversity, the oceans are able to produce an abundance of chemical structures with a high potential for
the discovery of new compounds with pharmacological properties [2] and, among them, macroalgae or algae are the
most promising marine organisms [3].

Algae are photosynthetic, multicellular and talophyte organisms, classified according to the specific combination of their
photosynthetic pigments, which may be green (Chlorophyceae), consisting mainly of chlorophyll A and B; brown
(Phaeophyceae), having B-carotene and xanthophylls; or red (Rhodophyta), containing chlorophyll phycoerythrin [4].
They are considered exceptional marine organisms, because in addition to producing primary metabolites essential for
their survival, they also produce secondary metabolites, which help them to interact with the environment under
different conditions of salinity, oxygen concentration, pollution, exposure to ultraviolet radiation and herbivory [5].
Some of the metabolites produced by algae, such as terpenoids, alkaloids, polyphenols, steroids, pigments and
polysaccharides, have already had their antiviral(6), anti-adhesive [7], anticoagulant, antioxidant, anti- inflammatory
[8,9] and cytotoxic / antiproliferative [10] activities studied both in vitro and in vivo [11,12].

Thus, after long years of being used in industrial products and as a complementary source in food due to their high
nutritional value [13,14], algae have started to gain relevance in the pharmaceutical and medicinal field. The isolation
or discovery of new molecules from these organisms can play a very important role as an alternative therapeutic agent
in various diseases, mainly against cancer [15]. According to Alves et al.,, 2018 [11], among all the treatments used
against cancer (chemotherapy, radiotherapy, hormonal treatment, immunotherapy, adjunct therapy and surgery),
chemotherapy continues to play an extremely important role. However, its effectiveness can be compromised by drug
resistance and intolerable adverse effects.
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In this context, research aiming to improve cancer treatments and increase the life expectancy of people affected by
cancer are extremely necessary and important, especially with regard to the discovery of new drugs. One of the lines of
research that stands out is the discovery of bioactive compounds from brown algae (Phaeophyta) [16]. Studies indicate
that this marine class has great potential as antineoplastic agents or as models for their creation [3]. Thus, due to the
remarkable potential of brown seaweed, the goal of this review is to present an overview of the isolation, composition,
structure and antiproliferative activity of these organisms, addressing their main secondary metabolites, in an attempt
to shed light on future research into these compounds.

2 Main secondary bioactive metabolites with antiproliferative activity pinpointed in brown algae

2.1 Fucans and fucoidans

The name of the sulfated polysaccharides found in brown algae has always been related to their chemical composition
[17]. In 1913, Kylin named the first isolated polysaccharide from seaweed "fucoidin" [18]. Forty years later, McNeely
changed the nomenclature "fucoidin" to fucoidan and, to date, terms like fucan, fucosan or sulfated fucan are used as
synonyms by many authors [8]. However, due to the existence of homo- and heterofucan classifications, the
International Union of Pure and Applied Chemistry (IUPAC) recommends that the term sulfated fucan should be used
to define a molecule that contains less than 10% of other monosaccharides [19,20]. Thus, given that there is no
consensus in the literature related to which nomenclature is correct, this review will follow the IUPAC recommendations
and use the term fucan for homofucans that contain less than 10% of other monosaccharides, and the term fucoidans to
refer to heterofucans with more than 10% of other monosaccharides.

2.1.2. Chemical composition

Fucans are sulfated polysaccharides that have a simpler composition, with sulfated a-L-fucose as the main component
[20,21]. In contrast, fucoidans have a more complex and heterogeneous composition. In addition to fucose and sulfate,
they also contain other monosaccharides such as mannose, galactose, glucose, xylose and uronic acids, even acetyl and
protein groups [8,19].

Sulphated polysaccharides undergo seasonal variations, meaning that their composition varies according to the seasons
[22]. The maturity and location of algae are also directly related to the production of these metabolites [23]. Moreover,
each alga produces a type of sulfated polysaccharide, some of which can even produce more than one type [24,25].
These factors explain why such diverse compositions are found and the difficulty in identifying a specific metabolite.

2.1.3. Extraction methods of fucans and fucoidans

There are several methods used to extract fucoidans or fucans. Among these methodologies, the most important are
aqueous extraction [26], acid extraction [27], cell wall extraction [28] and extraction by the action of proteolytic
enzymes [29]. However, despite the increase in the number of studies related to the biological activity of sulfated
polysaccharides extracted from brown seaweed, there is still no standard established in the literature on what is the
best methodology for extracting these compounds [30]. Furthermore, depending on the process employed, substances
with different compositions, structures and molecular weights may occasionally be obtained [30]. An example of this is
the position and amount of sulfate groups that fucoidans have [24].

