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Preface

Marine Compounds and Cancer: Where Do We Stand?

In Western countries, cancer is among the most frequent causes of death. Despite striking
advances in cancer therapy, there is still an urgent need for new drugs in oncology. Current
development favors so called “targeted agents” or drugs that target the immune system, i.e.,
therapeutic antibodies that enhance or facilitate an immune response against tumor cells (also
referred to as “checkpoint inhibitors”). However, until recently, roughly 60% of drugs used in
hematology and oncology were originally derived from natural sources, and one third of the
top-selling agents are either natural agents or derivatives [1]. There is justified hope for the
discovery and development of new anticancer agents from the marine environment.
Historically, this habitat has proven to be a rich source of potent natural compounds such as
alkaloids, steroids, terpenes, macrolides, peptides, and polyketides, among others.
Interestingly, marine agents and cancer treatment have had a special relationship from the
beginning. One of the first marine-derived compounds, discovered in 1945 that was later
developed into a clinically used drug, was spongothymidine [2-4], which was the lead
compound for the discovery of cytarabine [5]. Until today, cytarabine remains one of the most
widely used agents in the treatment of acute myeloid leukemia and relapsed aggressive
lymphomas.

To date, four marine cytotoxic substances, namely cytarabine, trabectidin, eribulin, and
monomethylauristatin E (vedotin, derived from dolastatin 10, as part of an antibody—drug
conjugate together with brentuximab), have made their way into clinical routine. Many more
are in different phases of testing within clinical trials, and a plethora of substances has already
been tested for their in vitro and in vivo activity.

More and more precise research tools allow the dissection of the molecular mode of action
of these cytotoxic substances, thereby uncovering the specific drug targets in cancer cells.
This development will potentially blur the edges between “targeted” and “untargeted” therapy
in the future, and will hopefully lead to a more targeted use of cancer medicine in general,
based on a substance’s molecular mode of action and increasing knowledge regarding specific
tumor characteristics on an individual level, i.e., by next generation sequencing.

The Special Issue “Marine Compounds and Cancer” (http://www.mdpi.com/journal/
marinedrugs/special_issues/marine-compounds-cancer) of the open access journal, Marine
Drugs (ISSN 1660-3397) was running for two years (2013-2015). It comprises 39 articles in
total, a quarter of which are reviews, summarizing the current state of the art in different
topics. It covers the full scope from agents with cancer-preventive activity, to novel and
previously characterized compounds with anti-cancer activity, both in vitro and in vivo, and the
latest status of clinical development of marine agents used in clinical trials.

The Issue covers a representative selection of different classes of natural or synthetically-
derived biomolecules, such as polysaccharides, peptides, lipids, and small-molecule secondary
metabolites, isolated from different marine organisms—sponges, ascidia, holothurians, algae,
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marine fungi, bacteria, and others. Of note, several research articles and reviews submitted to
our Special Issue independently from each other, chose the topic of the anticancer properties
of the polysaccharide fucoidan, indicating that this compound has become one of the most
promising and “hot” topics in the field of marine drugs. Likewise, several articles describe
different aspects of trabectedin. In contrast to fucoidan, trabectedin may be considered to
“have made it already”—it is one of first marine-derived anticancer drugs which has been
approved for clinical use.

In the following sections, we want to provide a short overview of what the reader will find
(and hopefully will also find interesting!) in this Special Issue.

Review Articles

This Special Issue contains 11 reviews on different topics related to anticancer properties
of marine natural compounds. Lopez-Saiz and colleagues from Mexico review the cancer-
preventive lipid compounds from shrimps, based on their structures and mechanisms of
action [6]. Fedorov and colleagues from the Russian Federation discuss structural diversity,
biological activity, and the molecular mechanisms of action of polysaccharides from
different classes of marine organisms, such as macro- and micro-algae, as well as marine
fungi, bacteria, and marine animals [7]. Another related review by Kwak from Korea
specifically focuses on the polysaccharide fucoidan, derived from brown algae. This review
provides information on its promising cancer-preventive and anti-cancer activity and
mechanism of action both in vitro and in vivo, and, in addition, summarizes the current status
of its preclinical development [8]. A review on the anticancer activity of small-molecular
and polymer compounds isolated from seaweeds is provided by another Korean group,
represented by Moussavou and colleagues [9]. The activity of different compounds, with
special emphasis on the polysaccharide fucoidan against colon and breast cancer is reviewed.
Kumar and colleagues from Japan contribute a review of the anti-cancer effect of the
carotenoid, fucoxanthin, including its multiple mechanisms of action in vitro and in vivo
[10]. Newman and Cragg from the USA discuss marine-derived anti-cancer compounds
which were under investigation within late pre-clinical development, up to clinical trials in
Phases I-III by the end of 2013. Besides cytotoxic (in particular, antibody-drug-conjugates)
agents, they also focus on agents that show promising activity against cancer-related pain
[11]. Galmarini and colleagues from Italy discuss the mechanisms of action of the marine-
derived anti-cancer agents, trabectedin and plitidepsin. Interestingly, besides direct effects
against cancer cells, these substances also exhibit action against the so called tumor
microenvironment [12]. Another review on trabectedin is provided by Petek and colleagues
from the USA. The authors discuss the mechanism of action of the drug, and its activity and
development in the treatment of soft tissue sarcomas [13]. Stonik and Fedorov from the
Russian Federation provide an up-date on marine cancer preventive small-molecule
compounds. The literature published between 2003 and 2013 is analyzed, and mechanisms of
action are described [14]. Farooqi and colleagues from Pakistan and Taiwan discuss the ROS
modulating effects of marine-derived compounds, mainly their connection to the regulation
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of apoptosis and especially autophagy. The effect of both marine- and non-marine derived
autophagy modulators (both inducers and inhibitors) in cancer therapy is discussed [15].
Aminin and colleagues from the Russian Federation summarize recent findings on anticancer
activity of triterpene glycosides derived from sea cucumbers, and their molecular
mechanisms of action [16].

