Food and Chemical Toxicology 135 (2020) 111013

journal homepage: www.elsevier.com/locate/foodchemtox

“* Food and
Chemical
Toxicology

Contents lists available at ScienceDirect

Food and Chemical Toxicology

ot o iy

Bioactive compounds in seaweeds: An overview of their biological

properties and safety

Check for
updates

Kannan RR. Rengasamy™*, Mohamad Fawzi Mahomoodally™"*,
Muhammad Zakariyyah Aumeeruddy”, Gokhan Zengin®, Jianbo Xiao“, Doo Hwan Kim®

2 Department of Bio-resources and Food Science, Konkuk University, Seoul, 05029, South Korea

Y Department of Health Sciences, Faculty of Science, University of Mauritius, Réduit, Mauritius

© Department of Biology, Science Faculty, Selcuk University, Campus, Konya, Turkey

4 International Research Center for Food Nutrition and Safety, Jiangsu University, Zhenjiang 212013, China

ARTICLE INFO

Keywords:

Marine foods
Pharmacology
Biopharmaceutical
Biomedicine
Metabolites
Non-communicable

ABSTRACT

Seaweeds are among the significant currently exploited marine plant resources which are gaining full applica-
tions in culinary, cosmetic, pharmaceutical, and biotechnological processes. Much attention has been devoted to
seaweeds based on their proven health benefits and is considered as a rich source of structurally different
bioactive metabolites for the discovery of novel functional food-based pharmacophores/drugs. Nonetheless,
there is still a dearth of updated compilation and analysis of the in-depth pharmacological activities of these
compounds. This review, therefore, aims to provide a piece of up-to-date detailed information on the major
compounds isolated from various seaweed species together with their in-vitro and in-vivo biological properties.
These compounds were found to possess broad pharmacological properties and inhibitory enzyme activities
against critical enzymes involved in the aetiology of noncommunicable diseases. However, their toxicity, clinical
efficacy, mechanisms of action, and interaction with conventional foods, are still less explored and require more

attention in future studies.

1. Introduction

The importance of dietary food habits was already mentioned in the
earlier quote by Hippocrates in 460 BC that “Let food be thy medicine and
medicine be thy food”. The improper dietary habits or unhealthy diet is a
critical concern for the currently alarming health disorders including
diabetes, obesity, cancer, and cardiovascular diseases. The intake of
unhealthy foods and the low intake of fruits and vegetables causes
about 2.7 million deaths including 14% of gastrointestinal cancer
deaths (14%), ischaemic heart disease deaths (11%) and nearly stroke
deaths (9%) (WHO Fact Sheet, accessed on June 19, 2018, http://www.
who.int/dietphysicalactivity/fruit/en/index2.html). It is well known
that vegetables and fruits are important sources of phytocompounds
which perform a key role in the prevention of a panoply of diseases. The
global phytonutrients/nutraceutical market value, regarding value, is
projected to reach $4.63 Billion in 2020, at a CAGR of 7.2% from 2015
to 2020 (Markets and Markets, 2015). Likewise, the global market for
the botanical and plant-derived drug was estimated $29.4 billion in
2017 and is projected to escalate to 39.6 billion in 2022 with a
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compound annual growth rate (CAGR) of 6.1% (Research, 2017). For
the past decades, researchers have shown great interest towards the
isolation of health-promoting substances from these fruits and vege-
tables. Both the Natural Health Products (NHP) and Nutraceuticals and
Functional Foods (NFF) focused much research on bioactive foods from
natural resources to develop healthy foods (Goldberg, 2012; Nice,
1997).

Marine life offers 70% of earth's surface with the vast diversity of
life and biodiversity in the seas is only partially explored although
marine represents a rich source of novel metabolites with various ap-
plications includes cosmeceutical, nutraceuticals, agrochemicals,
pharmaceuticals and other industrially relevant chemicals (Faulkner,
2012). Recent research emphasises that drug discovery from marine
resources is increasing alarmingly and various biomolecules are in the
clinical pipeline.

