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Yesmine Ben Henda and Stéphanie Bordenave-Juchereau

5.1 Marine cryptides 95
5.2 Definition of MetS 96
5.3 Potential targets for marine cryptides 97

5.3.1 Targeting dyslipidemia: modulating blood lipid profile 97
5.3.2 Targeting arterial hypertension 99



Contents ix

5.3.3 Targeting diabetes 101
5.3.4 Targeting obesity 102

5.3.4.1 Targeting obesity by increasing satiety 103
5.3.4.2 Targeting obesity-modulating bile acid secretion and hormonal

control of gallbladder filling 104
5.3.5 Others possible marine cryptide targets related to MetS 104

5.3.5.1 Targeting stress 105
5.3.5.2 Targeting adipocyte life cycle 106
5.3.5.3 Targeting calcium 106
5.3.5.4 Marine cryptides with anticoagulant or antiplatelet aggregation

properties 107
5.4 Conclusion 108
References 108

6 Bioactive Phenolic Compounds from Algae 113
Yolanda Freile-Pelegrı́n and Daniel Robledo

6.1 Introduction 113
6.1.1 Understanding oxidative stress and the role of antioxidants 113
6.1.2 The importance of marine algae as a source of antioxidants 115

6.2 Phenolic compounds from algae 116
6.2.1 Structural diversity of phenolic compounds 116
6.2.2 Role of phenolic compounds in algal cells 119

6.3 Algal phenolics as bioactive compounds 120
6.3.1 Isolation and analysis of polyphenols 120
6.3.2 Antioxidant activity of algal polyphenols 121
6.3.3 Other bioactive properties of algal polyphenols 122

6.4 Conclusion 122
Acknowledgments 124
References 124

7 Bioactive Carotenoids from Microalgae 131
A. Catarina Guedes, Helena M. Amaro, Isabel Sousa-Pinto, and F. Xavier Malcata

7.1 Introduction 131
7.2 Potential health benefits 131

7.2.1 Antioxidant features 133
7.2.1.1 1O2 scavenging by carotenoids 134
7.2.1.2 1O2 scavenging by xanthophylls 135
7.2.1.3 1O2 Scavenging by �-carotene 135

7.2.2 Antiinflammatory properties of microalgal carotenoids 135
7.2.2.1 Antiinflammatory activity of astaxanthin 136
7.2.2.2 Antiinflammatory activity of violaxanthin 138
7.2.2.3 Antiinflammatory activity of lutein 138
7.2.2.4 Antiinflammatory activity of �-carotene 138

7.2.3 Antitumor properties of microalgal carotenoids 138
7.2.3.1 Antitumor action by astaxanthin 140
7.2.3.2 Antitumor action by �- and �-carotene 141
7.2.3.3 Antitumor action by lutein and zeaxanthin 141
7.2.3.4 Antitumor action by violaxanthin 142
7.2.3.5 Antitumor action by fucoxanthin 142



x Contents

7.2.4 Other beneficial health properties 142
7.2.4.1 Immune system 142
7.2.4.2 Antimicrobial activity 143
7.2.4.3 Indirect biological activities in food and feed 143

7.3 Conclusion 144
Acknowledgments 144
References 145

8 Omega-3 Fatty Acid-enriched Foods: Health Benefits and Challenges 153
Charlotte Jacobsen

8.1 Introduction 153
8.2 Overview of the health benefits of marine omega-3 fatty acids 153
8.3 Lipid oxidation: a major challenge 155

8.3.1 Introduction to lipid oxidation 155
8.3.2 Means of preventing oxidation in omega-3-enriched foods 156

8.3.2.1 Composition of the food system, including pH 156
8.3.2.2 Delivery systems 158
8.3.2.3 Processing conditions for the emulsification of

omega-3-enriched food emulsions 162
8.3.3 Effect of antioxidant addition 163

8.3.3.1 Effect of tocopherols 164
8.3.3.2 Effect of ascorbic acid and ascorbyl palmitate 165
8.3.3.3 Effect of EDTA 165
8.3.3.4 Effect of lactoferrin 166
8.3.3.5 Effect of gallic acid, propyl gallate, and caffeic acid 166
8.3.3.6 Effect of lipophilized compounds in complex omega-3-enriched