Some studies have shown that the degree of sulfation of fucoidans can influence the biological activities of these
substances [8,19,31,32]. It has been reported that the distribution of negative charges of sulfate groups may be
responsible for recognizing biological targets, such as proteins involved in blood coagulation (antithrombin and heparin
II cofactor) or cell proliferation (growth factor receptors) [33]. The extraction of fucans / fucoidans from brown algae
is briefly described below, according to the species.

2.1.3.1. Undaria pinnatifida

To obtain the fucoidan from this alga, a combination of trypsin-enzyme hydrolysis and alcohol precipitation is used [34].
According to Cho et al,, 2010 [32], to get three fractions of fucoidan with different molecular weights, first the samples
must be ground, sieved and stored at - 20 °C. After this process, the dried samples are rehydrated, and the extract is
mixed with calcium chloride (CaClz) and centrifuged. Then, ethanol is added to the supernatant, followed by filtration.
According to Nardella et al., 1996 [35], the filtered compound must be hydrolyzed to obtain a low-molecular-weight
fucoidan. The last stage of the extraction consists of fractioning the compound, using a Millipore Ultrafiltration System
with 30 and 5 kDa molecular weight cutting membranes (0.1 m2, Millipore, USA), producing three fractions of fucoidan,
F >30x (Mw >30kDa), F 5-30x (30kDa < mw <5kDa) e F <5k (Mw <5kDa).
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In the study reported by Yang et al.,, 2008 [36], the fucoidan extraction starts with the ethanol treatment of the ground
seaweed, after been washed with acetone, centrifuged and dried. Two extractions with distilled water are made in the
dry biomass and then the samples are centrifuged to mix the supernatant with CaClz. After centrifugation, fucoidan is
obtained through filtration and washing with ethanol plus acetone.

2.1.3.2. Cladosiphon okamuranus

Teruya etal., 2007 [27] reported the extraction of the fucoidan from these algae with the homogenization of the sample
using hydrochloricacid (HCI) under agitation to obtain the extract. This extract was centrifuged, filtered and dried under
vacuum, so that the fucoidan could be dissolved in a solution containing calcium chloride (CaClz) and be filtered again.
The resulting filtrate was dialyzed, deionized and lyophilized.

In another study, nanoparticles containing fucoidan were obtained by suspending the algae in a solution containing
citric acid, then neutralized and centrifuged. The supernatant was filtered, concentrated by ultrafiltration and then dried
[37]. As demonstrated by Haneji et al.,, 2005 [38], at the end of the process, the fucoidan was dissolved in phosphate-
saline buffer (PBS). In addition to these processes, it is possible to obtain the fucoidan from this species of algae through
commercial organizations, such as the NPO Organization Fucoidan Laboratory and FCC Horiuchi & Co.

2.1.3.3. Fucus vesiculosus

The fucoidans of this algae are available from the company Sigma-Aldrich (St. Louis, MO, U.S.A.), which uses a method
based on the isolation method proposed by Black et al., 1952 [39]. Briefly, the washes and the centrifugate are
evaporated by drying and the dark extract obtained is redissolved in water. The solution is treated with alcohol, then
the precipitates are washed with alcohol or ether and dried until they form a powder. For later use, after being obtained,
fucoidan can be dissolved in phosphate buffered saline [10].

2.1.3.4. Dictyota cervicornis, Dictyota menstrualis, Dictyopteris delicatula, Dictyota mertensii, Spatoglossum schréederi
and Sargassum filipendula

Costa et al., 2010 [40] performed the extraction of sulfated polysaccharides from these algae using a combinatorial
methodology of proteolysis and acetone precipitation. Briefly, the algae were stored, dried and then ground and
incubated with acetone to eliminate lipids and pigments. The obtained powder was suspended in volumes of 0.25 M
NaCl, the pH adjusted to 8.0 with NaOH; for proteolytic digestion, maxatase was used. After incubation with shaking for
24h at 60 °C, the mixture was filtered and precipitated with acetone. The precipitate formed was collected by
centrifugation, dried under vacuum, resuspended in distilled water and reserved for further analysis.