Research Articles

Recent findings in chemistry and biology of anticancer compounds isolated from marine
animals can be found in this Special Issue in 28 original research articles. Yang and
colleagues from China report the apoptosis-inducing activity of the polysaccharide fucoidan,
isolated from Undaria pinnatifida, in human hepatocellular carcinoma cells in vitro. A ROS-
mediated mitochondrial pathway is suggested to be critical for this process [17]. Another
comparative study analyzing cytotoxic (apoptosis-inducing) effects of native fucoidan and
fucoidan lipid nanoparticles on osteosarcoma cells in vitro and in vivo is provided by
Kimura and colleagues from Japan [18]. Zovco and colleagues from Slovenia, Sweden, USA,
and Italy show that APS8 (a synthetic analog of 3-alkylpyridinium polymer from the marine
sponge Reniera sarai) inhibits the growth and induces apoptosis in non-small cell lung cancer
cells, while normal lung fibroblasts are not affected. APSS8 also reduces anti-apoptotic and
pro-proliferative effects of nicotine [19]. Li and colleagues from China apply a global
proteome screening approach to identify the molecular targets of sinulariolide (a compound
from the cultured soft coral Sinularia flexibilis) in melanoma cells. The results suggest that
sinulariolide-induced apoptosis might be related to activation of caspase cascades and
mitochondria dysfunction pathways [20]. Li and colleagues from China isolated five new
anthranilic acid derivatives, penipacids A—E, from the marine sediment-derived fungus
Penicillium paneum SD-44. Penipacids A and E are cytotoxic to human colon cancer RKO
cells [21]. Walsh and colleagues from the USA describe caspase-dependent and mitochondrial
pathway-related apoptosis in leukemia cells in response to treatment with epigonal
conditioned medium from the bonnethead shark, Sphyrna tiburo [22]. Su and colleagues
from Taiwan and Egypt investigate the mechanism underlying the cytotoxic action of
(1'R,5'S,6'S)-2-(3',5'-dibromo-1',6'-dihydroxy-4'-oxocyclohex-2'-enyl) acetonitrile,
previously isolated from the sponge Pseudoceratina sp., in leukemia cells. The effect is
associated with mitochondrial dysfunction-dependent apoptosis, and the process is mediated by
oxidative stress, induced through inhibition of IKK/NFkB and activation of PI3K/Akt
pathways [23]. Ishikawa and colleagues from Japan examined anticancer activity and the
mode of action of hippuristanol isolated from the Okinawan coral, Isis hippuris, on primary
effusion lymphoma cells. The authors show that this compound induces cell cycle arrest and
apoptosis and suppresses several pro-survival pathways in vitro, and growth and invasiveness in
vivo [24]. Esmaeelian and colleagues from Australia report the bioassay guided isolation of
semi-pure tyrindoleninone and 6-bromeisatin from an egg mass extract of the marine
gastropod, Dicathais orbita. The compounds induce apoptosis and G2/M cell cycle arrest in
colorectal cancer cells [25]. In a subsequent manuscript, in vivo activity of the synthetic 6-
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bromoisatin in a mouse model of colorectal cancer cells was reported from the same group
[26]. Kiraly and colleagues from Hungary and Spain investigated the effect of hypoxia on the
efficiency of the substance elisidepsin (Irvalec®). The authors show that hypoxia
significantly inhibits the anti-tumor effect of elisidepsin, and they show that this is mediated
by reduced levels of 2-hydroxy lipids in the cancer cell membranes [27]. Li and colleagues
from Korea and China investigated the in vitro anti-cancer activity of the alkaloid
fumigaclavine C, isolated from the marine-derived fungus Aspergillus fumigatus, using a
breast cancer model. They show regulation of several apoptosis- and proliferation/migration-
related proteins, as well as inhibition of the NFkB pathway [28]. Pereira and colleagues from
Portugal investigated the effect of an extract of the sea star Marthasterias glacialis L. on
human breast cancer and neuroblastoma cells. Palmitic acid and ergosta-7,22-dien-3-ol are
the main components of the extract responsible for the anti-cancer activity [29]. Garcia-
Caballero and colleagues from Spain report in vitro and in vivo anti-angiogenetic activity of
the pyrrolidinedione AD0157, isolated from the marine fungus Paraconiothyrium sp. They
attribute the activity to an inhibition of the Akt signaling pathway, which could place the
substance in the group of targeted agents in the future [30]. Hamilton from Austria
investigated the cytotoxic effect of the marine spongean alkaloid fascaplysin in small cell
lung cancer cells. The mechanism of action appears to be multi-factorial, and can be related to