2. Global trends in marine biodiscovery

In 2018, the world market for drugs derived from marine sources
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Table 1 (continued)

Polysaccharide  Source Biological properties Model used Findings Reference
expression. Besides, fucoidan suppresses the NF-kB activation and down-
regulation of an extracellular JNK, MAPK, ERK and AKT pathways.
F. vesiculosus Anti-obesity In-vitro Fucoidan reduced lipid accumulation by stimulating lipolysis via increasing Park et al.
HSL and by expression of phosphorylated HSL and reduction of glucose (2011b)
uptake into adipocytes.
Undaria piaantifida Immunostimulatory In-vitro Fucoidan enhanced the probiotic properties of lactic acid bacteria on Kawashima et al.
immune functions by enhancing the production of IL-12 in response to a (2012)
strain of LAB, Tetragenococcus halophilus KK221, disseminating production
of IFN-y. In in-vivo study with ovalbumin immunized mice, the enhanced
immunobalance of T helper type 1/type 2 (Th1/Th2) was observed.
L. japonica Antioxidant In-vitro Exhibited scavenging effects on hypochlorous acid and superoxide radical (Zhao et al.,
and inhibition of LDL oxidation induced by Cu®*. 2005)
L. japonica Anti-inflammatory In-vitro & In-  In an In-vivo air pouch inflammation model, coadministration of fucoidan or ~ Kyung et al.
vivo Cistanche tubulosa extract synergistically suppressed nitric oxide production, (2012)
carrageenan-induced vascular exudation, prostaglandin E2 concentrations.
Lessonia vadosa Anticoagulant and elicitor In-vitro Native fucoidan showed good anticoagulant activity and activation of Chandia and
defence enzyme activities of PAL, LOX and GST in tobacco plants. Matsuhiro (2008)
U. pinnatifida Antiplasmodial In-vitro & In-  Fucoidan fractions inhibited the P. falciparum merozoites mediated Chen et al.
vivo erythrocytes invasion and ICs, values againt chloroquine sensitive P. (2009)
falciparum 3D?7 stain for the three fucoidan fractions were 9.17, 7.28, and
1.95 pg/ml and 7.03, 4.74, and 2.21 pg/ml in chloroquine resistant P.
falciparum K1 strain. About 37% suppressive effect against the control group
and a delay in death associated with anemia was observed in P. berghei-
infected mice with fucoidan.
U. pinnatifida Anti-allergy In-vivo The suppressive effect of Th2 cytokines production in bronchoalveolar lavage ~Maruyama et al.
fluid wa snoticed, and IFN-y amount was not increased in fucoidan treated  (2005)
mice.
U. pinnatifida Antitumor In-vitro & In-  Fucoidan mediated tumor destruction via the response of Thl and NK cells. ~Maruyama et al.
vivo (2006)
U. pinnatifida Antitumor In-vitro Displayed antitumor activity against PC-3, HeLa, A549, and HepG2 cells. Synytsya et al.

Alginate (2)

Commercial sodium alginate
Eucheuma cottonii and Sargassum polycystum

Commercial sodium alginate

Commercial sodium alginate

Commercial sodium alginate

Commercial sodium alginate

Inhibition of putrefactive compound

Antidiabetic

Antibacterial

Antibacterial

Antibacterial

Gastroesophageal reflux disease

treatment

Anticancer

In-vitro & In-
vivo
In-vitro

In-vitro & In-
vivo

In-vivo

In-vivo

Systematic
review &
meta-
analysis
In-vitro

In human fecal culture and rat cecum, inhibited the putrefactive compound
formation.
ICs of (0.075-0.103) mg/ml, also a mixed-type inhibition.

Approximately 70-90% inhibition againt L. monocytogenes V.
parahaemolyticus and S. typhimurium to human enterocyte-like HT-29-Luc
cells was observed with sodium alginate (0.1%). In addition, sodium alginate
potentially inhibited 70% of S. typhimurium invasion. Incubation with
sodium alginate for 18 h also Increased transepithelial electrical resistance of
HT-29-Luc monolayer cells was also observed with 18 h incubation of sodium
alginate. Moreover, decreased liver pathogen count was noticed in alginate
fed mice.

Alginate-based coating containing lactate and diacetate was effective in
controling The controlled growth of L. monocytogenes and enhanced
microbial safety of sliced and filleted smoked salmon was reported with
alginate coated lactate and diacetate.

Alginate-based antimicrobial coatings enhanced the microbiological safety of
poached and deli turkey products by controling L. monocytogenes growth.
Effective in the treatment of symptomatic gastroesophageal reflux disease
and were superior to placebo and antacids. Compared to proton pump
inhibitors or histamine-2 receptor antagonists, alginates appear less effective.

