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FOREWORD

I am very much pleased to write my Foreword for this inter-disciplinary title "Medicinal
Chemistry and Marine Life: Anticancer Drugs Sourced from Marine Life" relating to an
untouched aspect of Fisheries and Pharmaceutical disciplines.

Cancer is an increasing public health hazard and about 60% of the anticancer drugs of natural
origin are presently in use to treat this disease. Owing to the tumor cells resistance to drugs,
and undesirable side effects observed with the synthetic drugs, there is an urgent need for the
development of new anticancer drugs. In this regard, the marine environment, an exceptional
reservoir of anticancer compounds, has paved way for further investigations on the utilization
of its vast biodiversity. Comparing with terrestrial organisms, marine organisms do not have a
distinguished history of use in traditional medicine. But during the last 50 years, advances in
new technologies and engineering opened up the marine environment to large scale scientific
exploration. Despite considerable challenges, 11 marine biota-derived anticancer drugs
arrived in the market and are currently used in therapeutics.

The present title, first of its kind deals with the major constituents of marine life with
promising anticancer compounds and in my opinion, this publication could serve as a
potential resource for teachers and students of both Marine and Pharmaceutical Sciences
besides serving as a reference for anticancer agents from marine source.

I congratulate the authors for their timely contribution.

K.N. Selvakumar
Tamil Nadu Veterinary and Animal Sciences University
Chennai, India



PREFACE

Cancer remains one of the most life-threatening diseases and its prevalence is increasing
worldwide especially in countries that are witnessing urbanization and rapid industrialization
changes. In 2018 alone, about 18 million new cases of cancer were reported globally,
resulting in approximately 10 million deaths. Cancer treatments do not have potent medicine
as the currently available drugs are causing side effects in some instances. Hence, identifying
novel effective drugs is urgently needed, and many ongoing research programs are in the
process of identifying new anti-cancer drugs from marine organisms which are considered
“blue drug banks” of unique anti-cancer compounds with diverse groups of chemical
structures. Seven marine-based pharmaceuticals have so far been approved for marketing; 23
compounds are in clinical trials between phases I and III; and over one thousand compounds
isolated from marine organisms are undergoing preclinical studies. It is worthy of mention
here that among those marine organism-derived compounds in clinical use, four compounds
viz. cytarabine (Cytosar®), trabectedin (Yondelis®), eribulin mesylate (Halaven®) and the
conjugated antibody brentuximab vedotin (Acentris®) are used in the treatment of cancer.

Though a few books are presently available on marine natural products and pharmaceutical
marine life, a comprehensive volume dealing with the biodiversity of marine organisms
yielding anticancer compounds has not so far been published. This interdisciplinary
publication first of its kind would answer this long-felt need. It deals mainly with the ecology,
and biology of marine organisms yielding anticancer compounds and their mechanism of
action. It is hoped that the present publication when brought out would be of great use as a
standard text-cum-reference for teachers, students, and researchers of various disciplines such
as biomedical sciences, pharmaceutical sciences, marine biology, and fisheries science; a
valuable reference for libraries of colleges and universities; and as a guide for the
pharmaceutical industries involved in the development of new marine-derived anticancer
drugs.
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CHAPTER 1

Introduction

Abstract: This chapter deals with the approved drugs sourced from marine biota, the
pathophysiology of cancer, the anticancer potential of marine organisms, the most
promising marine biota-derived anticancer compounds for the different types of human
and cancer, biogeography of marine invertebrate species yielding anti cancer com-
pounds, major constraints in the development of anticancer drugs and the remedial
measures.

Keywords: Approved marine drugs, Anticancer marine compounds, Cancer
pathophysiology, Constraints in marine anticancer drug development, Human
cancer types, Marine biota, Remedial measures.

INTRODUCTION

The total global biodiversity in terms of both prokaryotic and eukaryotic
organisms has been estimated as 500 x 10° species and in the marine ecosystems,
about 250,000 species have been described. These marine organisms produce
secondary metabolites as their defense tools to resist predators and facilitate their
survival in extreme environmental conditions such as variations in temperatures,
salinity, pressure, etc. Such secondary metabolites of marine organisms have been
reported to offer extraordinary chemical and pharmacological scope. While
marine flora such as seaweeds and mangroves have been used for medicinal
purposes worldwide since ancient times, marine invertebrate animals have
attracted the attention of researchers only in the last 50 years. It is worthy of
mention here that less than 5% of the deep sea has only been explored till now
and less than 0.01% of the deep-sea floor has been sampled thoroughly [1].

Approved Drugs Sourced from Marine Biota

The marine environment has been reported to possess immeasurable chemical
diversity and it is an extraordinary resource for therapeutically important
chemicals. The unique structural scaffolds and biological modes of action of these
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chemicals make them lead compounds in drug discovery. Research on the
secondary metabolites of marine organisms began only in the 1950s with
Bergmann and coworkers’ discovery of spongothymidine and spongouridine
derived from the Caribbean sponge Tectitethya crypta. The reports on the
geographic origin of the marine compounds showed that Australia contributed
almost a quarter (24%) of these compounds followed by the South China Sea
(18%) and the Pacific Ocean (17%) [2].To date, more than 28,000 compounds
derived from marine organisms have been reported and more than 1000 new
marine-derived compounds have been discovered each year since 2008. Although
the number of promising bioactive compounds from the marine biota is on the
increase, the search for marine biota-derived drugs is relatively recent, and only in
the middle part of the 20th century, the scientists began to systematically probe
the seas and oceans for new drugs. Today, the pipeline process from the basic
research of a bioactive molecule to the regulatory approval by the Food and Drug
Administration (FDA) takes about 15 years and costs several million dollars.
However, it is also worth of mentioning here that less than 12% of the potential
drugs get final approval [3]. The stages and time estimates in the development and
approval of a drug are given in Table 1.

Table 1. Stages and Time Estimates in the Development and Approval of Drugs [3].

Stage Estimated Time (Yrs)
Basic Research and Drug discovery 5
Preclinical Trials 1.5
Clinical Trials (Phase III & III)* 6
FDA Review 2
Large Scale Manufacturing 2

* Number of Volunteers: Phase I, Tens; Phase II, Hundreds; Phase III, Thousands.