alteration of topoisomerase I activity, impaired integrity of DNA, and ROS generation [31].
Fuwa and colleagues from Japan report the induction of both apoptotic and non-apoptotic cell
death by (—)-8,9-dehydroneopeltolide—a synthetic analog of the marine macrolide (+)-
neopeltolide—under cellular stress conditions. The induction of non-apoptotic cell death was
explained by an intracellular ATP depletion induced by the compound [32]. Akl and
colleagues from USA, Jordan and Kuwait describe the ability of araguspongine C (a
macrocyclic oxaquinolizidine alkaloid isolated from the marine sponge Xestospongia sp.) to
act as a tyrosine kinases receptor inhibitor, providing even more evidence that naturally
occurring substances might act like targeted agents. Interestingly, this inhibitory effect
induces autophagic cell death in breast cancer cells [33]. Kasper and colleagues from
Germany report the results of a Phase I study of gemcitabine in combination with trabectedin
in advanced soft tissue sarcomas. The study had to be stopped due to excessive toxicity,
which adds important clinical information for further development of combination therapies
in patients with advanced and/or metastatic leiomyosarcoma or liposarcoma [34]. Kwon and
colleagues from Korea present data on the synthesis and in vitro anti-cancer activity of
derivatives of pachastrissamine—a marine sphingolipid initially isolated from the marine
sponge Pachastrissa sp. An enyne/diene-ene metathesis reaction was used as the key step of
the synthesis. One of the derivatives synthesized exhibits more potent sphingosine kinases
inhibitory activity in comparison with the mother, pachastrissamine [35]. Wu and colleagues
from China describe the anticancer activity of the synthetical bis-(2,3-Dibromo-4,5-
dihydroxy-phenyl)-methane, initially isolated from marine algae Rhodomelaceae
confervoides. The compound inhibits proliferation, migration, and invasion of hepatocellular
carcinoma cells, which is explained by modulation of the B1-integrin/FAK signaling pathway
[36]. Kim and colleagues from Korea investigated the anticancer effect of
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(18,28,3E,7E,11E)-3,7,11,15-cembratetraen-17,2-olide, isolated from the marine soft coral
Lobophytum sp., in fluorouracil-resistant human colon cancer cells. They suggest that the
mechanism of action is related to the activation of TGF-f signaling [37]. Song and colleagues
from China report the isolation of two new and three previously known C-glycoside
angucyclines from an extract of the deep-sea sediment bacteria Streptomyces sp. Several of
these compounds exhibit strong cytotoxic activity in human cancer cells, comparable to
cisplatin [38]. Morgan and colleagues from the USA studied bioactivity of the lipopeptide
kalkitoxin, which was previously isolated from the marine cyanobacteria, Moorea producens
(Lyngbya majuscula). The compound inhibits angiogenesis, disrupts cellular hypoxic
signaling, and blocks mitochondrial electron transport in human cancer cells [39]. Wang and
colleagues from China describe the ability of the marine anthraquinone derivative SZ-685C
(isolated from the fungus Halorosellinia sp.) to induce apoptosis of primary human
nonfunctioning pituitary adenoma cells. The effect is explained by the ability to inhibit the
Akt pathway [40]. Kim and colleagues from Korea studied the ability of dieckol (or 2,7"-
phloroglucinol-6,6'-bieckol) isolated from brown algae Ecklonia cava to inhibit the
migration of human breast cancer cells. Expression of several metastasis-related genes is
regulated in cancer cells treated with the compound [41]. Zhang and colleagues from China,
Saudi Arabia, and the USA report the ability of esters of the sipholenol A—a sipholane
triterpenoid from the marine sponge Siphonochalina siphonella—to specifically reverse P-
glycoprotein-mediated multidrug resistance, and in vitro and in silico analyses are presented
[42]. Chen and colleagues from Canada and China describe the suppressive effect of
xyloketal B, isolated from the mangrove fungus Xylaria sp., on glioblastoma cell proliferation
and migration. Another “targeted” action via inhibition of TRPM7-regulated PI3K/Akt and
MEK/ERK signaling is suggested as the underlying mechanism [43]. Finally, Perina and
colleagues from Croatia, Israel, and the United Kingdom studied the role of the highly
conservative FAU gene from the sponge Suberites domuncula. The authors describe a pro-
apoptotic activity of both spongean and human FAU proteins. These findings provide an
opportunity to use pre-bilaterian animals as a simpler model for studying complex interactions
in human cancerogenesis [44].