(2010)

Kuda et al.
(2005)
Zaharudin et al.
(2018)

Kuda et al.
(2015)

Neetoo et al.
(2010)

Juck et al. (2010)
Leiman et al.

(2017)

Markeb et al.
(2016)

(continued on next page)
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was around $ 10,486.8 billion, which is forecasted to touch $21,955.6
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CHRSE ERS8ERES 9 E T 8E analogues. Also, most of the marine-derived medicines isolated from
= = % § ﬁ various marine resources, but the contribution of marine algae is only
8 k%) -
<7 T § R TE3 about 30% (Blunt et al., 2007).
5 B o 15} =1 > 3 o -
S 8w =] 5] @ O = © 0
9 o < a I Qg ' .
TEE 2 3 2 Ex 588 3. Recent developments in algal drug research
ST B0 SsTn g 83
2 @ =1 3 E=E I
28 © ] N ¥ .0 gL
Eg2g8 5 2 F EE-2§ Seaweeds or marine macroalgae reside in the littoral zone and are
8o 3 ] 131 5 . S o8 g8 .S &
=8 5§ 5 g, 822 A now considered as primary resources of the oceans in terms of eco-
g5 < 151 & a3 -5 E g o P ry
gPhE 8.2 S%E& T REEO0 Y nomic and ecological significance (Dhargalkar and Pereira, 2005).
>
&3 9 22 % oa@a > O g s g & & &
g E< ERE & EE’ T5aw E Taxonomically, seaweeds are grouped into three major phyla: (i)
2 8 4 S 5 T s .5 a A5 S 9 . . . :
cEQT g9o=5 BTE L2 E © w Phaeophyceae (brown algae), which are primarily brown in color due
S 5 O g e w0 g & 5§ © . . . . s
gty £ E 8 T og =S 82y to its fucoxanthin content — xanthophyll pigment fucoxanthin (ii)
858 Eg =T g Eshgg phyll pig
£ “é S SEZ E E g % g § T g Chlorophyceae (green algae) - primarily dominated by chlorophyll ‘a’
) =] s .
5] %3 ’g b E g g 3 & & E gg and ‘b’, and other specific xanthophyll pigments; and (iii) Rhodophy-
<L — 9 .5 7} £ = A7 . . . . .
s2s 2 fﬁ, ° g ;‘,‘ 5 SO ST ceae (red algae) primarily comprised of phycocyanin and phycoerythrin
E § 8¢ & & s e ‘g > = i% g (O’Sullivan et al., 2010). Approximately more than 1500 brown, 900
) E S E & b= > . .
BENE88E Z,E ER < reen and 4000 red seaweeds are available worldwide (Dawes, 1998).
SoEicgdsg wEE SHg% 3 8
£S5 5 ';.E: é w2 Z j g g £ 3 The subtropical and tropical waters are entirely occupied by red and
< . B B=i ESERSI-] 80 . .
S8gE9ES 2 & 2 ESg gk reen seaweeds, while cold temperate waters are predominantly occu-
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E2gPIELOTE T v S8 Eg ied by brown seaweeds (Khan and Satam, 2003).
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m|moT e AR SEAY g E» = g é weeds, seagrass and mangroves for the past decades (El Gamal, 2010;
o | & % ‘3 ¥ § Pl Rengasamy et al., 2014b). Among these, seaweeds or marine macro-
g g .
] ) s 8588 algae have much attracted functional food researchers. Recent shreds of
= ° ° ° ° S 52§ & 8
3| & £ 5 & B 2 o098 evidence suggest that seaweeds have been regularly consumed as food
S| E oo 2 Eo% E FET 20 88 g y
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5@ [E = .2 habit as widespread throughout Europe, North America and, Southern
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55238 American countries (McHugh, 2003). Noticeably, long-life expectancy
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55 g e and the lower rate of cardiovascular diseases among the Japanese
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5 %50 = S g people are likely to be associated with their dietary habits including
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g -~ B their regular consumption of seaweeds (Shimazu et al., 2007).
SeE sk )
(=9 « . . .
g 3% 2 S I The recent review by Rengasamy et al. (2014a) compiled various
2 50 as y & y
g E g e ﬁ & bioactive compounds isolated from seaweeds and their role as enzyme
=1 . e . . . . . .
% B ES § a § ~ inhibitors to treat multiple diseases including cancer, diabetes, in-
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E ‘g ‘g § = B EETEy flammation, dementia and others. Seaweeds are not only targeted for
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2 E E E E E 95 £ 5 ° significant part as plant growth regulators, fungicides, pesticides, and in
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S ?‘50 R (Stirk et al., 2014), oligosaccharides, and phenolic compounds
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E:“ 2 o % o (Rengasamy et al., 2014b, 2015). The biological properties of various
58859 bioactive metabolites from marine algae have been recently extensivel
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v EE=Y reviewed by many researchers including enzyme inhibitors (Rengasamy
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g }:3 'j = E» et al.,, 2014a), phlorotannins (Karadeniz and Kim, 2015; Sanjeewa
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D w0 B8 et al., 2016) polysaccharides (Wang et al., 2014), protein hydrolysates
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=z £ E 8 3 E and Jeon, 2012), alkaloids (Giiven et al., 2010), halogenated terpenoids
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= £ %’—Fa v g 2015; Kim and Pangestuti, 2011). In this context, this review mainly
] ==t ST = . . . :
g < AR = g focuses on the bioactive compounds isolated from seaweeds and their
g 2 & o8 § ? E & in-depth biological properties (see detailed activities in Tables 1-6 and
=] ] .
E T 2 § |283:5% Fig. 5).
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Table 2 (continued)