foods 166
8.3.3.7 Effect of natural extracts 166

8.3.4 Consumer acceptance of omega-3-enriched foods 167
8.4 Conclusion 168
References 168

9 Sterols in Algae and Health 173
Graciliana Lopes, Carla Sousa, Patrı́cia Valentão, and Paula B. Andrade

9.1 Introduction 173
9.2 Biosynthesis of phytosterols 176

9.2.1 The MVA pathway 176
9.2.2 The DOXP/MEP pathway 176
9.2.3 Squalene formation, cyclization, and substitution in the side chain 178
9.2.4 Biosynthesis of phytosterols in algae 178

9.3 Analysis of phytosterols 179
9.3.1 Phytosterols extraction and purification techniques 179
9.3.2 Phytosterols identification and quantification 180

9.4 Phytosterol composition of algae 181
9.5 Phytosterols and health 181

9.5.1 Absorption and cholesterol-lowering properties of phytosterols 182
9.5.1.1 Mechanism of action 183

9.5.2 Effects on LDL-C and CHD 184
9.5.3 Phytosterolemia and atherosclerosis 185
9.5.4 Reduction of cancer risk 186
9.5.5 Effects on fat-soluble vitamin absorption 186
9.5.6 Dietary algae consumption and health 186



Contents xi

9.6 Conclusion 187
Acknowledgments 187
References 187

10 Biological Effects and Extraction Processes Used to Obtain Marine Chitosan 193
A. Montilla, A. I. Ruiz-Matute, and N. Corzo

10.1 Introduction 193
10.2 Chitin extraction processes 193
10.3 Obtention of chitosan 195

10.3.1 Properties of chitosan 197
10.3.2 Chemical modifications of chitosan 197
10.3.3 Physical forms of chitosan 197

10.4 Attainment of chitooligosaccharides 200
10.4.1 Chemical methods 200
10.4.2 Physical methods 200
10.4.3 Enzymatic methods 201

10.5 Biological activities of chitosan and COS 201
10.5.1 Antioxidant activity 202
10.5.2 Hypocholesterolemic and hypolipidemic effects 203
10.5.3 Antimicrobial activity 204
10.5.4 Antihypertensive activity 205
10.5.5 Prebiotic effects 205
10.5.6 Ion-binding properties 207

10.6 Food applications 208
10.7 Regulatory aspects 210
10.8 Conclusion 210
Acknowledgments 210
References 210

11 Biological Activity of Algal Sulfated and Nonsulfated Polysaccharides 219
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11.1 Introduction 219
11.2 Current interest in seaweeds 220

11.2.1 Seaweeds as an underexploited resource 220
11.2.2 Nutritional value of seaweeds 220

11.2.2.1 Dietary fiber 221
11.2.2.2 Physicochemical properties of dietary fiber 222

11.2.3 Biological properties of seaweeds 222
11.2.3.1 Anticoagulant capacity 223
11.2.3.2 Antioxidant capacity 223
11.2.3.3 Effect on lipid metabolism 223

11.2.4 Legislation 224
11.3 Polysaccharides: occurrence, structure, and bioactivity 224

11.3.1 Hydrocolloid–phycocolloid versus nonhydrocolloid algal polysaccharides 224
11.3.2 Sulfated polysaccharides 225

11.3.2.1 Fucoidan/fucan 225
11.3.2.2 Carrageenan 232
11.3.2.3 Agar/agaran 234
11.3.2.4 Ulvan 235

11.3.3 Nonsulfated polysaccharides 235
11.3.3.1 Alginate 235
11.3.3.2 Laminaran/laminarin 237



xii Contents

11.4 Conclusion 238
Acknowledgments 238
References 239

12 Taurine Content in Marine Foods: Beneficial Health Effects 249
Rune Larsen, Karl-Erik Eilertsen, Hanne Mæhre, Ida-Johanne Jensen, and Edel O. Elvevoll