In summary, this Issue covers a broad spectrum of excellent work recently done in the field
of marine compounds and cancer. It will serve as a valuable source for current state-of-the-art
knowledge in the field, comprising both exciting new research and up-to-date reviews. The
guest editors are thankful to all scientists currently working in diverse research institutes,
universities, and commercial companies all over the world, namely in Australia, Austria,
Canada, China, Croatia, Egypt, Germany, Hungary, Israel, Italy, Japan, Jordan, Korea,
Kuwait, Mexico, Pakistan, Portugal, the Russian Federation, Saudi Arabia, Slovenia, Spain,
Sweden, Taiwan, the United Kingdom and the USA, who contributed to the success of our
Special Issue “Marine Compounds and Cancer”. We are all looking forward to new exciting
discoveries!

Dr. Sergey A. Dyshlovoy and Dr. Friedemann Honecker
Guest Editors
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Abstract: Shrimp is one of the most popular seafoods worldwide, and its lipids have been studied
for biological activity in both, muscle and exoskeleton. Free fatty acids, triglycerides, carotenoids,
and other lipids integrate this fraction, and some of these compounds have been reported with
cancer chemopreventive activities. Carotenoids and polyunsaturated fatty acids have been
extensively studied for chemopreventive properties, in both in vivo and in vitro studies. Their
mechanisms of action depend on the lipid chemical structure and include antioxidant,
anti-proliferative, anti-mutagenic, and anti-inflammatory activities, among others. The purpose of
this review is to lay groundwork for future research about the properties of the lipid fraction
of shrimp.
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1. Introduction

Shrimp is one of the most popular seafoods of traditional diets [1] worldwide, and the top ten
shrimp-producing nations include some of the richest and poorest nations in the world [2]. World
shrimp production has increased in the last few years, from 2.85 up to 3.12 million tons (2002 and
2008, respectively) [3]. Shrimp muscle is rich in high quality proteins and minerals, and is low in
fat content [1,4]; in addition, its lipids exhibit chemopreventive and chemoprotective activities,
which are important biological properties in thin product.

Several biological activities have been reported for methanolic and lipidic extracts from shrimp
muscle [5,6] and waste [7]. These activities, which are capable of modifying biological
processes [8], have been related to cancer prevention throughout mechanisms grouped in a term called
chemoprevention, a term that is used to describe the use of natural or synthetic substances to prevent
cancer development [9]. Cancer, the leading cause of death in economically developed countries and
second in developing countries [10], affects approximately one of three individuals in Europe and
in the United States of America, appearing as one of one hundred different kinds of this disease,
with a mortality rate of approximately 20% [11]. By the year 2020, world population is expected to
increase up to 7.5 billion, and approximately 17 million new cancer cases will be diagnosed [12].

In addition to socioeconomic status [13,14], geographic variability [13,15], age [16], and
physical activity [13,17], nutrition is one of the factors that may influence the development of
cancer and other human diseases. Nowadays, changes in the life style that include the consumption
of chemopreventive compounds, such as those found in a great variety of foods, are highly




recommended. In this review, the mechanisms of action of compounds that are found in a very
popular seafood such as shrimp, especially in its lipidic fraction, will be discussed.

2. Chemoprevention
2.1. Definition of Chemoprevention

Epidemiological studies have provided convincing evidence that naturally occurring bioactive
extracts or isolated compounds may benefit human health through the inhibition of carcinogenic
processes and cell death mechanisms [18,19]. New technologies and genetic engineering have accounted
for unlimited possibilities in scientific discoveries, which have raised a potential for a number of
health beneficial products such as chemopreventive compounds [20]; this constitutes an area of
research in disease prevention [21]. Chemoprevention was originally defined by Sporn (1976) as the
use of natural, synthetic, or biologic chemical agents, in order to reverse, suppress, or prevent cancer
progression [9]. Chemoprevention strategies address four goals: inhibition of carcinogens, logical
intervention in persons at genetic risk, treatment of pre-malignant lesions, and translation of leads
from dietary epidemiology to intervention strategies. Agents that may be useful to achieve at least
one of these goals are broadly classified into three categories: blocking agents, suppressing agents,
and those that reduce tissue vulnerability to carcinogenesis [22,23].