Reference

Findings

Biological activity Model used

Source

Phlorotannins

Exerted a melanin inhibition with an ICsq value of 37.73 uM and the inhibition was

potent than retinol, a positive control (ICso

50.25 uM).

Heo et al. (2012)
Kawamura-Konishi
et al. (2012)

Prevents H,0,-induced damage in neuronal cells and reduces the Bax expression.
Suppressed the hydrolysis of amylopectin by human salivary and pancreatic a-

amylases. Displayed inhibitory effects against a-amylase (ICsqo

In-vitro
In-vitro

Neuroprotective
Anti-diabetic

L. okamurae
S. patens

2-(4-(3,5 dihydroxyphenoxy)-3,5-dihydroxyphenoxy)

3.2 pg/ml), a-

benzene-1,3,5-triol (DDBT) (21)

glucosidase from rat intestinal (ICso = 25.4 pg/mL) and sucrase and maltase

(ICso = 114 pg/mL).

Lee et al. (2016)

In type 2 diabetic db/db mice, Octoplorethol A significantly improves

hyperinsulinemia and impaired glucose.

In-vivo

Anti-diabetic

I foliacea

Octoplorethol A (22)

ACE, angiotensin-converting enzyme; AGE, advanced glycation endproducts; ARE, antioxidant response element; DPP- 1V, dipeptidyl peptidase IV; DPPH, 1,1-diphenyl-2-picrylhydrazyl; FRAP, ferric reducing antioxidant

power; HO-, hydroxy; KU812, human basophilic leukemia; LPS, lipopolysaccharide; MIC, minimum inhibitory concentration; MSRA, methicillin resistant; MSSA, methicillin-susceptible; O2: —, superoxide anion radical;

ORAC, oxygen radical absorbance capacity; RBL2H3, rat basophilic leukemia; ROS, reactive oxygen species.
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offered enormous untapped potential in the discovery of new drug
targets. The high molecular weight polysaccharides and their de-
gradation products of low molecular weight oligosaccharides are eco-
nomically very important owing to the numerous biological properties
with minimal toxicity. Most polysaccharides are used as stabilisers,
thickeners, and emulsifiers in food industries (Tseng, 2001). Seaweeds
or marine macroalgae contain a wide range of polysaccharides which
are described to possess a plethora of pharmacological activites in-
cluding anticancer, antiinflammatory, and excellent antioxidant activ-
ities. The significant polysaccharides found in marine algae are algi-
nates, agarans, carrageenan, fucoidan, laminarin, and ulvans
(Rengasamy et al., 2014b). Although polysaccharides have potential
biological properties, their viscosity and poor solubility make them
inefficient for pharmaceutical applications. This problem has been
overcome with the discovery of oligosaccharides which are derived
from hydrolysis of polysaccharides either by using acid hydrolysis or
enzyme hydrolysis method. Recent research emphasises the importance
of oligosaccharides such as alginate oligosaccharides (derived from al-
ginate), fucoidan oligosaccharides (derived from fucoidan), laminarin
oligosaccharides (derived from Laminarin) and carrageenan oligo-
saccharides (derived from carrageenan). The polysaccharides and oli-
gosaccharides prepared from seaweeds or marine macroalgae and their
biological properties are summarised in Table 1 and the chemical
structures of important polysaccharides are shown in Fig. 1.