Cancer as a Major Public Health Problem

Cancer has been reported to be a major public health problem worldwide and is
the second leading cause of death in the United States. As per the report of the US
National Cancer Institute, 21 million new cases may appear in the coming two
decades. Africa, Asia, and Central and South America are considered to be the
most vulnerable countries where 7 out of 10 deaths are due to malignant
neoplasms termed as cancer. However, tumor and cancer are also interchangeably
used occasionally. The deadliest cancers are believed to be lung cancer, breast
cancer, prostate cancer, colon cancer, pancreatic cancer, liver cancer, ovarian
cancer, leukemia, non-Hodgkin's lymphoma, and corpus and uterus cancer.
Among the usual cancer treatment forms viz. surgery, radiotherapy, and
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chemotherapy, the former two are primarily indicated for solid tumors and
chemotherapy assumes greater significance as this systemic drug-based treatment
is known to interfere with the process of growth and cell division in tumor cells.
Further, this chemotherapy is currently undergoing a significant revolution due to
the introduction of a very large number of new arsenal drugs and less side effects
of such target-oriented drugs. However, these drugs have not yielded the desired
results; and recurrence of tumor and onset of metastasis often occur with such
therapies. Therefore, there is an urgent need to search for new compounds with
greater therapeutic potency and fewer side effects. In this connection, the seas and
oceans could play an important role with their huge pharmaceutical biodiversity in
general and anticancer potential in particular.

Pathophysiology of Cancer

In the development of cancer in the human body, several stages are involved. A
normal cell may get damaged by either endogenous genetic and biological factors
or exogenous factors like human diet and body mutation. Such damaged cells may
either attain apoptosis (cell death) or undergo uncontrolled cell division which
leads to mass forming and finally neoplasia. The neoplasia is nothing but the
uncontrolled, abnormal growth of cells which is termed a neoplasm or tumor. The
tumor may be benign (gentle) or become malignant (cancer). Generally, a balance
between proliferation and programmed cell death is maintained in the form of
apoptosis under normal conditions by regulating both processes tightly. On the
other hand, in carcinogenesis, normal cells are transformed into cancer cells.

Anticancer Potential of Marine Organisms

Owing to their diverse and highly complex habitats and lifestyle, the marine
species represent a largely unexplored source of potential anticancer agents. The
anticancer compounds are mainly derived from mollusk/cyanobacterium (blue-
green algae) (64%), sponge (14%), tunicate(14%), bacterium (4%) and fungus
(4%) in that order. It is also worthy of mention here that 7 marine biota-based
drugs have so far been approved for marketing; 23 compounds are in clinical trials
between phases I and III; and more than one thousand compounds are undergoing
preclinical studies. Further, among those marine biota-derived drugs in clinical
use, 4 drugs viz. cytarabine (Cytosar®), trabectedin (Yondelis®), eribulin
mesylate (Halaven®) and the conjugated antibody brentuximab vedotin
(Acentris®). are presently used in the treatment of cancer [4]. A total of about 560
anticancer compounds have so far been derived from marine organisms
(invertebrates) and both sponges and cnidarians contribute to more than 85% as
shown in Table 2.
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CHAPTER 2

Marine Bio-Chemical Diversity: Promising
Anticancer Groups

Abstract: This chapter deals with marine biodiversity and its constituents possessing
anticancer activity. The different potential groups of marine plants such as microalgae
(e.g. cyanobacteria), macroalgae (seaweeds), seagrasses, and mangroves; marine
invertebrates viz. sponges, cnidarians, bryozoans, molluscs, and echinoderms; and
tunicates among chordates producing anticancer compounds have been identified. The
chemical diversity of anticancer compounds representing different chemical classes viz.
alkaloids, terpenes, peptides, polyketides, polyphenols, glycosides etc. is also dealt
with.

Keywords: Anticancer marine biodiversity, Anticancer chemical diversity,
Anticancer marine plants, Anticancer marine invertebrates.

INTRODUCTION

According to the World Register of Marine Species (WoRMS), the known marine
species are about 240,000. Many of these species are influenced by environmental
factors, such as temperature, pressure, pH, light, salinity, efc. which make them
produce secondary metabolites for helping the species in their communication,
defense/offense, or competition. Depending on their molecular targets and
structural features, these compounds are known to share different anticancer
activities. The therapeutic importance of marine biodiversity was made known
only after the chemical investigation of the first marine organism viz. the
Caribbean sponge (Cryptotethya crypta) [1]. Subsequently, the anticancer
importance of marine organisms such as marine plants (microalgae such as
diatoms, dinoflagellates, and cyanobacteria; macroalgae (seaweeds), seagrasses,
and mangroves; and marine invertebrates (sponges, cnidarians, bryozoans,
molluscs, and echinoderms); and tunicates has been reported.
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Promising Anticancer Marine Biodiversity

Marine Microalgae

Among the marine microalgae, certain species of green algae, blue-green algae
(cyanobacteria), golden-brown, and yellow algae, yellow-green algae (diatoms),
dinoflagellates, and red alga have been reported to possess anticancer compounds.
Among these components, the cyanobacteria (blue-green algae) however,
dominate with their larger number of anticancer species.

The peptide and polyketide metabolites of this microalgae have been reported to
be effective for inducing apoptotic death of cancer cells or by affecting cell
signaling via activation of the protein kinase ¢ family. About 50% of the 41
screened strains of cyanobacteria have shown the ability to cause cancer cell death
[1]. The anti-microtubule agents, i.e., dolastatin 10 and curacin A of these
cyanobacterial strains have been clinically evaluated for the treatment of cancer
and these compounds are believed to serve as lead drug candidates for the
synthesis of a number of analogs/derivatives. Recent research findings have
shown that the under-exploited benthic cyanobacteria from temperate marine
areas could be novel drug sources against leukemia. Further intensive
investigations are therefore urgently needed on the potential anticancer activities
and clinical uses of these marine cyanobacterial species.