12.1 Introduction 249
12.2 Taurine physiology 250

12.2.1 Biosynthesis and metabolism 250
12.3 Dietary sources 252

12.3.1 Taurine content in foods 252
12.3.2 Dietary intake and safety-related considerations 259
12.3.3 Stability 259

12.4 Health benefits of dietary intake of taurine 260
12.4.1 Cardiovascular diseases—dyslipidemia and atherosclerosis 260
12.4.2 Hypertension 261
12.4.3 Diabetes 261
12.4.4 Infant development 262
12.4.5 Liver disease and alcohol-induced hepatic damage 262

12.5 Conclusion 262
References 262

13 Seaweed Antimicrobials: Isolation, Characterization, and Potential Use
in Functional Foods 269
Shiau Pin Tan, Laurie O’Sullivan, Maria Luz Prieto, Peter McLoughlin, Peadar G.
Lawlor, Helen Hughes, and Gillian E. Gardiner

13.1 Introduction 269
13.2 Seaweeds 270

13.2.1 Classification of seaweeds 270
13.2.2 Seaweed ecology 270
13.2.3 Seaweed structure and morphology 272
13.2.4 Uses of seaweeds 272

13.3 Extraction of antimicrobial compounds from seaweeds 273
13.3.1 Sample preparation 273
13.3.2 Extraction methods 274
13.3.3 Solvent selection 275

13.4 Separation and purification of antimicrobial compounds from seaweeds 279
13.4.1 Solvent–solvent extraction 279
13.4.2 Solid phase extraction 279

13.5 Structural elucidation of antimicrobial compounds from seaweeds 288
13.6 In vitro assessment of the antimicrobial activity of seaweeds and

seaweed-derived compounds 293
13.6.1 Methods of assessing the antimicrobial activity of seaweed extracts 293

13.6.1.1 Disk-diffusion and well-diffusion assays 293
13.6.1.2 Broth-dilution assay 294
13.6.1.3 Bioautography assay 294

13.6.2 In vitro evaluation of the antimicrobial activity of seaweeds 295
13.6.3 Antiadhesion activity of seaweeds 296
13.6.4 Evaluation of the antimicrobial and antiadhesion activity of seaweeds in

animal studies 297



Contents xiii

13.6.5 Evaluation of the antimicrobial and antiadhesion activity of seaweeds in
human studies 299

13.7 Potential applications of seaweed antimicrobials in functional foods 299
13.7.1 The concept of functional foods 299
13.7.2 The potential of seaweed antimicrobials as functional ingredients 300

13.8 Conclusion 302
Acknowledgments 302
References 303

14 Seaweed-based Functional Foods 313
Nissreen Abu-Ghannam and Sabrina Cox

14.1 Introduction 313
14.2 Overview of seaweed bioactive components for the development of functional

foods 314
14.2.1 Dietary fiber 314
14.2.2 Phenolic content and antioxidant capacity 315
14.2.3 Omega-3 fatty acids 315
14.2.4 Fucoidans 315

14.3 Seaweed pretreatment prior to incorporation in functional foods 316
14.3.1 Drying and rehydration 316
14.3.2 Hydrothermal processing 319

14.4 Incorporation of seaweeds in the development of functional foods 320
14.4.1 Incorporation of seaweeds in bakery products 321
14.4.2 Incorporation of seaweeds in meat-based products 322

14.5 Conclusion 323
Acknowledgments 324
References 324

15 Sea Cucumber as a Source of Bioactive Compounds: Current Research on
Isostichopus badionotus and Isostichopus fuscus from Mexico 329
Leticia Olivera-Castillo, Raquel Garcı́a Barrientos, Isabel Guerrero Legarreta, Arisaı́
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1 An Update on the Biomedical
Prospects of Marine-derived Small
Molecules with Fascinating Atom and
Stereochemical Diversity

Yvette Mimieux Vaske and Phillip Crews
Department of Chemistry and Biochemistry, University of California, Santa Cruz, CA, USA