4.2. Phlorotannins

Phlorotannins, more commonly known as algal polyphenols, are
polymers of phloroglucinols which comprise up to 15% of dry weight of
brown algae. Laminariacea have been documented to be the most
abundant source of phlorotannins in marine algae. The molecular
weight of phlorotannins ranges from 126 kDa to 650 kDa. In the past
two decades, there have been a considerable literature on the isolation
and pharmacological properties of phlorotannins from brown algal
species such as Eisienia bycycles, Ecklonia cava, E. stolonifera and E.
maxima (Kannan et al., 2013; Rengasamy et al., 2013; Rengasamy et al.,
2014a, b). Phlorotannins have also been found to possess numerous
biological/pharmacological  properties such as antimicrobial
(Nagayama et al., 2002), antioxidant (Kim et al., 2009), anti-HIV (Artan
et al., 2008), antiproliferative (Kong et al., 2009), anticancer (Parys
et al., 2010), anti-inflammatory (Kim et al., 2009), antidiabetes
(Kannan et al., 2013; Rengasamy et al., 2013, 2014a), anti-Alzheimer
disease (Kannan et al., 2013), antihypersensitive (Jung et al., 2006),
anticoagulant (Li et al., 2007), and radioprotective (Moon et al., 2008).
Further comprehensive evidence on the isolation and pharmacological
properties of brown algal phlorotannins are listed in Table 2 and the
chemical structures of important phlorotannins are shown in Fig. 2A
and B.

4.3. Protein hydrolysates

Protein hydrolysates are mixtures of amino acids generally re-
cognised as peptides or peptones, which are made from purified protein
by acid hydrolysis or using proteolytic enzymes and further subjected to
purification. To date, various protein hydrolysates have been reported
from seaweeds with potent pharmacological properties. Lately much
consideration has been diverted to the seaweed proteins and protein
hydrolysates. Seaweed protein hydrolysates have been presented to
possess many biological potential such as antibacterial activity
(Beaulieu et al., 2016), anti-hypertension (Pan et al., 2016; Qu et al.,
2010; Sai-kun et al., 2012; Sheih et al., 2009; Suetsuna et al., 2004),
anticoagulant (Indumathi and Mehta, 2016), antiplatelet aggregation
(Cian et al., 2012), antioxidant (Beaulieu et al., 2016; Cian et al., 2012,
2013) and chelating properties (Cian et al., 2016). Wakeme jelly pep-
tide and Peptide Nori S are the commercially available anti-hy-
persensitive peptides from the Japanese seaweed Undaria finnatifida
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Table 4 (continued)

References

Findings

Model
used

Biological activity

Source

Terpenoids

Kubo and Smith

(1998)

Showed inhibition against Bacillus subtilis

In-vitro

Antibacterial

Sargassum tortile

Crinitol (92)

(MIC = 50 pg/ml), Brevibacterium ananoniagenes

(MIC = 100 pg/ml), Streptococcus mutans
(MIC = 50 pg/ml), Staphylococcus aureus

(MIC = 400 pg/ml), Propionibacterium acnes

(MIC = 25 pg/ml), Trichophyton mentagrophytes

(MIC = 25 pg/ml).

Yang et al. (2015)

Exhibited moderate cytotoxic effect on HL-60

(ICso = 49.3 uM).

In-vitro

Cytotoxicity

Caulerpa racemosa

Racemobutenolid A (93) and B (94)

Yang et al. (2015)

Showed inhibitory effects against protein tyrosine

In-vitro

Enzyme inhibitory

activities

C. racemosa

4’,5’-dehydrodiodictyonema A (95)

phosphatase 1B (PTP1B), T-cell PTPase (TC-PTP) and cell
division cycle 25 homolog B (CDC25B) with ICs, values

2.30, 12.56, and 42.92 uM, respectively.
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and Porphyra yasoensis, respectively (Harnedy and FitzGerald, 2013).
Although protein hydrolysates possess various biological properties,
isolation of anti-hypertension inhibitory peptides from seaweed is now
getting much momentum among researchers worldwide. The detailed
information on the proteins, peptides, and other protein hydrolysates
isolated from seaweeds are given in Table 3.