Macroalgae (Seaweeds)

Marine macroalgae or seaweeds form an important component of marine
ecosystems due to their large habitats, high biodiversity, and specific living
conditions. They have long been considered as food and functional food due to
their important bioactive elements including carotenoids, dietary fiber, protein,
essential fatty acids, vitamins (A, B, B12, C, D, E), and minerals such as Ca, P,
Na, and K [1]. These algae have also served as potential drug sources as they
possess a vast number of major secondary metabolites such as terpenes,
polyphenols, polysaccharides, phlorotannins, phycobiliproteins, carotenoids, and
pigments. Among these chemical classes, the compounds of terpenes,
polysaccharides, and polyphenols are of great interest for their antitumor activity.
The anticancer compounds from these seaweeds have been reported to induce
cancer cell death via various signaling pathways and mechanisms. Further, these
compounds prevent resistance or tolerance of cancer cells. For example, the
sulfated polysaccharide, fucoidan of the different species of seaweeds acts as an
anticancer agent through various signaling pathways which include cell cycle
arrest, apoptosis, and anti-angiogenesis by inhibiting vascular endothelial growth
factor formation, and natural killer cell activation.
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Mangrove Plants

Mangroves are halophytic (salt-tolerant) plants and they grow on brackish water
coasts and intertidal seawater systems of the tropical and subtropical coastlines.
The world mangroves occupy the major geographic regions viz. east area
mangroves from the west and central Pacific to the southern end of Africa; west
area covering the west coast of Africa and both east and west coasts of the
Americas. These mangroves are considered to be one of the most ecologically and
economically significant ecosystems due to their wide range of services which
include, carbon storage and sequestration, enhancement of fisheries, and coastal
protection against natural disasters. Further, these ecosystems, protect the nearby
marine ecosystems and improve their quality through nutrient cycling and by
neutralizing the pollutants originating from aquatic and terrestrial means.
Furthermore, they support commercially important marine life and wildlife by
providing them with habitat and food. Several species of mangroves are of great
application value in various industrial sectors such as pharmaceutics, cosmetics,
and materials. In recent decades, these plants have also attracted the attention of
researchers due to their unique secondary metabolites with various bioactivities in
general and anticancer activity in particular. For example, triterpenoid compounds
xylogranatins A-D; and limonoids granaxylocapins A, B derived from the
mangrove Xylocarpus granatum have been reported to possess cytotoxicity in
various cancer cell lines including P-388 leukemia [8].

Marine Invertebrates

Marine Sponges

Marine sponges belong to the phylum Porifera with four classes: viz. Calcarea,
Demospongiae, Hexactinellida, and Homoscleromorpha. The known and
described species of this phylum are more than 9000. These sessile invertebrates
represent the richest source of marine bioactive compounds. Of the 28,000 new
compounds of marine origin identified so far, the sponges and their associated
microorganisms contribute to about 30% with 5300 compounds. The chemical
classes of these secondary metabolites include alkaloids, terpenes, amino acid
derivatives, cyclic peptides, nucleosides, sterols, peroxides, fatty acids, etc.
Among these compounds, about 60 of them have been reported to possess
chemopreventive and/or anticancer potential [9]. The successful discovery and
identification of spongothymidine and spongouridine from the Caribbean sponge
Tethya crypta led to the development of a clinically anticancer agent viz. AraC
(cytosine arabinoside); and Eribulin, a synthetic version of halichondrin B,
produced by the sponge Halichondria okadai has shown potential activity against
pretreated metastatic breast cancer cells [1]. The origin of the secondary
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CHAPTER 3

Marine Biota-based Anticancer Drug Candidates
in Pipeline

Abstract: This chapter deals with the approved and marketed anticancer drugs derived
from marine sponges, mollusks/cyanobacteria, and tunicates; marine biota-derived
anticancer compounds in clinical trials i.e in III, II, and I phases; and bioactive new
chemical entities (NCEs) with anticancer function from marine biota. Limiting factors
in the development and approval of drugs from marine biota and significant challenges
in the development and approval of marine drugs are also given.

Keywords: Challenges in drug development, Clinical trials, Marine anticancer
drugs, New chemical entities, Limiting factors.

INTRODUCTION

In recent decades, the hallmarks of cancer have been updated every now and then
owing to its complexity. From 2010 onwards, several marine biota- derived drugs
have been approved by the Food and Drug Administration (FDA) (USA) and
other world regulatory authorities for the treatment of various types of cancer.
Such marketed drugs include panobinostat and eribulin mesylate from marine
sponges; plitidepsin, lurbinectedin and trabectedin from the tunicates; and
brentuximab vedotin; polatuzumab vedotin; enfortumab vedotin; belantamab
mafodotin; disitamab vedotin; and tisotumab vedotin from the marine mollusk-
associated cyanobacteria. Based on their structural features and molecular targets,
these compounds possess various modes of action in anticancer activities.

APPROVED AND MARKETED ANTICANCER DRUGS DERIVED
FROM MARINE SPONGES

The marine bio-drug discovery started in the 1960s, and some bioactive
compounds were approved. Among them, the oldest antileukemic compound viz,
Cytarabine ARA-C was isolated in 1959 from the marine sponge Tethya crypta by
Walwick at the University of California. Subsequently, two anticancer synthetic
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analogues—derivatives, developed from lead molecules of these sponges were
approved [18] and they are discussed below:

Eribulin Mesylate (E7389, Halaven®)

The eribulin mesylate is the simplified synthetic analog of halichondrin B, which
is a macrolide molecule derived from the marine sponge Halichondria okadai
(Phylum: Porifera; Class: Demospongiae). Halichondrin B was found to show
cytotoxic activity in murine models of solid tumors and leukemia. Due to the low
yields of this compound from the above sponge species, the production of
synthetic halichondrin B was necessitated, and subsequently, many analogs, like
eribulin mesylate were developed. Eribulin is presently used for treating
metastatic breast cancer. In 2010, it was approved in the USA by the FDA as
Halaven® and by the European Medical Agency (EMA) in 2011 [18].

Panobinostat (LBH-589, Farydak®)

Panobinostat is a synthetic analog of Psammaplyn A, which was derived from the
marine sponge, Pseudoceratina purpurea (Class: Demospongiae). After the
discovery of this compound, many derivatives like psammaplyn B-D and biprasin
and psammaplyn E-J were obtained [18].

The observed features of the approved compounds derived from the marine
sponges are given in Table 1.

Table 1. Approved compounds derived from the marine sponges [18].