1.1 INTRODUCTION

In this chapter we discuss a selection of structurally diverse marine-derived small molecules (MDSMs)
with potent and/or specific bioactivity and analyze their biomedical applications. The compounds
included have been isolated either from marine macroorganisms, including sponges, ascidians (tuni-
cates), bryozoans, and molluscs, or from microorganisms, such as bacteria and fungi. Our inquiry
begins with a look back in time at a selection of important marine natural products, with particular
focus on compounds in the clinical pipeline. The chapter continues with an analysis of a biosynthet-
ically diverse assortment of 22 MDSMs and their structural elements of atom and stereochemical
diversity. Entries have been divided into five biosynthetic classes: terpene, polyketide, alkaloid, dep-
sipeptide, and polyketide–peptide. Enormous structural variety is represented by the marine natural
products treated herein. The compounds selected can be considered to represent case examples of sig-
nificant biomolecules with positivity and, in some cases, potent bioactivity accompanied by an unusual
mechanism of action.

1.1.1 Overview of known compounds, highlighting
molecules of significance

The ocean covers more than 70% of the earth’s surface and is home to exceptional biodiversity:
more than one million marine species and an estimated one billion different kinds of marine microbe
(Census of Marine Life Press Release 2010). We and others firmly believe that MDSMs represent a
continuing resource for tools important in cell biology research and in the design of the next-generation
leads for drug discovery and development. The record to date firmly illustrates that the structures of
natural products continue to be invaluable in expanding pharmacophore structural space. For example,
Newman and Cragg recently provided a detailed analysis of the last 30 years of natural products in
drug discovery, wherein they contended that, “Nature’s ‘treasure trove of small molecules’ remains to
be explored, particularly from the marine and microbial environments” (Newman & Cragg 2012).

Bioactive Compounds from Marine Foods: Plant and Animal Sources, First Edition.
Edited by Blanca Hernández-Ledesma and Miguel Herrero.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.



2 Bioactive Compounds from Marine Foods

It is appropriate to return to a theme expressed in the past based on ecology and natural history. Sim-
ply stated, marine-derived biosynthetic products must have unprecedented chemodiversity (National
Research Council 2002) in comparison to those from the terrestrial realm, due to the difference in
biosynthetic machinery that must exist between the macroorganisms abundant in these different envi-
ronments. The structures shown in this review will provide the reader with up-to-date information
related to these results. On the horizon is the demonstration that stunning natural products will be
discovered from marine-derived strains isolated and re-cultured grown under saline conditions (Imhoff
et al. 2011). Thus, many of the molecules discussed in this chapter have been chosen to illustrate the
headway being made in this direction.

This treatise extends to recent annual reviews in the literature, which focus on several important
issues. At the top of the list are discussions of marine natural products in biomedical investigations, and
there is a steady stream of such comprehensive papers (Hughes & Fenical 2010a; Radjasa et al. 2011;
Gerwick & Moore 2012). The dynamic pipeline of MDSMs into “marine pharmaceuticals” has been
well documented by reviews in the peer-reviewed literature (Newman & Cragg 2004, 2012; Fenical
2006; Molinski et al. 2009; Mayer et al. 2010; Montaser & Luesch 2011). It is also important to be
aware of accounts of marine natural products structural revisions (Suyama et al. 2011). Central to
efforts to confirm structure assignment and absolute stereochemistry has been the interplay between
total syntheses and reexamination of the spectroscopic data (Suyama et al. 2011). Lastly, a further
indication of the importance of MDSMs in biomedical discovery is a recent in-depth review dedicated
to aspects surrounding the organic synthesis of biologically active marine natural products (Morris &
Phillips 2011).

1.1.1.1 Clinical candidates and MDSM chemical probes
Marine macro- and microorganisms are sources of tremendous chemodiversity and offer new scaffolds
for biomedical exploration. The connection between an MDSM’s structure, biological activity, and
biological target for mechanism of action is at the crux of collaborative investigations by the marine
natural products, synthetic, and chemical biology communities. Illustrated in Figure 1.1 is a selection
of four important marine-derived natural products which summarize those molecules that are (a)
presently used as synthetic clinical therapeutics and (b) employed as chemical probes in chemical
biology, biochemistry, and molecular genetics to further our understanding of biological function.
The biosynthetic classes, biological targets, and commercial sources, if available, are given below the
structures, as is additional citation information useful in further current-awareness searches.