4.4. Terpenoids

Terpenoids, sometimes referred to as terpenes, are a huge group of
natural products commonly found in plants. They are a unique class of
hydrocarbon moiety comprising of terpenes attached to an oxygen-
containing group. In the current market, more than 60-75% drugs are
employed for the treatment/management of infectious diseases and
cancer, among these more than 23000 molecules belong to the class of
terpenoid (Wang et al., 2005). For instance, the currently available
commercial antimalarial drug Artemisinin and the anticancer drug
paclitaxel (Taxol®) are terpenoid biomolecules, and many terpenoid
molecules are in the clinical pipeline. Terpenoids are commonly clas-
sified as monoterpenoids, sesquiterpenes, diterpenes, sesterterpenes
based on their chemical structure. Marine organisms are well-known to
be a reservoir of these four categories of terpenes which have been
documented to have numerous pharmacological properties. Seaweeds
or marine macroalgae are a vast source of structurally diverse terpe-
noids especially red seaweeds, which are reported to have high amount
of terpenoids. Among the seaweeds, the family Rhodomelaceae is
considered as a terpenoid pool due to its vast chemical diversity and
structurally different terpenoids. More than 1058 molecules harnessed
naturally have been identified and characterised from this family which
accounts to 20% of the total halogenated compounds characterised
from all marine organisms (Wang et al., 2013). The comprehensive
information on the pharmacological properties of terpenoids from
seaweeds are shown in Table 4 and the chemical structures of important
terpenoids are shown in Fig. 3A-C.

4.5. Alkaloids

In 1819 Meissner proposed the term “alkaloid” which originated
from the Arabic words “al kaly” and the Greek “eidos”, meaning alkali-
like. Alkaloids are heterocyclic nitrogenous compounds having Br-, I-,
Cl-, and S- in their structure (Giiven et al., 2010, 2013). Alkaloids are
well known diverse group of natural biomolecules reported to have
enormous health benefits and biological potential. The well-known
example is Galanthamine; a commercially available anticholinesterase
inhibitor used to treat dementia over the years. A more recent book
written by Aniszewski (2015) described the applications of alkaloids in
pharmaceutical and agricultural industries. Although alkaloids are ex-
tensively studied, research on marine algal-based alkaloids is still
under-explored. The first alkaloid molecule was isolated from marine
red algae Phyllophora nervosa is hordenine in 1969 (Giiven et al., 1969,
1970). The alkaloids isolated from various marine algae and its phar-
macological properties are listed in Table 5 and the chemical structures
of important alkalaoids are shown in Fig. 4.

4.6. Photosynthetic pigments

Plants possess various photosynthetic pigments such chlorophylls,
carotenoids, anthocyanins, betains, and research on the biological
properties of these colourful pigments is gaining much attention due to
its health-promoting effects. Like other terrestrial plants seaweeds,
marine macroalgae are listed as one of the primary resources of these
beneficial health pigments including carotenoids, fucoxanthin (xan-
thophyll pigments found in brown seaweeds), phycocyanin and phy-
coerythrin (found in red seaweeds). The importance of carotenoids
especially f-carotene, a-carotene, [-cryptoxanthin, lycopene, lutein
and zeaxanthin has already been well documented (Rodriguez-Amaya,
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Fig. 1. Chemical structures of biological active polysaccharides from seaweeds.

2016). The global fucoxanthin production market was about 500 tons in
2015 and is expected to grow at a CAGR of 5.3% from 2016 to 2021
(ResearchnReports, 2016). In seaweeds, fucoxanthin and astaxanthin
are the two primary available carotenoid pigments. Fucoxanthin
(C42Hsg0¢) is contributing to 10% of the total carotenoid production
globally (Dembitsky and Maoka, 2007). In recent years, scientific re-
search on fucoxanthin have attracted considerable interest owing to
their potential pharmacological properties including antimicrobial,

seaweeds. Phycocyanin comprises of two similar a and f subunits of
proteins with molecular weight of 17000 and 19500 Da, respectively.
The importance of phycocyanin was critically reviewed by Romay et al.
(2003) followed by many other researchers. Phycoerythrins are made
up of two peptides such as a and B subunits with 160-180 amino acids
(Anwer et al., 2015; Sonani et al., 2017). The detailed information on
the isolation and bioactivity of fucoxanthin, phycocyanin and phy-
coerythrin are listed in Table 6.