2.1.3.5. Cystoseira sedoides, Cystoseira compressa, Cystoseira crinita and Sargassum linearifolium

A fine powder of these algae is formed after crushing, which must be stored in filter paper bags to be sealed and
macerated with water at room temperature. The mixture must then be centrifuged, and the supernatant filtered; only
then can the macerate be lyophilized, allowing an aqueous crude extract to be formed for subsequent studies [26].

2.1.3.6. Sargassum horneri, Costaria costata and Ecklonia cava

The fucoidans in these algae are isolated using the modified aqueous extraction method and ion exchange
chromatography [41,42]. Initially, the fresh or deep-frozen biomass of the algae is treated with ethanol, acetone and
chloroform. When the leaves of the algae are dry and powdered, they are extracted twice with 0.1M HCl. The extracts
are combined, centrifuged, dialyzed and concentrated, and the polysaccharides are fractionated in ion exchange
chromatography, where a solution of polysaccharides is eluted in a linear gradient of 0 to 2 M of Nacl in a Macro-prep
Column DEAE (Bio- Rad, USA). Thus, the resulting fractions can be forwarded to subsequent studies [25].

2.1.3.7. Ascophyllum nodosum

The fucans of these algae can be obtained by acid extraction with HCI, and then they can be filtered and lyophilized [43].
Haroun-Bouhedja et al., 2000 [33] performed acid extraction with the method used by Colliec et al.,, 1994 [44]: after a
series of filtrations with glass microfiber filters, the acid extract was stirred with a cutting membrane and lyophilized.
For fractionation in low molecular weight fucans, the acid extract needs to pass through an anion exchange
chromatography column, resulting in three fractions with different sulfate percentages.
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2.1.4. Fucan and fucoidan chemical structures

The first brown alga to have the average structure of its fucoidan made known was Fucus vesiculosus, with the studies
by Conchie et al., 1950 [45], Percival et al., 1950 [46] and O'Neill, 1954 [47], which showed a structure composed mainly
of (1 — 2) fucopyranose residues with 4-0O-sulfated. This structure remained valid for 40 years; however, in 1993,
Patankar et al, 1993 [48] carried out the review of this structure, using acid extraction and more modern
chromatography techniques, such as gas chromatography coupled to electron ionization mass spectrometry (CG-EMIE),
and arrived at another structural model, suggesting that the central region of the fucoidan was primarily a a-(1 - 3)-
linked fucose polymer with sulfate groups substituted at the C-4 position in some of the fucose residues. In addition,
fucose was also attached to this polymer to form branched points, one for every 2-3 fucose residues within the chain
[48]. Currently, Fucus vesiculosus fucoidan is commercially available (Sigma-Aldrich, St. Louis, MO, USA).

The other algae have reports on their structures, but there is no consensus, since the structural models are dependent
on the compositions. Scientific attempts such as comparing the structures of sulfated polysaccharides found in marine
invertebrates, which are simpler, with those found in algae, have already been used [49]. However, the variations
between the different algae and, sometimes, between different parts of the plant, and, mainly, the different extraction
methods, have led to unique structures, which are difficult to replicate [50]. Some of the structures already described
and identified by other authors from fucoidans and fucans are shown in Table 1.

Table 1 Chemical structures identified for fucan and fucoidan from brown algae

Specie Compound Structure References

Fucus evanescens | Fucoidan Linear skeleton of alternating o-L-fucopyranose-2-sulfate [8]
residues: = 3)-a-L-Fucp(2S03 -)-(1 = 4)-a-L-Fucp(2S03 -)-(1—

Undaria Fucoidan Alternating structure of fucose-galactose linked together by [51]
pinnatifida means of 1,3 glycosidic bonds with sulfation at positions C2 and

C4
Bifurcaria Fucan Linked fucose residues (1 = 2) and (1 — 3) with sulfation in C-4 [52]
bifurcata
Ascophyllum Fucoidan [=3)-a-1-Fuc(2503-)-(1-4)-a-1-Fuc(2,3diS03-)-(1]n [53]
nodosum
Sargassum Fucoidan Linear chain of a-L-fucopyranose residues linked to (1,3) or [25]
horneri (1,4) with sulfate groups at positions 2
Sargassum Fucoidan Type I: (1 - 6)-B-D-galactose and / or (1 = 2)-B-D- mannose [54]
stenophyllum with branch chains formed by (1 — 3) and/ or (1 — 4)-a-L-

fucose, (1 = 4)-a-D- glucuronic acid.
Type II: (1 — 4) alpha-D-glucuronic acid, terminal (3-D-xylose
and sometimes (1 — 4) -alpha-D-glucose

Cladosiphon Fucoidan - [(= 3Fuc-4(+/- 0S03-) a-1-) 5 = 3 [GlcA a-1 — 2] Fuc- a-1-] n- [55]
okamuranus

2.2 Fucoxanthin

Some species of brown algae produce the carotenoid pigment called fucoxanthin, which also has identified
antiproliferative activity [4].