There are two complex structures in Figure 1.1, either of which can be considered a poster child for
exotic yet exceedingly important scaffolds. Both possess a blizzard of chiral centers and a density of
functionalization. But the pathways to their respective developments as preclinical or clinical agents
were slightly different. The former possesses a virtually identical synthetic scaffold to the natural
product. Here is a brief outline. Irvalec® (panel A1), under development by PharmaMar (Spain;
www.pharmamar.com), is an unnatural salt of isokahalalide F, a natural product congener co-isolated
with kahalalide F (11 in Figure 1.2) (Gao et al. 2009). Alternatively, eribulin mesylate (E7389)
represents a reduced-complexity analogue of a very complex natural product. This compound is
marketed as Halaven® (Eisai, Japan; www.eisai.com) and gained US Food and Drug Administration
(FDA) approval in November 2010 for treatment of metastatic breast cancer unresponsive to other drug
treatments (Jefferson 2010). A combined synthetic—structure–activity relationship (SAR) investigation
found that the entire western portion of halichondrin B (2) could be truncated without a deleterious
effect on the therapeutic activity (Qi & Ma 2011).

Two additional compounds are shown in Figure 1.1b, which represent commercially available
MDSM chemical probes. We have adopted the definition of a “chemical probe” set forth in an editorial in
Nature Chemical Biology (Editorial 2010) and elaborated on in a commentary by Frye (2010): “Potent,
selective and cell-permeable small molecules that perturb a biological target in a dose-dependent
manner [and] can be used to dynamically ‘probe’ the role of the target in biology.” Terrestrial and
marine natural-product chemical probes were recently reviewed by Carlson (2010), and the reader is

http://www.pharmamar.com
http://www.eisai.com
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(a)

(b)

Figure 1.1 A snapshot of marine-derived natural products highlighting (a) clinical therapeutics (Irvalec®
(Elisidepsin, PM02734) and Halaven® (Eribulin mesylate, E7389)) and (b) chemical probes (Jasplakinolide
and Psammaplin A).

encouraged to refer to the literature for additional perspective. The notion that natural products have
evolved for specificity towards biological macromolecules, particularly proteins and genes, is supported
by the community (Clardy & Walsh 2004; Piggott & Karuso 2004; Carlson 2010). The sponge-
derived probes jasplakinolide and psammaplin A are both important MDSM chemical probes and the
reader is directed to recent literature surrounding their biological function (Boulant et al. 2011; Baud
et al. 2012).

1.1.2 Selected important marine sources of MDSMs
The annual review “Marine Natural Products” by Blunt et al. (2005, 2006, 2007, 2008, 2010, 2011,
2012) in Natural Products Reports (NPR) provides a detailed perspective on the publication record
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Figure 1.2 A glimpse into the past via a selection of 14 invertebrate- and microorganism-derived natural
products in clinical use or of therapeutic potential.
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Figure 1.3 A recent snapshot of MDSMs in the literature, highlighting (a) a histogram of the number
of compounds reported between 2003 and 2010, and (b) an expanded view of MDSM sources reported
between 2008 and 2010. (Adapted from Blunt et al. 2005, 2006; 2007, 2008, 2010, 2011, 2012).
∗Microorganisms: fungi, bacteria, phytoplankton, and brown, green, and red algae. (For a color version
of this figure, please see the color plate section.)

of peer-reviewed compounds, with an emphasis on new compounds and their biological activities.
Marine natural products are also entered and tabulated in MarinLit, a database of the marine nat-
ural products literature produced and maintained by the Department of Chemistry, University of
Canterbury, New Zealand (http://www.chem.canterbury.ac.nz/marinlit/marinlit.shtml). Figure 1.3a is a
histogram of the number of marine natural products reported in the literature between 2003 and 2010.
It shows an upward trend, with the number of new compounds reported annually increasing for the
years examined.