~llOH

Fucoxanthin

antimalarial activities, antioxidant, anti-obese, antidiabetic, anti-in-
flammatory, anticancer, antiangiogenic, and its protective effects on the
various organs (D’Orazio et al., 2012; Gammone and D'Orazio, 2015;
Kim and Pangestuti, 2011; Peng et al., 2011; Rengasamy et al., 2014b).
The other essential seaweed pigments are phycocyanin and phycoery-
thrin which are predominantly available in microalgae and red

17

4.7. Polyunsaturated fatty acids (PUFA)

PUFA, consist of long hydrocarbon chains which terminate with
hydroxyl groups. They are also commonly termed as long-chain PUFA
(LC-PUFA). Depending on the position of the first carbon-carbon double
bond (C=C), it is classified into omega 3 or omega six fatty acids.
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Fig. 2A. Chemical structures of biological active phlorotannins from seaweeds.

Alpha-linolenic acid (18 carbons and three double bonds), EPA (20 disease and arthritis (Swanson et al., 2012). Nearly half of the total

carbons and five double bonds) and DHA (22 carbons and six double fatty acid content in various seaweeds are comprised of EPA (C20:5, n-
bonds) are three main omega three fatty acids which play a crucial role 3) (Dawczynski et al., 2007; MURATA and Nakazoe, 2001). The other
in healthy human physiology (Rengasamy et al., 2014b). Among these, interesting point to note is that seaweeds are the only source for n-3
EPA and DHA are now gaining much attention from the marine func- PUFA 18:4, n-3 (Rengasamy et al., 2014). Owing to the high con-
tional food researchers due to their health beneficial effects including centrations of PUFA, especially omega three fatty acids, seaweeds are
the reduction of the risk factors linked to fetal development, assisting excellent candidates for the development of nutracetuticals/dietary
visual and neurodevelopment, cardiovascular disorders, Alzheimer's supplements for human health.

disease hypertension, and improving conditions such as coronary artery

18



K.R. Rengasamy, et al.

21

OH OH OH OH OH
X j°ﬁ°1 I°J©L ﬁff Io”ﬁfj@
HO (0] HO O OH (0] OMO S
OH OH OH

22

Food and Chemical Toxicology 135 (2020) 111013

OH

OH

Fig. 2B. Chemical structures of biological active phlorotannins from seaweeds.

4.8. Polyamines

Polyamines are low molecular weight water-soluble aliphatic com-
pounds consists of two or more amino groups which are least studied
bioactive natural compounds available in all the living organisms in-
cluding bacteria, fungi, plants and mammalian cells. The first poly-
amine, spermine, was isolated from human semen in 1678. Three
known vital polyamines were putrescine (1,4-butane diamine or tetra-
methylenediamine), spermidine (N-(3-aminopropyl)-1,4-butane dia-
mine or aminopropyl-tetramethylenediamine), spermine (N, NO-bis(3-
aminopropyl)-1,4-butane diamine or diaminopropyl-tetra-
methylenediamine) and agmatin, a polyamine derivative derived from
arginine. Spermine and spermidine are reported to have anti-glycation
effect, and it is well documented that glycation has an essential role in
the genesis of diabetes complications (Gugliucci and Menini, 2003).

19

Polyamines are also reported to have various biological importance in
cancer prevention, inflammation, and their role as antioxidants, anti-
aging effect, and their effect on gut maturation (Larqué et al., 2007).
Apart from human health benefits, polyamines also have a beneficial
impact on plant growth and development. However, research on the
discovery of polyamines from various natural resources, including
seaweeds or marine macroalgae, is still in infancy stage.

5. Safety and toxicity of seaweed compounds

Although seaweeds have gained much interest in food industrial
applications for their nutritive values, it is important to determine their
toxicological profile for the safety of consumers. Few studies have
probed into the safety profile of seaweeds compounds. For instance, the
toxicity of fucoidan in Sprague-Dawley rats was tested by Kim et al.
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Fig. 3A. Chemical structures of terpenoids from seaweeds.