2.2.1. Chemical composition

The carotenoids are a group of natural pigments, with more than 600 members [56], which include two main subclasses:
carotenes, which are non-polar hydrocarbons, and xanthophylls, which present themselves as polar compounds with
substituent groups such as oxygen, hydroxyls, keto groups and epoxy [57]. A well-known example of xanthophylls is
fucoxanthin, isolated for the first time in 1914 from the brown seaweed Fucus, Dictyota and Laminaria [58]. This
carotenoid contributes more than 10% of the total carotenoids in nature, particularly in the marine ecosystem [59].

2.2.2. Isolation of fucoxanthin
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There are only few reports describing the extraction of fucoxanthin. Hosokawa et al., 2004 [60] reported its isolation
from Undaria pinnatifida, which consists of soaking the fresh alga in two volumes (v/w) of methanol for two days,
repeating this procedure twice; then, the methanol solution was filtered and evaporated to obtain the methanol extracts.
Water and ethyl acetate were added to the extracts, and the ethyl acetate layer was obtained with a separatory funnel.
Then, the orange-colored fucoxanthin fraction was separated from the ethyl acetate-soluble fraction by means of
preparative silica gel thin layer chromatography carried out with chloroform: methanol: water (65:25:4, v/v/v). A
complementary study by the same group reported that the fucoxanthin was purified by low-pressure liquid
chromatography with methanol/water (17:3 v/v), which means a purity of more than 98% of fucoxanthin [60].

2.2.3. Fucoxanthin chemical structure

Fucoxanthin has the structure 3’-acetoxy-5,6-epoxy-3,5'-dihydroxy-6'7’-didehydro-5,6,7,8,5’, 6'-hexahidro- 33-
caroten-8-on (Figure 1), which is a unique carotenoid structure that includes an alenic bond and an epoxide [61,62]. Its
exceptional structure contributes to the action of different pharmacological activities, such as antioxidant [63],
antidiabetic [64], anti-obesity [65], anti-inflammatory [66], neuroprotective [67] and anti-tumor [68,69].

Figure 1 Chemical structure of fucoxanthin.

3 The bioactivity of brown algae-derived secondary metabolites

3.1. Antiproliferative activity in vitro

Fucus vesiculosus, Undaria pinnatifida and Cladosiphon okamuranus are the brown algae that most show positive results
related to antiproliferative effects [70]. Studies carried out using these species noted that the components of F.
vesiculosus inhibited the number of viable cells of the human colon adenocarcinoma (HT-29, HCT-116) and Burkitt's
lymphoma (HS-Sultan) lines through apoptosis [71,72]. In colorectal adenocarcinoma cells (HCT-15), Lewis lung
carcinoma (LLC), melanoma (B16) and MCF-7 breast tumor, the fucoidan extracted from the same species inhibited cell
proliferation in a dose-dependent manner [10,38,73]. In HS-Sultan cells, the fucoidan from the species Fucus vesiculosus
decreased the proliferation of the cancer cell through the activation of caspase-3 and negative regulation of signal-
regulated extracellular kinases (ERK) [72]. In another study, it was demonstrated that in human umbilical vein
endothelial cells (HUVEC), fucoidan has an antitumor activity, because it suppressed tumor growth, due to its
antiangiogenic activity [74]. In the leukemic cell lines HL-60, NB4 and THP-1, fucoidan had a strong apoptotic effect
[75].

By means of Undaria pinnatifida, lung cancer cell lineage (A549) underwent antiproliferative action with the tested
fucoidan [76]. Meanwhile, hepatocellular carcinoma cells (SMMC-7721) were induced to apoptosis through the
mitochondrial pathway mediated by reactive oxygen species (ROS) [34]. In cells of the prostate cancer lineage (PC-3),
fucoidan promoted cell death through apoptosis signaling pathways [77]. In gastric adenocarcinoma (AGS) cells, crude
and supersulfated fucoidans inhibited their growth, depending on the dose used [32], which also happened with the
fibroblast cell line (CCL39) [33].