2.2. Types of Chemopreventive Activities

Chemopreventive compounds can be subdivided according to the benefit they offer to human
health; among those are antioxidant, antimutagenic, antiproliferative, antiinflamatory, and antiangiogenic.

Antioxidant chemopreventive compounds prevent or delay oxidation at low concentrations,
offering protection against oxidation mainly due to free radicals [24], molecules that are
characterized by high reactivity due to non-paired electrons of external orbitals in some of their
atoms. Free radicals have mechanisms of action that harm cells and body tissues, damage proteins,
DNA, and lipids [25]. Antioxidants prevent cellular damage by reacting with oxidizing free
radicals and promoting their elimination from the organism; these free radicals may be present in
the cell at an oxidative stress event or during an event induced by an external source such as chemical
compounds or ionizing radiation (including singlet oxygen, hydroxyl radical, peroxyl radicals,
superoxide anion, hydrogen peroxide, nitric oxide, among others). Antioxidants can be found in
foods as micro and macronutrients and may be able to promote the regression of premalignant lesions
and inhibit their development into a cancer [26].

Antimutagenic chemopreventive compounds offer protection against cell DNA mutation caused
by mutagenic agents (that alters the DNA) and slow cancer initiation [27], while antiproliferative
compounds interfere in the cell cycle preventing and/or slowing down uncontrolled cancer cell division.

Inflammation promotes cell proliferation and is linked to carcinogenesis. Although proliferation
alone does not cause cancer, a sustained proliferation in an environment rich in inflammatory cells,
growth factor, activated stroma, and DNA-damage-promoting agents, potentiates and/or increases
neoplastic risk [28]. Anti-inflammatory compounds might help to prevent the development of
suitable environments for tumors [21]. Finally, antiangiogenic compounds prevent proliferation of



cancerous cells by reducing the amount of blood nutrients in the tumor environment. Angiogenesis,
described as the formation of new blood vessels that allow sustained tumor growth [29], is the
result of loss balance between pro- and anti-angiogenic factors.

Molecules with these activities are directed to one or more cancer stages, including
anti-initiation, anti-promotional, and anti-progression strategies (Figure 1). Nature is a vast source of
novel therapeutic compounds with diverse origins in plants, animals, and marine species, as well as
from microorganisms that have been also reported as chemopreventive. Most chemopreventive
compounds have been found in fruits and vegetables [30,31]; however, the marine environment,
due to its extensive biodiversity, is a rich source of biological active compounds, such as lipids,
sterols, proteins, polysaccharides, among others [32—34] yet to be discovered and studied.

Figure 1. Stages during cancer development where chemopreventive compounds exert
their activity.
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3. Chemopreventive Compounds in the Lipidic Fraction of Shrimp

More than 15,000 natural compounds and extracts have been obtained from marine organisms [35]
and have been tested for biological activities. These include compounds such as peptides and
depsipeptides, extracted from tunicates, sponges, and mollusks [36]; shark’s cartilage [37], and
squalamine [38], obtained from the squalidae family; lipidic extracts, isolated from yellowtail
fish [39], shrimp [5], and octopus [40]; marine pigments, among others. Some of these, such as
carotenoids, appear to fit the criteria for the development of functional food ingredients [34].
Contribution of the marine environment to therapeutic approaches for cancer and other
chronic-degenerative diseases are expected to increase in the future [41]. Shrimp is a marine
organism in which chemopreventive molecules have been detected, such as lipids and lipophylic
compounds. Wilson-Sanchez et al. (2010) [5] demonstrated that several compounds in the lipidic
fraction of shrimp muscle have antimutagenic and antiproliferative activities. Also, Sindhu and
Sherief (2011) [42] proved antioxidant and antiinflamatory activities in carotenoids and lipids
obtained from shrimp shell. Different compounds integrate the lipidic fraction of shrimp and their
mechanisms of action are diverse, which mainly depend on their chemical structures; these issues
will be discussed in the subsequent sections.