Compound Chemical Class Source Species Mode of Action
Eribulin mesylate Macrolide Halichondria okadai Interfering tubulin polymerization
. . Histone deacetylase (HDAC) inhibitor;
Panobinostat Hy‘ilr;);;i:;lzeamd Pseuioc:::;ma Aminopeptidase-N and DNA
purp Methyltransferase inhibitor

APPROVED AND MARKETED ANTICANCER DRUGS DERIVED
FROM MARINE MOLLUSKS/CYANOBACTERIA ASSOCIATION

In recent years, several antibody-drug conjugates (ADCs) have been approved.
Such ADCs were derived from the anticancer molecules produced by the
symbiosis of cyanobacteria (blue-green algae) and molluscs. For the development
of these anticancer drugs, the cyanobacterial species, Symploca hynoides and
Lyngbya majuscula; and molluscan species Dolabella auricularia were the
significant contributors [18]. The description of the approved and marketed
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anticancer drugs derived from marine mollusks/cyanobacteria association [18] is
given below.

Brentuximab Vedotin ((SGN-35, Adcetris®)

For this approved ADC, the linear pentapeptides dolastatins produced by the sea
hare, Dolabella auricularia (Phylum: Mollusca; Class: Gastropoda) were the
contributing compounds. However, the production of these compounds was
subsequently found to be due to Symploca hydnoides and Lyngbya majuscula
(Phylum: Cyanobacteria; Order: Oscillatoriales), the diet species of the mollusc.

Polatuzumab Vedotin

This is another approved ADC.

Enfortumab Vedotin-Eifv (Padcev®)

This FDA-approved drug treats metastatic or locally advanced urothelial cancer.
Disitamab Vedotin

This approved ADC has been reported to regulate cell duplication, proliferation
and apoptosis. The antibody present in this molecule is believed to be used as a
target for anticancer compounds.

Tisotumab Vedotin-tftv (Tivdak®)

It is a vedotin ADC associated with a specific antibody. It is for the treatment of
cervical, ovarian and bladder cancers.

Belantamab Mafodotin-blmf (Blenrep®)

It is a recently approved drug by the FDA and European Medicines Agency
(EMA) and is used for treating relapsed or refractory multiple myeloma.

The chemical class and mode of action of the approved anticancer drugs derived
from the marine mollusks/cyanobacteria association are given in Table 2.

Table 2. Approved anticancer drugs derived from the marine mollusks/cyanobacteria association [18].

Source Species

Mollusc/Cyanobacteria Mode of Action

Compound Chemical Class

Brentuximab ADC (MMAE + Dolabella auricularia / Symploca Microtubulin targeting
vedotin (Fig. 11) CD30 hynoides, Lyngbya majuscula agent via CD 30
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CHAPTER 4

Anticancer Potential of Marine Plants

Abstract: This chapter identifies the potential species of the various groups of marine
plants such as microalgae (microscopic green algae, blue-green algae, golden-brown,
and yellow algae, yellow-green algae and dinoflagellates and red alga), macroalgae or
seaweeds viz. green algae, brown algae and red algae), seagrasses, mangrove plants,
and halophytes; and their anticancer compounds with the mechanism of actions.

Keywords: Anticancer compounds, Halophytes, Microalgae, Macroalgae,
Mangrove plants, Mechanism of action, Seaweeds, Seagrasses.

INTRODUCTION

Marine medicinal plants include microalgae, macroalgae (seaweeds), seagrasses,
mangroves and halophytes. Among these, marine microalgae, seaweeds
(macroalgae) and mangroves have been reported to possess significant
pharmaceutical compounds of human health value. The microalgae such as
cyanobacteria (blue-green algae), golden-brown and yellow algae, yellow-green
algae (diatoms) and dinoflagellates are considered to be excellent sources of
pigments, lipids, carotenoids, omega-3 fatty acids, polysaccharides, vitamins, etc.,
and there is an increasing demand for their use as nutraceuticals and food
supplements. Some microalgae such as cyanobacteria and dinoflagellates are
known for their anti-cancer activity. The seaweeds (macroalgae) also have been
reported to have several health-promoting natural products such as sulphated
polysaccharides, polyphenolics, terpenoids, flavonoids, pigments, MUFAs
(monounsaturated fatty acids), PUFAs (polyunsaturated fatty acids), and HUFAs
(highly unsaturated fatty acids), essential amino acids, vitamins, and essential
minerals. These compounds are believed to be of great use in the development of
new pharmaceutical and nutraceutical products. While the bioactive compounds
of these algae have several bioactivities including anti-tumor effects, their
nutraceutical products are known to prevent human health problems like diabetes,
cancer and cardiovascular diseases. Similarly, mangrove plants like Rhizophora
stylosa, Sonneratia paracaseolaris, Aegiceras corniculatum, FExcoecaria

agallocha, Bruguiera cylindrica, Ceriops taga, and Xylocarpus spp. have been
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reported to possess potent anti-tumor compounds. In this chapter, the most
promising species of marine plants, their anticancer compounds, and their modes
of action are dealt with.

Microalgae

Green Algae

Chlorella ellipsoidea

The carotenoid extract of this species acted against HCT-116 (colon carcinoma)
cell line and an IC50 value of 40 pg/mL was recorded [3].

Chlorella sorokiniana

At an active concentration of 0.0156 to 1 pg/mL, its water extract displayed
inhibitory activity against lung adenocarcinoma (CL1-5), and the cell viability
was reduced to 20% progressively [3].

Chlorella sp.

The extracts of the species of Chlorella viz. Chlorella spaerckii, Chlorella
stigmatophora, Chlorella salina, Chlorella marina, and Chlorella ovalis, which
possess peptides have shown antiproliferative activity and cytotoxicity induced by
ultraviolet B (UVB). Further, these compounds decreased cleaved PARP-1;
prevented DNA damage and fragmentation; and reduced pFADD expression [23].

Dunaliella tertiolecta

A glycoglycerolipid compound, glycerol 1-(9Z, 12Z, 15Z-octadecatrienoate)-
2-(472,72,10Z, 13Z-hexadecatetraenoate)-3-O-B-D-galactopyranoside (Fig. 1)
derived from this species displayed antimitotic activity against Melanoma A2058
cell line with 35 and 44% activity at 100 and 50 pg/mL concentrations,
respectively [24]. (Martinez et al., 2022). Andrade et al. (2018) reported that its
carotenoid pigment viz. violaxanthin exhibited cytostatic activity against breast
adenocarcinoma (MCF-7) at an active concentration of 40 ug/mL[3].