Using fucoxanthin, the cell lines of human colorectal adenocarcinoma (Caco-2 and DLD-1) and human colon
adenocarcinoma (HT-29) had their viability affected and suffered apoptosis after the use of this compound together
with the use of triglitazane, which is a ligand for the peroxisome proliferator-activated receptor (PPAR) [75]. Yang et
al,, 2008 [36] reported that in a lung cancer cell lineage (A549), the antiproliferative effect of fucoidans derived from
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the U. pinnatifida species improved when the molecular weight of the compound was reduced, using depolymerization
by hydrolysis.

Fucoidans extracted from the species Cladosiphon okamuranus exhibited antiproliferative activity in leukemic cancer
lines, inhibiting the growth of cells by apoptosis [38]. In line U937, a human lymphoma cell lineage, the antiproliferative
effect occurred through the induction of apoptosis due to activation of the caspase pathways 3 and 7 [27]. In breast
cancer MCF-7 cells, cell growth was inhibited via a caspase 8-dependent pathway [78], depending on the dose and / or
time of exposure to fucoidan, which was also reported by Fukahori et al.,, 2008 [79], when working with 15 cancer cell
lines, which included hepatocellular, gallbladder, human ovarian cancer, renal cell carcinoma, neuroblastoma, and
hepatoblastoma. The results demonstrated the reduction of cell proliferation in 13 cell lines in a dose-dependent or
time-dependent manner to exposure to fucoidan.

As explained above, it is possible to test the effects of metabolites extracted from brown algae in a variety of cells. The
results indicate that antiproliferative responses depend on the dose used, and most of them occur through means that
interfere with apoptotic pathways. Table 2 shows some species of brown algae and their metabolites tested in different
cell lines, found in the literature.

Table 2 Marine compounds isolated from brown algae with antiproliferative activity in vitro

Algae Compound Tested cells References
Ascophyllum nodosum Fucoidan CCL39 [33]
Bifurcaria bifurcata Methanolic extract NSCLC-N6 [80]
Clasdosiphon novae- | Fucoidan MCF7, MDA-MB-231, Hela [81]
caledoniae and HT1080
Cystoseira compressa | Aqueous extract HCT15 and MCF7 [26]
and Cystoseira sedoides
Cystoseira crinita Extract MCF-7,HepG2, MIA and PaCa- [82]

2
Dictyopteris delicatula Fucan HeLa [24]
Dictyopteris undulata Extract SwW480 [83]
Dictyota cervicornis and | Sulfated HeLa [40]
Dictyota menstrualis polysaccharide
Egregria menziessi Hexane and | C6 and MIO-M1 [84]
methanolic extract
Fucus evanescens Fucoidan Mt-4 [85]
S. Filipendula Fucoidan HeLa, PC3 and HepG2 [29]
Sargassum linearifolium Extract MCF-7, HepG2, MIA and PaCa- [82]
2
Sargassum mcclure Fucoidan DLD-1 [86]
Sargassum sp Fucoidan LLC, B16 and BSLT [38; 87]
Sargassum stenophyllum | Fucoidan B16F10 [28]

3.2. Antriproliferative activity in vivo

There are fewer, but significant, pre- and clinical studies that demonstrate the potential antitumor and / or adjuvant
activity of these compounds [11,19,88,89], which are presented according to bioactive.
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3.2.1. Fucoidans

3.2.1.1. Fucus vesiculosus

The study reported by Koyanagi et al., 2003 [79] demonstrated that the degree of sulfation of the fucoidan molecule is
important for its antiangiogenic and antitumor activities. In that study, Lewis lung carcinoma cells (LLC) and melanoma
cells (B16) were inoculated into mice. Three to five days after inoculation, a single daily dose of Fucus vesiculosus Natural
Fucoidan (NF) or Oversulfated Fucoidan (OSF) (5 mg / kg each) was administered intravenously for 21 days. In the
evaluation, the authors observed that although the two groups (NF and OSF) showed a decrease in the growth of tumor
cells, the OSF group had a more potent effect. In addition, the photographs used to assess the antiangiogenic effect
showed that the blood vessels in the mice treated with OSF were practically the same as the control group, treated with
phosphate buffered saline (PBS) (not tumor cells). To confirm the means by which these fucoidans were able to inhibit
tumor growth, the authors performed an in vitro test with the same cells and observed that the concentration of 100 mg
/ mLwas unable to achieve a cytotoxic effect. Thus, Koyanagi et al., 2003 [79], concluded that the two fucoidans suppress
tumor growth through antiangiogenic action, instead of by a direct cytotoxic effect on tumor cells.