3.1. Lipidic Content of Shrimp Muscle

The lipid fraction represents the 1%-2% [43] of shrimp muscle weight (dry basis) and it is
integrated by carotenoids, phospholipids, neutral lipids (including cholesterol, triglycerides, free
fatty acids, diglycerides, and monoglycerides) and glycolipids. Carotenoids have been studied for
chemopreventive properties and they constitute the main group of pigments found in aquatic
animals [44] producing colors from yellow to dark red [45]. The main chain of their chemical
structure is 40 carbon long, highly unsaturated, inflexible, and easily oxidizable [46], most of them
symmetrical around the central carbon atom. These pigments are lipophylic and those with polar
hydroxyl and keto functionalities have increased affinities for lipid/water interfaces [47,48]. To
date, more than 750 carotenoids have been identified in nature and over 250 of those are from
marine origin [49]; nevertheless only 24 have been identified in human tissues.

Fatty acids, known as any aliphatic monocarboxylic acid that may be released by hydrolysis of
natural fat [50], have a carboxyl group at the head end and a methyl group at the tail end [51], and
constitute the starting point in many lipid structures [52]. Fatty acids can be classified as saturated,
monounsaturated, and polyunsaturated, according to the number of double bounds in their
structure. The polyunsaturated compounds are characteristic in marine animals. Their mechanisms
of action involved in cancer chemoprevention are discussed in the next section.

3.2. Carotenoids

Carotenoids are synthesized by members of the plant kingdom and they are transferred to
animals through the food chain [48]. The industrial use of these compounds for animal feed
supplementation has been suggested in order to enhance the pigmentation of fish skin and flesh,
and also as a human nutraceutical [53]. Since various natural carotenoids (such as zeaxanthin,
lycopene, PB-cryptoxanthin, fucoxanthin, astaxanthin, capsanthin, crocetin, and phytoene), have
proven to have anticarcinogenic activity, they have been proposed for cancer treatment and
bio-chemoprevention [54] at concentrations obtained from food supply. Higher concentrations have
been related to adverse effects on cellular function, and even augment cancer risk [55].

B-Carotene and cantaxanthin have proved chemopreventive activity in induced skin cancer in
female Swiss albino mice [56]; these carotenoids have a protective effect against indirectly-induced
skin and breast cancer, and also against directly-induced gastric carcinogenesis [57]. Thus, many
studies have been focused on proving that dietary carotenoids are in fact chemopreventive agents,
highly valued information that could be used for the benefit of general population.

Shrimp is a source of different carotenoids; the main one found in the Penacidae family is
astaxanthin, a keto-oxycarotenoid that contains oxygen functional groups on the lateral rings, which
classifies it among the xanthophylls. This carotenoid is found in high amounts in the exoskeleton of
crustaceans, in the flesh of salmon and trout, and in other marine organisms as well [58].
Astaxhantin esters [59,60], B-criptoxanthin, a-carotene, B-carotene [61], meso-zeaxanthin [62],
canthaxanthin, lutein, zeaxanthin, and crustacyanin [63] can also be found in this organisms at
lower concentrations (Figure 2).



Figure 2. Chemical structure of the main carotenoids found in shrimp.
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Carotenoids have been associated to cancer prevention, which may undergo by five mechanisms
of action: (1) membrane antioxidant [64]; (2) involvement in the control of cell differentiation and
proliferation [65]; (3) antimutagenic effect; (4) as anti-inflammatory agents; and (5) their ability to
produce an immune response in cancer (Figure 3).



Figure 3. Mechanism of action for chemopreventive/chemoprotective activity of
shrimp’s carotenoids.
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3.2.1. Antioxidant Mechanism

A number of studies have shown that carotenoids act as antioxidants by quenching singlet
oxygen and free radicals [66]; this antioxidant activity directly emerges from the molecular
structure of carotenoids [64], specifically due to the vibration of the polyene C=C and C—C bonds,
where the energy of the singlet state oxygen is transferred to the carotenoid by direct
contact [67,68].

The quenching activity of the different carotenoids mainly depends on the number of conjugated
double bonds of their molecule and is influenced to a lesser extent by the functional end groups or
by the nature of substituent in carotenoids containing cyclic groups [69]. In fact, carotenoids
containing nine or more conjugated double bounds in their structure are potent singlet oxygen
quenchers, a biological function which is independent of the provitamin A activity [70].

Astaxanthin and its esters, the main carotenoids present in the lipidic fraction of shrimp, have
reported strong antioxidant activity in in vitro assays, as well as in membrane model system using
phospholipid liposomes [7]. This carotenoid has a higher antioxidant activity than a-tocopherol,
a-carotene, lutein, B-carotene, lycopene [71], and even higher than trolox [72], a synthetic
antioxidant with a known high antioxidant activity. Martinez et al. (2008) [73] proposed the creation of a
donor-acceptor map by measuring the electro-donating and the electron-accepting power; using this
method, astaxanthin had the most effective antiradical effect in terms of its electro-acceptor capacity
compared to other dietary carotenoids. This efficient antioxidant capacity is attributed to the unique
structure of the terminal ring moiety. Due to these characteristics, astaxanthin may inhibit the
production of lipid peroxides [74], as well as maintain the mitochondria in a reduced state even
under oxidative challenge [75]. Liang et al. (2009) [48] suggested that astaxanthin scavenges
radicals in the water/lipid interface and transfers an electron from a non-polar and more reducing
carotenoid in the membrane. In cell cultures, astaxanthin has been able to act as an antioxidant even