(2010). Fucoidan (1350 mg/kg bw/day) for 4 weeks) did not cause
significant differences in groups matched by gender with respect to
body weight, ophthalmoscopy, urinalysis, hematology, and histo-
pathology. Also, Fucoidan did not affect prothrombin time or activated
partial thromboplastin time, which indicates an inability to change
blood clotting. Moreover, Vidal et al. (1984) carried out toxicity studies
on two metabolites present in Caulerpa species, caulerpin and cau-
lerpicin, and demonstrated that these two substances are not toxic.

20

Food-grade carrageenan has also been shown to be relatively non-toxic
by oral, dermal and inhalation routes of exposure in animal species,
mutagenicity studies and reproductive toxicity studies (Weiner, 1991).
It is also important to point out that many bioactive compounds,
especially the terpenoids, have not been tested in toxicological studies.
Considering the fact that some of these compounds are known to pos-
sess insecticidal properties such as mertensene, violacene (Argandona
et al., 2000), telfairine (Watanabe et al., 1989), aplysiaterpenoid A
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Fig. 3B. Chemical structures of terpenoids from seaweeds.

(Watanabe et al., 1990), elatol (Bianco et al., 2013), it is necessary that
future studies aim to determine their safety profile in vitro and on an-
imal species.

6. Concluding remarks and future prospects

Marine macroalgae or seaweeds are considered as one among the
economically important biological resources which offer an extensive
assortment of phytonutrients and phytochemicals comprising of vita-
mins, proteins, micro and macro elements, poly- and oligosaccharides,
polyunsaturated fatty acids, terpenoids, alkaloids, polyphenols espe-
cially phlorotannins and polyamines with potential pharmacological
properties. Among these bioactive compounds, research on alkaloids

21

and polyamines still in infancy stage; it might be due to inadequate
knowledge on isolation and structural chemistry with seaweed biolo-
gist. Recent evidences suggest that dietary polyamines not only possess
health benefits but also possess significant role in plant growth and
development, nonetheless, not much information is available on sea-
weed polyamines. Marine algae have been frequently reported for their
potential as enzyme inhibitors against various health illness including
cancer, diabetes, inflammation, gout, dementia, and others (Rengasamy
et al., 2014). Therefore, it is necessary to initiate algal drug discovery
research platform to focus on enzyme inhibitors which is now a hot
topic of research among both the natural product chemists as well as
commercial drug market.
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Fig. 3C. Chemical structures of terpenoids from seaweeds.
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Fig. 4. Chemical structures of alkaloids from seaweeds.
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Polysaccharides

Phlorotannins

Protein hydrolysates

Alkaloids Carotenoid

(Fucoxanthin)

Terpenoids

Antiadhesive
Antiallergy
Antiangiogenic
Antibacterial
Anticancer
Anticoagulant
Antiinflammatory
Antioxidant
Antityrosinase
Antiviral
Cardioprotective
Gastric protection
Hepatoprotective
Immunostimulatory

Wound healing

Algicidal
Antiallergy
AntiAlzheimer’s
Antibacterial
Anticancer
Antidiabetic
Antihypertensive
Antiinflammatory
Antimelanogenic
Antioxidant
Antiphotoaging
Antityrosinase
Antiviral
Cytoprotective
Hepatoprotective

Anticariogenic
Anticoagulant
Antidiabetic
Antihypertensive
Antioxidant

Antiplatelet
aggregation
Cardioprotective
Immunomeodulation

Immunomodulatory
Neuroprotective
UV protective

Antiangiogenic
Anticancer
Antidiabetic
Antiinflammatory
Antiobesity
Antiosteoporosis
Antioxidant
Antiplasmodicidal
Neuroprotective

Antibacterial
Anticancer
Antiinflammatory
Antinociceptive
Antioxidant

 Acaricidal
Anthelmintic
Antialgal
Antibacterial
Anticancer
Antifungal
Antileishmanial

Antiviral
Neuroprotective

Antioxidant
Antityrosinase
Insecticidal

Spasmolytic
Tyrosine
phosphatase
inhibitor

Photoprotective

Larvicidal

Fig. 5. Biological properties of different classes of seaweed compounds.
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