Fig. (1). Glycerol 1-(9Z,12Z,15Z-octadecatrienoate) 2-(4Z,7Z,10Z,13Z-hexadecatetraenoate)-3-O-f-D-
galactopyranoside.
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Tetraselmis suecica

The extracts of this species have shown rich a-tocopherol content and other
vitamins and have shown cytotoxicity towards NCI-H460, MCF-7, HL-60, and
tumor cells [25].

BLUE-GREEN ALGAE

Anabaena sp.

The extracts of Anabaena sp. M44, M30, and M27 strains triggered apoptosis and
these extracts could serve as VGSC (Voltage-gated Na" channel) inhibiting drugs
with activities against cancer migration, invasion, and proliferation [26].

Arthrospira platensis (= Spirulina platensis)

The polysaccharides isolated form this species showed antitumor activity [23]. Its
phycocyanin possesses anti-cancer activities as shown in Table 1.

Table 1. Anticancer activity of the pigment phycocyanin on human cancer cells [27].

Cell Line Phycocyanin Conc. 1C50
HCTI116 50ug/mL 18.8ug/mL
HeLa 80;120ug/mL 1104ug/mL
HepG2 100uM 13uM
A549 50ug/mL 99.2ug/mL
HT-29 50; 200ug/mL -
MCF-7 5.66ug/mL 5.66ug/mL
A375 40uM -
Calothrix sp.

Calothrixins A,B (Fig. 2) of this species also showed promising anticancer
activity against human HeLa cancer cells with IC50 values of 40 and 350 nM,
respectively [28].

Fig. (2). Calothrixins A,B.
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CHAPTER §

Anticancer Potential of Marine Sponges

Abstract: This chapter deals with the anticancer activity of different chemical classes
of compounds of marine sponges viz. alkaloids, terpenes, peptides and lipids. The
mechanisms of action of the different compounds are also given.

Keywords: Anticancer compounds, Chemical classes of compounds, Marine
sponges.

INTRODUCTION

Marine sponges (Phylum: Porifera), which are represented by about 15000 species
are believed to be the oldest organisms surviving for more than 600 million years.

Among all marine organisms, these sponges are the richest source of marine
bioactive compounds (ca. 5000) and are contributing to about 30% of all natural
marine products identified so far. At least around 50 compounds of these sponges
have the potential to be chemopreventive and/or anticancer agents.

The anticancer drug “Vidarabine” was first isolated by Bergmann and Feeney in
the 1950s from a peculiar nucleoside isolated from a marine sponge, Tethya
crypta. The chemical classes of these secondary metabolites such as sterols,
alkaloids, terpenes, peptides, nucleosides, fatty acids, amino acid derivatives, and
cyclic peptides are also well known for their cytotoxic, chemo-preventive and/or
anticancer potential by different mechanisms, such as cell-cycle arrest, anti-
inflammatory activity, apoptosis, etc. Considering the therapeutic importance of
the marine sponge-derived bioactive metabolites,these organisms continue to be
one of the most promising sources of new drug leads.

Anticancer Activity of Alkaloids of Marine Sponges

Aaptos aaptos

Compound(s) and their mode(s) of action: Its benzonaphthyridine alkaloid,
1soaaptamine (Fig. 1) exhibited potent cytotoxic activity against breast cancer T-
47D cells. Further, this compound showed autophagy by allowing the orderly
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degradation (of wunwanted components) and recycling of cellular
components[137]. Furthermore, its compound aaptamine (Fig. 2) aids in inducing
apoptosis of NT2 and HepG2 cell lines at a dose of 1-50 uM and 50-100 uM,
respectively [9]. Its four new aaptamine derivatives have also been reported to
display significant cytotoxicity against HL60, K562, MCF-7, KB, HepG2, and
HT-29 cells, with IC,, values in the range of 0.03 to 8.5 uM [138].

Fig. (1). Isoaaptamine.

Fig. (2). Aaptamine.

Aaptos suberitoides

Compound(s) and their mode(s) of action: Among its bis-aaptamine alkaloids
viz. suberitine A-D, suberitine B and D (Fig. 3) displayed potent cytotoxicity
against P388 cell lines, with IC(50) values of 1.8 and 3.5 uM, respectively [139].
Its aaptamine was found to induce apoptosis of MG63 and K562 cell lines at a
dose of 30 pg/mL and 20-100 uM respectively [9].

Fig. (3). Suberitine B, D.
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Aaptos sp.

Compound(s) and their mode(s) of action: Its demethyl(oxy)aaptamine (Fig. 4)
and aaptamine induced apoptosis of THP-1 cell line at a concentration range of
10-25 uM[9]. Its demethyl(oxy)aaptamine (Fig. 4) and aaptamines were found to
induce apoptosis of the THP-1 cell line at a dose € of 10-25 uM [9]. Further, its
isoaaptamine displayed anticancer activity against the P338 cancer cell line at an
IC50 value of 0.28 ug/mL [140].

Fig. (4). Demethyl (oxy) aaptamine.
Aplysina aerophoba

Compound(s) and their mode(s) of action: The brominated alkaloid,
isofistularin-3 (Fig. 5) of this species induced apoptosis of Raji and U937 cell
lines at a dose of 50 uM [9].

Fig. (5). Isofistularin-3.

Arenosclera brasiliensis

Compound(s) and their mode(s) of action: The tetracyclic alkylpiperidine
alkaloids of this species viz. haliclonacyclamine E (Fig. 6) and arenosclerin A- C
(Figs. 7-9) displayed cytotoxicity against HL-60, L929, B16, and U138 cancer
cell lines [141].
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CHAPTER 6

Anticancer Potential of Marine Cnidarians

Abstract: The anticancer potential of the marine organisms of the phylum: Cnidaria
viz. medusae of Hydrozoa, Scyphozoa and Cubozoa; and soft, stony and black corals
and sea anemones of Anthozoa are given in this chapter.

Keywords: Anthozoan soft corals, Anticancer potential, Cubozoan medusae,
Hydrozoan medusae, Scyphozoan medusae, Stony and black corals, Sea
anemones.