at high concentrations, when cells are exposed to oxidative stress [76]; however, other studies have
reported pro-oxidant behavior in the same concentrations [77-79] this effect is reported when the
experimental conditions include a low a-tocopherol diet, this compound usually helps carotenes to
be regenerated; if there is an absence it can induce the formation of peroxyl radicals and or
augment the rate of carotenoid auto-oxidation.

In in vivo studies, astaxanthin attenuates the promotion of hepatic metastasis induced by restraint
stress in mice, throughout inhibition of the stress-induced lipid peroxidation [80]. In another study,
when rats were exposed to mercuric chloride (a nephrotoxic compound that increases reactive
oxygen species by decreasing glutathione levels due to its affinity to SH groups) and astaxanthin, the
xantophyl was able prevent the increase of lipid and protein oxidation and attenuated histopathological
changes [81].

Although these studies have proved the antioxidant activity of carotenoids, these compounds
may shift into a pro-oxidant effect, depending on different factors such as oxygen tension or
concentration. Mixtures of carotenoids alone or in association with others antioxidants may
increase their activity against lipid peroxidation [69].

3.2.2. Intervention in Cell Cycle

The cell cycle, a sequence of events by which a growing cell duplicates and divides into two
identical daughter cells [82], involves numerous regulatory proteins that drive the cell throughout a
sequence of specific events called cycle phases: Gi, S, G2, and M [83]. Cells in Gi1 phase can,
before commitment to DNA replication, enter into a resisting state called Go, the state where most
non-growing and non-proliferating cells are in human body [84]. G1 and G2 phases are the “gaps” in
the cell cycle that occur between the two landmarks, DNA synthesis (S) and mitosis (M); during Gi
and Gz phases, the cell is preparing for DNA synthesis, and for mitosis, respectively [83].

Each of the cell cycle phases involves a number of proteins that regulate cell’s progression such
as cyclin-dependent kinases (CDKs) and cyclin proteins [83,85]. Cancer cells are frequently
associated with genetic or epigenetic alteration and these proteins help cells to sustain proliferation
independent of external mitogenic or anti-mitogenic signals [84]; therefore, the regulation of the
cell cycle may constitute a strategy to inhibit proliferation of cancer cells. It has been proposed that
carotenoids affect differentiation and proliferation of cancerous cells. Different carotenoids (such
as a-tocopherol, B-carotene, lycopene, and lutein) show different abilities to control cell cycle [86].

B-Carotene has been associated to both, cell apoptosis and inhibition of cell cycle throughout
different mechanisms of action. In the cell cycle of normal human fibroblasts, p-carotene has
a delaying effect on the Gi phase [87] which is related to the expression of p21"* /P! protein (an
inhibitor of CDK) [88]; in colon cancer, the presence of B-carotene has been associated to a reduced
expression of cyclin A (regulator of G2/M progression) [89]; in leukemia cells, the inhibition of cell
cycle progression is attributed to the up-regulation of PPARy signaling pathway and the expression
of Nrf2, an important transcription factor in Keap 1-Nnf2/EpRE/ARE signaling pathway [90];
therefore, the in vitro effect of B-carotene on the cell cycle depends on the studied cell line. On the
other hand, B-carotene influences and enhances cellular apoptosis by modulating the expression of
regulatory genes in cancer cell lines such as colon [89], leukemia [91], melanoma [92], and



breast [93]. The mechanism of action is the suppression of apoptosis blocking proteins (specifically
the protiens Bel-2 and Bcel-xL) [91-93].

Astaxanthin has also been related to both, the inhibition of cell growth and apoptosis, in
in vitro [94] and in vivo [95] studies. The apoptosis mechanism in hepatoma cell cancer has been
attributed to depletion of GSH levels [94], and in leukemia cells to down-regulation of Bcl-2
protein [96]. The inhibition of cell cycle progression and apoptosis mechanisms are attributed to
the up-regulation of PPARYy signaling pathway and the expression of Nrf2, an important
transcription factor in Keap 1-Nnf2/EpRE/ARE signaling pathway [90].