Marine natural products included in the annual NPR review consist of published MDSMs isolated
from both macroorganisms, such as sponges, cnidarians, bryozoans, molluscs, tunicates, and echin-
oderms, and microorganisms, such as fungi, bacteria, phytoplankton, green algae, brown algae, and
red algae. Figure 1.3b shows an expanded view of MDSMs reported in the literature between 2008
and 2010 by Blunt et al. (2010, 2011, 2012). The approximate percentages are as follows: sponges,
31.9%; microorganisms, 30.7%; cnidarians, 24.7%; tunicates (ascidians), 4.3%; bryozoans, 0.8%. It is
interesting to note that the three top producers of marine natural products are sponges, microorgan-
isms, and cnidarians. Consistently, the majority of the MDSMs in this chapter are from sponge and
microorganism (fungus and bacterium) sources.

http://www.chem.canterbury.ac.nz/marinlit/marinlit.shtml
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1.1.2.1 Macroorganisms: an analysis of their critical role
The marine invertebrate groups of interest in the isolation of MDSMs include phyla such as Porifera,
Coelenterata, Mollusca, Tunicata, and Annelida. A recent analysis by Leal et al. (2012) examined new
MDSMs from invertebrates that appeared over the last 20 years. Marine macroorganisms are valuable
producers of biomedically relevant MDSMs, many of which serve as therapeutic lead compounds, such
that future conservation efforts are imperative in preserving marine invertebrates and the bionetworks
that support them (Kingston 2011). Reef-invertebrate marine natural products have previously been
reviewed in the literature, and the reader is directed to other references for further discussion and
perspective (Fenical 2006; Carrol & Crews 2010; Mayer et al. 2010; Radjasa et al. 2011).

1.1.2.2 Microorganisms: questions about their being the actual source
Marine microorganisms are increasingly the focus of marine natural products isolation efforts, as they
have proven to be prolific producers of chemodiverse MDSMs (Zhu et al. 2011). The advancement
of biomolecular technology, particularly genomic and metagenomic techniques and analysis, offers
the advantage of allowing sustainable investigation of MDSMs from renewable sources (Imhoff et al.
2011). Representative groups from the kingdoms Fungi and Bacteria will be considered in this chapter
(Gerwick & Moore 2012; Zotchev 2012). Advancements in seawater isolation and fermentation tech-
niques have facilitated investigation of marine-derived fungal and bacterial strains and have led to the
isolation of novel secondary metabolites (Radjasa et al. 2011).

1.1.3 Highlights of MDSMs of therapeutic potential
Table 1.1 and Figure 1.2 present 14 examples of MDSMs in clinical use or of therapeutic potential, most
of which have been the subjects of extensive reviews (Mayer et al. 2010; Montaser & Luesch 2011;
Radjasa et al. 2011; Gerwick & Moore 2012; Newman & Cragg 2012). The compounds in Table 1.1
illustrate the chemodiversity of secondary metabolites from marine invertebrate and microorganism
sources. Ecteinascidin 743 (4), commercially known as Yondelis® (PharmaMar), from an ascidian
(EU approved 2007), and ziconotide (14), whose commercial name is Prialt® (Elan Corp., Ireland;
www.elan.com), from a cone shell (US approved 2004), are two flagship, clinically used compounds
based precisely on a marine natural product (Radjasa et al. 2011). For many of the MDSMs in Table
1.1, the supply problem has been addressed by either total synthesis of the MDSM or synthetic redesign
of a simplified analogue. The table also includes comments providing further points of reference.

1.1.3.1 Terpene
The diterpene–glycoside pseudopterosin (1) is a significant potent antiinflammatory agent and the basis
of the Estée Lauder cosmetic cream Resilience (Kerr 2000). Additional analogues of this compound
have been evaluated as wound-healing agents (Haimes & Jimenez 1997; Hoarau et al. 2008). Discovered
in the 1980s, it still represents a landmark and useful development; its privileged chemical structure
continues to inspire many researchers.

1.1.3.2 Polyketide
An exceedingly important entry here is represented by the structure of sponge-derived halichondrin
B (2). After decades of study, a monumental synthesis campaign uncovered a reduced complexity
substructure with exquisite antitumor activity. As already noted, the clinically approved analogue,
derived by total synthesis, is eribulin mesylate, E7389 (Halaven®) (Figure 1.1a). A second example in
this biosynthetic class is fijianolide B (3) (laulimalide), a cytotoxic agent with microtubule stabilizing
activity similar to that of paclitaxel (Qi & Ma 2011).

http://www.elan.com
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