INTRODUCTION

Cnidarians are largely known to be largely responsible for the envenomations of
humans during their fishing, and bathing in the marine environment, especially in
tropical oceanic waters including Asia and Australia. Cnidarian stings are known
to cause serious threats to human health by inducing local and systemic
symptoms. However, these marine cnidarians have been reported to be a
promising source of drug candidates in the development of new drugs or
biomedical materials; for example, the vasoconstrictive compound and anaesthetic
viz. palytoxin from the anthozoan species, Palythoa toxica, and prostaglandins
(15R)-PGA2 derived from the gorgonian species viz.Plaxaura homomalla are
well known. Further, in the recent decade, a considerable number of antioxidant
and anticancer compounds have also been derived from these marine cnidarians
and many of them are in clinical trials. This chapter deals with the anticancer
compounds of the marine cnidarians species of and their venoms; and their
mechanisms of action for pharmaceutical and therapeutic applications against
various types of cancer.

Anticancer Compounds of Marine Hydrozoans (Phylum: Cnidaria; Class:
Hydrozoa) and their Action Mechanisms

Abylopsis eschscholtzii

Its extract containing GFP-like proteins has been reported to emit
bioluminescence, which is used in cancer therapy [172].
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Aeginura Grimaldi, Aegina citrea, Colobonema sericeum and Arctapodema sp.

The extracts of these species possess polypeptides which displayed cytotoxicity
against mouse leukemia L1210 cells with IC50 values of 100,170,190 and 420
mg/ml, respectively [173,174].

Aequorea aequorea

The nematocyst extract of these species has shown cytotoxicity at an IC50 of 76.6
x 103 nematocysts/mL. Further, this extract has been reported to slow down the
growth of cancer cells [174].

Chlorohydra viridissima

The extracts of this species produced toxicity in the human HEK293 (embryonic
kidney) cell line [174].

Crossota rufobrunnea

The extract of this species possessing polypeptides displayed hemolytic effects at
IC50 of 100mg/ml [173].

Halecium muricatum and Halecium beanie

These species have been reported to yield Swiss lipids viz. 1-Tetradecyl-sn-
glycero- 3-phosphocholine and 1-O- hexadecyl-sn- glycero-3- phosphocholine.
(Figs. 1-2). While the former compound displayed activity against the lung
fibroblast cell line, the latter displayed anticancer effects against the human MCF-
7 (breast carcinoma) cell line at a concentration of 100 pg/ mL) [175].

Fig. (1). 1-Tetradecyl -sn-glycero- 3-phosphocholine.

Fig. (2). 1-O- hexadecyl-sn- glycero-3- phosphocholine.
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Halicreas minimum and Pantachogon Haeckel

The extracts of these species containing polypeptides displayed cytotoxicity
against mouse leukemia L1210 cells with IC50 values of 750 and 160mg/ml,
respectively [173,174].

Macrorhynchia philippina

This species has yielded pyrroloiminoquinones viz. macrophilone A- G . Of these
compounds, macrophilone A, C (Figs. 3-4) displayed potent and specific
cytotoxic activity in the NCI 60 cancer cell line panel. Further, compound
macrophilone A  exhibited sub-micromolar cytotoxicity towards lung
adenocarcinoma cells [5, 176].

Fig. (3). Macrophilone A.

Fig. (4). Macrophilone C.
Physalia physalis

The two promising toxins viz. PpV9.4 and PpV19.3 purified from this
siphonophore have been reported to show cytotoxicity [174].

Thuiaria breitfussi

The indole-oxazole-pyrrole alkaloids, breitfussin C-D (Figs. 5-6) of this arctic
hydrozoan species have been reported to possess cytotoxicity against several
human cancer cell lines with IC50 values below 10 uM [5].
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CHAPTER 7

Anticancer Potential of Marine Bryozoans

Abstract: This chapter deals with the anticancer and cytotoxic compounds of marine
bryozoans and their mechanisms of action. Most of the anticancer compounds of these
bryozoans were found to belong to the chemical classes alkaloids and lactones.

Keywords: Alkaloids, Anti cancer compounds, Cytotoxic compounds, Lactones,
Marine bryozoans.

INTRODUCTION

The phylum Bryozoa includes filter-feeding, benthic invertebrates like moss
animals, sea mats, or lace corals, which are found to be distributed in diverse
marine habitats from the intertidal coastal areas to the deep sea. Most of the
species of this phylum are colonial and are in different shapes like encrusting
sheets to branched chains. These marine bryozoans are known to produce
therapeutically important secondary metabolites of different chemical classes with
various biological activities. The well known promising anticancer compound viz.
bryostatin-1 derived from the marine bryozoan species viz. Bugula neritina was
under investigation in Phase I/II clinical trials. However, the FDA (USA) has
granted only orphan drug status to this compound in amalgamation with paclitaxel
(a chemotherapy medication) for esophageal cancer as it has displayed minimal
anti-tumor activity as a single agent. It is also worth mentioning here that only a
total of about 250 new bioactive compounds have so far been derived and
characterized from about 50 species of bryozoans although the number of marine
bryozoan species is believed to exceed 8000. This is largely due to their
taxonomic problems as most of them resemble seaweeds or members of other
phyla like anthozoa or endoprocata. Another major constraint is the adequate
supply of bioactive compounds from this organism as only a small amount of
compounds are invariably collected from the collected larger quantities of species
biomass. For example, it has been estimated that 13 tons of the marine bryozoan
species viz. Bugula neritina needs to be harvested to obtain only 18 g of pure
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bryostatin I. Further, collection problems do exist as about 50% of the marine
bryozoan species have habitats deeper than 40 m, and about 30% of the species
are found to be distributed below 700 m in depth [12].

Anticancer and Cytotoxic Metabolites of Marine Bryozoans

Marine bryozoan species are known to have alkaloids which are believed to be the
most common and promising class of bioactive compounds used in the
development of anticancer drugs. The anticancer and cytotoxic effects of marine
bryozoan species possessing alkaloid compounds are given below [12].