Another study performed by Ale et al,, 2011 [90] demonstrated that the antitumor effect of fucoidans, derived from the
species Fucus vesiculosus and Sargassum sp., is related to a modulation of the immune system, mainly by the increase of
NK (Natural Killer) cells. To carry out this evaluation, the authors injected samples of fucoidan intraperitoneally in mice,
for four consecutive days. After this period, the quantification of the activity of NK cells could be performed from the
chromium-51 (51Cr) release test with the spleen cells of these mice. The results showed that there was an increase in
the activity of NK cells at an effector / target ratio of 100: 1 in mice treated with the fucoidans of both species compared
to the negative control (saline), leading the authors to conclude that the antitumor activity promoted by fucoidan was
based on the increased activity of NK cells.

Another relevant study carried out recently used the serum of mice treated with fucoidan from Fucus vesiculosus (200
or 400 mg / kg - body weight per day) in the incubation with MCF-7 cells, to investigate its antitumor action [91]. The
results showed that the serum with fucoidan effectively inhibited the proliferation of cancer cells, inducing apoptosis.
In addition, the compound suppressed the migration of tumor cells by modulating the expression of E-cadherin and
MMP-9, proteins that are important for the epithelial-mesenchymal transition (step that helps metastasis) [91].

3.2.1.2. Undaria pinnatifida

Maruyama et al., 2006 [92] studied mice that were fed with a diet containing 1% of Mekabu's fucoidan (sporophile from
Undaria pinnatifida) (0.034 +* 0.003 g / mouse / day). After 10 days of this diet, A20 lymphoma cells were
subcutaneously inoculated. Subsequently, the mice were fed using the diet again for 40 days. The authors observed that
cell growth was significantly inhibited in these mice (65.4%). However, tumor growth was not inhibited in mice that
were fed with the diet, only 40 days after cell inoculation. After carrying out other experiments that verified the
immunological activity of the compound, using transgenic mice with anti-OVA TCR (Do-11 + 10 * Tg), the authors
concluded that the antitumor action of fucoidan is mediated by responses of Th1 cells and Natural Killer cells, rather
than by a direct cytotoxic effect.

A non-randomized clinical study conducted at the Royal Hobart Hospital (Hobart, Australia) evaluated the
coadministration of fucoidan, derived from Undaria pinnatifida, in the pharmacokinetics of two hormonal therapies
commonly used in patients with breast cancer [93]. A 500 mg capsule containing extract of Undaria pinnatifida Maritech
(Marinova Pty Ltd, Hobart, Australia) was administered in the morning and evening, after meals, in combination with
standard hormonal drugs, letrozole and tamoxifen. The authors reported that the results demonstrated that fucoidan
was well tolerated and did not influence the plasma concentrations of standard drugs. Therefore, there was no toxicity
or increased adverse effects.

3.2.1.3. Cladosiphon okamuranus

The potential use of the fucoidan obtained from this species in the treatment of osteosarcoma has been reported with
two different approaches: native fucoidan and fucoidan nanoparticle (fucoidan encapsulated in a liposomal structure).
After inoculation of LM8 osteosarcoma tumor cells in C3H mice, the animals were treated with oral fucoidan of 100 mg
/ kg / day of nanoparticles of fucoidan or native fucoidan. The mice in the control group were treated with water only
(vehicle). The results showed that there was a significant inhibition of tumor growth and spontaneous metastases in
the lung of LM8 tumor xenotransplants. The volume and weight of the tumor were reduced in the group of fucoidan
nanoparticles compared to the group of mice that received native fucoidan. However, the pulmonary metastasis score
decreased in the native fucoidan compared to that observed in the fucoidan nanoparticle [37].
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The studies by Azuma et al., 2012 [94] also used fucoidan derived from Cladosiphon okamuranus, administered orally
(5 mg / kg / day), but with a different approach. The authors evaluated the effects of fucoidans of different molecular
weights - low molecular weight (6.5-40 kDa), intermediate molecular weight (110-138 kDa), high molecular weight
(300-330 kDa) - in mice with colon tumor 26 (C26). The results revealed that these fucoidans exhibited antitumor action
by significantly decreasing the number of mitotic cells in vitro. The authors attributed the mechanism of stimulation of
the intestinal immune system, for example, to the increase in Natural Killer cells. In addition, they concluded that
differences in the molecular weight of fucoidan can affect the activity of NK cells in vitro.