Anticancer Alkaloid Compounds of Marine Bryozoans

Amathia convoluta

The alkaloid compounds viz., convolutamide A—F derived from this species,
convolutamide A, B have been reported to display cytotoxic effects against
human KB (epidermoid carcinoma) cell line and murine leukemia (L-1210) cells
at IC50s of 2.8 and 4.8ug/mL, respectively . Furthermore, oxindole alkaloid
compounds viz. convolutamydine A-D; and B-phenylethylamine alkaloid
compounds namely convolutamine A—G (Figs. 1-7) and lutamide A, C have also
been isolated from this species. Among the convolutamydines, convolutamydine
A displayed potent activity against human HL-60 (plomyelocytic leukemia) cells
at doses of 0.1-25 pg/mL . Among the convolutamines, convolutamine A, C, and
F showed inhibitory activity against adriamycin -resistant ADM/ P-388 with
IC50s of 7,3, and 9.5 pg/mL; and against vincristine -resistant VCR/P-388 with
IC50s of 3, 1.4, and 8 ug/mL, respectively.Moreover, its convolutamine B and D
exhibited antimitotic activity against P-388 with IC50s of 4.8 and 8.6 pg/mL
respectively; and convolutamine F acted against vincristine-resistant VJ300/ KB
cell lines at an IC50 of 9.6 pg/mL. Furthermore, its lutamide A and C showed
inhibitory activity against VJ300/KB cells with IC50s of 7.5 and 6.5 pg/mL
respectively; and lutamide C acted against VCR/P-388 with an IC50 value of 4.8
pg/mL.

Figs. (1-3). Convolutamine A-C.



Marine Bryozoans Medicinal Chemistry and Marine Life, Vol. 1 219

Fig. (4). Convolutamine D.

Fig. (5). Convolutamine E.

Convolutamine: R1=Br. R2=CH3; Convolutamine B: R1= H. R2= CHS3;
Convolutamine C; R1=Br. R2=H.

Figs. (6-7). Convolutamine F,G. (Convolutamine F: R1=H. R2=R3=Br; Convolutamine G: R1=R2=H.
R3=Br.).

Amathia tortuosa

The alkaloids, convolutamines I-J (Figs. 8, 9) derived from this species exhibited
potent activity against ATP competitive inhibitors.

Figs. (8-9). Convolutamines I-J.
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CHAPTER 8
Anticancer Potential of Marine Shellfish

Abstract: This topic describes the anticancer metabolites of the components of marine
shellfish such as crustaceasn (shrimp, lobsters, crayfish, and crabs), marine molluscs
viz. bivalves (clams, oysters, efc), gastropods (snails, slugs, efc.) and cephalopods
(squids, octopuses, and cuttlefish). Among the bioactive compounds of marine
molluscs, the anti-proliferative and cytotoxic compounds accounted for 12 and 36%.
Among echinoderms, the asteroids (starfish), echinoids (sea urchins) and holothuroids
(sea cucumbers) are found to be pharmaceutically important. Among the bioactive
metabolites of echinoderms, the cytotoxic or anti-proliferative metabolites accounted
for 38%.

Keywords: Cephalopod ink, Echinoderms, Marine shellfish, Marine crustaceans,
Marine molluscs.

INTRODUCTION

The fisheries term “shellfish” includes exoskeleton-bearing marine invertebrates
such as the fauna of molluscs, crustaceans, and echinoderms. Marine crustaceans
include members of shrimp, lobsters, crayfish, and crabs; marine molluscs have
their representatives from bivalves (clams, oysters, efc), gastropods (snails, slugs,
etc.) and cephalopods (squids, octopuses, and cuttlefish). Among the marine
shellfish, the gastropods and echinoderms have been reported to possess rich
anticancer compounds. The ink of cephalopods which are highly advanced and
organized molluscs possesses many health benefits and as a traditional medicine
in China, Greece and Rome. This cephalopod ink offers vast scope to develop
new drugs. Among bivalves and gastropods, only a very small number of species
have been examined for their bioactive compounds. A total of 255 new bioactive
metabolites have been described from the marine molluscan fauna between 2010
and 2019 and the cytotoxic and anti-proliferative compounds have been reported
to account for 36% and 12% respectively. Furthermore, the peptides, sterols
terpenes, and polyketides were found to be 31, 8, 24, and 15% respectively; and
other chemical classes including polyphenols were found to be 22% of the
compounds. The echinoderm fauna, which are found only in the marine
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environments, constitute about 7000 species and inhabit the benthic ocean floors
in their adult stages. The different groups of the phylum Echinodermata are sea
stars and starfish (Class: Asteroidea); brittle stars (Class: Ophiuroidea); sea
urchins (Class: Echinoidea); and sea cucumbers (Class: Holothuroidea). These
echinoderms have been reported to produce largely glycosylated compounds
including steroids, glycolipids and saponins. Among echinoderms, the members
of Asteroidea, Echinoidea and Holothuroidea are known to produce promising
anti-tumor compounds, which amount to 38%. Starfish-derived compounds
include mainly asterosaponins and polyhydroxy steroid glycosides with promising
anticancer, anti-inflammatory agents, neuritogenic, and antimicrobial properties.
Sea urchins are known for their antimicrobial compounds such as peptides
including short cationic peptides with positively-charged amino acid residues like
strongylocins, centrocin 1 and 2 or their analogues and paracentrin 1. Further, sea
urchin pigments, which are found in their test spines, coelomocytes or gonads
yield powerful antioxidant compounds. The body wall of sea cucumbers contains
mainly polysaccharides and collagen, which are known to display anticancer,
anti-hypertensive, anti-angiogenic, anti-inflammatory, anti-diabetic,
anticoagulation, antimicrobial, antioxidant, and anti-osteoclastogenic properties.
Further, these animals contain saponins, cerebrosides and gangliosides with
numerous biological activities. Overall, this phylum exhibits a great variety of
bioactive compounds viz. cytotoxic or anti-proliferative (38%); anticoagulant
(16%); antimicrobial (9%), and antioxidant (7%) [5, 183].

MARINE CRUSTACEANS
Shrimps
Litopenaeus vannamei

The peptides of this species have been reported to induce apoptosis and anticancer
activities in the HCT-116 colon cancer cell line. There was an increased apoptosis
rate of cells treated with the gradual and mix peptides of this species with
percentage values of 75.5% and 76%, respectively [184].

Penaeus indicus

This Indian white shrimp exhibited anticancer activity against H460 and HEP-2
(human lung and liver cancer) cell lines [185].