A clinical trial conducted with the objective of evaluating the action of fucoidan of the species Cladosiphon okamuranus
in reducing the adverse effects caused by the chemotherapeutic agents used in patients with advanced or recurrent
colorectal cancer demonstrated that the dose of 150 mL / day of liquid containing 4.05 g of fucoidan during 6 months
of treatment suppressed the occurrence of fatigue and prolonged the duration of chemotherapy treatment by
suppressing the toxicity of the drugs [95]. Therefore, fucoidans derived from the brown algae Cladosiphon okamuranus
are one of the most promising compounds as adjuvants in the treatment against cancer.

3.2.2. Fucoxanthin

This bioactive, responsible for the pigment of brown algae, is also a compound with important anti-tumor activities
[16,68,96]. A study carried out to verify its inhibitory action on N-ethyl-N'-nitro-N-nitrosoguanidine-induced duodenal
carcinogenesis revealed that mice treated with fucoxanthin (oral administration in drinking water treated with 0.005%
fucoxanthin in dimethylsulfoxide (DMSQO)) for 12 weeks, had a significant reduction in the average number of tumors
per mouse and in the percentage of mice with tumor compared to the control group [97]. The authors pointed out the
inhibition of the activity of ornithine decarboxylase (ODC) - an enzyme whose activity is induced in response to stimuli
of cell growth and which is highly expressed in diseases such as inflammation and cancer - as being the possible
mechanism of action of fucoxanthin.

In another study performed in vitro using sarcoma 180 (S180), with Kunming mice, fucoxanthin was administered
orally, in doses of 25, 50 and 100 mg / kg, once daily for 1 week, revealing the ability to induce apoptosis tumor cells
[98]. However, the authors attributed the ability to inhibit the expression of epidermal growth factor receptor (EGFR)
and signal transducers and transcription activators (STATs) (important for tumor survival) as a possible antitumor
effect and induction of apoptosis achieved by fucoxanthin.

Even a fucoxanthin metabolite, fucoxanthinol, has already been tested for its antitumor activity. Using NOD-SCID mice
inoculated with colorectal cancer cells, Terasaki et al., 2017 [99] compared groups treated with fucoxanthinol (5 mg /
kg body weight every 3-4 days) to control groups. The authors defined the tumor size and body weight as parameters
for evaluation. The results showed that there was little difference in body weight between the two groups, but the tumor
size of the fucoxanthinol group demonstrated significant suppression after a period of 10 days, thus confirming the
action of this metabolite compared to the control group. The same assessment was carried out by Ishikawa et al., 2008
[100], using HUT-102 leukemic cells inoculated in SCID mice: over 4 weeks of treatment neither the fucoxanthinol nor
the control group showed adverse effects on general appearance, body weight and food intake. After 14 days, the
fucoxanthinol group showed significantly smaller tumors, and these weighed significantly less when excised than the
control group. In addition, the level of the tumor marker sIL-2Ra in serum was significantly lower, and the TUNEL assays
revealed more tumor apoptotic cells in the fucoxanthinol-treated group.

4 Conclusion

Fucans, especially fucoidans, are heterogeneous and complex compounds, with the structures not yet fully elucidated.
Due to the lack of standardization in the methodologies used for the isolation of their compounds, there is a lack of
knowledge about the determination of the relationships between their structures and their activities. However, the
compositions and structures found so far demonstrate important activities that may be more related to the originality
of these structures than to a conventional performance found in other metabolites. Activation of the intrinsic and
extrinsic pathways of apoptosis, modulation of the immune response, suppression of angiogenesis and reduced
adhesion of tumor cells to human platelets are mechanisms that have been suggested as responsible for the significant
antitumor activity of the compounds. Preclinical and clinical studies have already been reported in the literature;
however, additional studies on the conformation of these structures and on their mechanism, efficacy and safety are
desirable to improve the comprehension of their biological activities and for the development of new
chemotherapeutics or chemopreventives, helping to innovate and improve cancer treatments.
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