Lobster and Shrimp Shell Wastes

The peptide fractions of the lobster and shrimp wastes have been reported to
significantly inhibit the growth of both colon and liver cancer cells by 60% [186].
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Marine Crabs

Calappa calappa

The hemolymph of this species has shown high anticancer activity on Vero cells.
About Fifty percent (50%) IC50 of cytotoxicity was observed at the
concentrations of 75, 100, 95, 100 and 95 pg mLG1 in MCF-7, HepG2, A549,
Rhabdomyosarcoma, and HT-29 cell lines, respectively [187].

Chionoecetes opilio

At a pH of 6 and concentration of 188 g/mL, the KCI2 run 1 fraction of this
species showed a mortality of 83.9%, 86.9%, 57%, and 93.2% for A549, BT549,
HCTI15, and PC3 cells, respectively. Further, at a concentration of 190 g/mL, its
KCI2 run 2 fractions, exhibited mortality on A549 and PC3 cancerous cell lines
with percentage values of 74% and 100% respectively [188].

Portunus segnis

Its extracts exhibited antimitotic effects against human HT-29 (colorectal
adenocarcinoma) cell line. The IC50 values recorded for the aqueous extracts
were found to be 44.33, 31.97, and 19.38 ug/mL during 24,48 and 72 hrs
respectively; the corresponding values for the hexane extracts were 35.27, 25.07
and 19.25 ug/mL; 26.63, 15.13, and 10.12 ug/mL for the butanol extracts; and for
ethyl acetate 48.14, 34.63 and 22.86 ug/mL respectively [19].

Serratia marcescens

The microbial pigment prodigiosin of the wastes of this animal has shown anti-
tumor property by inducing apoptosis in human cervical carcinoma cancer (HeLa)
cell lines in a dose-dependent manner with an iC50 range of 680-700nM [189].

Chitosan Derived from Crab Shell Wastes

The chitosan (Fig. 1) derived from the crab shell wastes has been reported to show
anticancer effects. The chitosan-based nanoparticles conjugated with
glutaraldehyde (ChNP-GA) were found to significantly reduce the viability of
HCT-116 cancer cells in a dose-dependent manner besides reducing the cell
morphology of the cancer cells (nuclear condensation and nuclear augmentation)
of the cancer cells. Further, the combined treatment of chitosan-based hydrogel
and cancer drug, PTX decreased the viability of SKOV3, one of the human
ovarian tumor cell lines, by 3.33 fold, Furthermore, the glycyrrhetinic acid-
modified chitosan (GACTS)-based 5-FU (anti-cancer drug 5-fluorouracil)
nanoparticle showed inhibitory activity on SMMC-7721 and SW480 cell lines and
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CHAPTER 9

Anticancer Potential of Marine Chordates

Abstract: The anticancer compounds of tunicates and marine fishes viz. elasmobranchs
and teleosts are dealt with in this chapter.

Keywords: Anticancer compounds, Elasmobranchs, Tunicates, Teleosts.
INTRODUCTION

Tunicates (Subphylum: Tunicata) are the marine invertebrate chordates and they
earn the common name due to the presence of a cellulose compound viz. tunicin in
their external layer of the body. Members of tunicates are benthic and sessile
(Ascidiacea) or pelagic (Thaliacea or Larvacea). Among the tunicates, the
ascidians or sea squirts which constitute more than 2300 species of the total
tunicates species numbering about 3000. The bioactive compounds of tunicates
are represented by alkaloids, (50%) polyketides (37%) and peptides (13%).
Among the members of tunicates, the ascidians have been reported to possess
promising anticancer compounds, which amount to 58% of their total bioactive
metabolites. It is worthy of mention here that three of the anticancer compounds
of these ascidians have already entered the clinical trials [5]. Among the marine
fishes, the protein hydrolysates of certain species are a promising source of active
biopeptides, which possess anticancer activity on several cell lines. The small
protein syngnathids derived from the whole body of Syngnathus arcus was found
to possess anticancer activity of human lung adenocarcinoma (A-549) and
lymphoblastic leukaemia (CCRF-CEM) cell lines [220].

Tunicates

The anticancer compounds of marine ascidians (Tunicates; Ascidiacea) and their
mechanisms of action are given below [221].
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Aplidium altarium

The tyrosine derivatives, botryllamides K, L (Figs. 1-2) isolated from this species
exhibited weak cytotoxicity against MCF-7 breast cancer cell line with IC50
values of 74, and 91 puM respectively; and against H460-lung cancer cell line with
I C50s of 91 and 89 uM, respectively.

Br
HO 0

e OH
™~ OH

Figs. (1-2). Botryllamides K, L.
Aplidium caelestis

The quinoline carboxylic acids viz. caelestines A—D (Figs. 3-6) of this species
exhibited weak cytotoxicity against MCF-7 breast adenocarcinoma cancer cells
with IC50s of 39, 49, 40, and 38 uM respectively; NFF (neonatal foreskin
fibroblasts) with 57, 66, 58, and 68 puM respectively ; and against MM96L
melanoma cell line with 62, 69, 54, and 52 puM; respectively.

Figs. (3-4). Caelestine A,B.

Figs. (5-6). Caclestine C,D.
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Aplidium conicum

The alkane derivatives, conicaquinone A,B (Figs. 7-8) of this species showed
significant cytotoxic activity against C6 (rat glioma) cells with IC50s of 2.1 and 5
pg/mL respectively.

Furthermore, the prenylated benzoquinones, thiaplidiaquinone A, B (Figs. 9-10)
displayed potent cytotoxicity against human leukemia T Jurkat cells with an IC50
value of 3 uM. Furthermore, the synthetic analogue aplidinone A Fig. (11) of this
species reported cytotoxicity and pro-apoptotic activity against kidney cancer
293T and human lung adenocarcinoma A549 cell lines with IC50 values of 8.7
and 13 pM, respectively. Aplidinone A has also been reported to potentially
inhibit the activation of NF-kB (nuclear factor) pathway in human T-cell acute
lymphoblastic leukemia cell line. It has also been reported that its meroterpenes
viz. conithiaquinone A,B (Figs. 12-13) displayed significant effects on the growth
and viability of cells and conithiaquinone A exhibited moderate cytotoxic activity
on human breast cancer cell line with an IC50 value of 44.5 uM.

Figs. (7-8). Conicaquinone : X= SO2, Y=NH.
Fig. (8). Conicaquinone: X=NH, Y=SO2.

Figs. (9-10). Thiaplidiaquinone A, B.

Fig. (11). Aplidinone A.
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