Lycopene has been related to the insulin-like growth factor I (IGF-I); a factor that, at high blood
levels, is related to breast and prostate cancer. This carotenoid changes the amount or affinity of
IGF-I receptor signaling and cell cycle progression; therefore, lycopene has been related to the
inhibition of cell progression at the Gi phase throughout the reduction of cyclin-dependent kinase
(cdk4 and cdk2) [97] as well as the decrease in cyclin D1 and D3 [98]. In other in vivo studies
including a-tocopherol, f-carotene, lycopene, and mixed carotenoids, in which they were used to
treat cancer-induced hamsters, these carotenoids acted as suppressors of the cell cycle inhibiting the
expressions of proliferating cell nuclear antigen (PCNA) and cyclin D1 [86].

3.2.3. Antimutagenic Activity

Individual carotenoids such as astaxanthin and its esters, meso-zeaxanthin, [-carotene,
zeaxanthin, o-carotene, among others, as well as their mixture, have been tested in the Ames test [99].
Researchers have found that these structures are able to produce an antimutagenic activity [99,100].
The inhibition of mutagenicity depends on both, the structure of the carotenoid and the mutagenic
agent used.

Using sodium azide, ethidium bromide, and hydroxyl amine as control mutagens, astaxanthin
and its esters, have shown high antimutagenic activity followed by lutein, B-carotene, violaxanthin,
zeaxanthin, and o-carotene; however, a mixture of different carotenoids has shown higher
inhibition of induced mutation in Salmonella typhimurium tester strains [99]. These results are
supported by the study by Gonzalez de Mejia et al. (1998) [100]; they assert that carotenoids
have synergistic effect when the tester strains are exposed to 1-6-dinitropyrene (1,6-DNP) and
1,8-dinitropyrene (1,8-DNP) as control mutagens. However, not only those carotenoids have
antimutagenic activity, meso-zeaxanthin has also proved biological activity when tested with
sodium azide, 4-nitro-O-phenylenediane, and N-methyl-N'-nitro-N-nitrosoguanidine, as control
mutagens. Meso-zeaxanthin showed 41 to 93% of mutagenesis inhibition in all Salmonella tester
strains used [62]. B-Carotene also showed positive results when tested against 1-methyl-3-nitro-1-
nitrosoguanidine and benzo[a]pyrene as control mutagens in Salmonella typhimurium TA100 tester
strain [101].

Canthaxanthin and commercial carotene have been able to inhibit neoplastic transformation in
cell culture exposed to the carcinogen 3-methylcloranthrene; this inhibition stopped after the
removal of the carotenoid treatment [102].

In in vivo studies, the antimutagenic activity can be described as the ability of a compound to
inhibit the mutagenic effect of a known mutagen in an animal model. In this sense, the mechanism



of action for meso-zeaxanthin is the inhibition of CYP450 enzymes, which was demonstrated in a
rat model, where even low concentrations of meso-zeaxanthin showed inhibitory effect towards
various isoforms of CYP450 [63]. B-carotene has also proved in vivo activity in a Haffkine Swiss
mouse tumor model [101], as well as in a Fisher 344 rats model [103] in which cancer was induced
with N-ethyl-N-nitrosourea; the authors attributed the effect the unmetabolized f-carotene molecule,
they concluded that this compound is absorbed, stored, and exerted antimutagenic effects against the
chemical carcinogen without being transformed in the gastrointestinal tract.

3.2.4. Anti-Inflammatory Mechanism and Tumor Immunity

The mechanism by which carotenoids enhance the immune system is still unclear. Studies have
revealed that astaxanthin can prevent inflammatory processes by blocking the expression of
pro-inflammatory genes, as a consequence of suppressing the nuclear factor kappaB (NF-«B)
activation; moreover, carotenoids inhibits the production of nitric oxide and prostaglandin E2, and
the pro-inflammatory cytokines tumor necrosis factor-alpha (TNF-R), as well as the interleukin-1
beta (IL-1B) [104]; this cytokines are molecules that mediate cell-to-cell interactions [105].

The immuno-regulatory action of carotenoids have been demonstrated through their role in
tumor immunity [105]. These carotenoids enhance lymphocyte blastogenesis, increase the
population of specific lymphocyte subsets, increase lymphocyte cytotoxic activity, and stimulate
the production of various cytokines [106].

Wang et al. (1989) [107] demonstrated the inhibitory effect of carotenoids (beta-carotene,
lycopene, and crocetin) on the growth and development of the C-6 glioma cells inoculated in rats,
cells whose growth was inhibited in 57%-67% after 7 weeks without any observable
hepatotoxic effect.

Lutein decreases H202 accumulation by scavenging superoxide and H20O2, and the NF-xB
regulates inflammatory genes, iNOS, TNF-a, IL-1p, and cyclooxygenase-2, in lipopolysaccharide
(LPS)-stimulated macrophages [108].

In other in vivo studies, dietary astaxanthin heightened immune response in domestic cats, which
was attributed to the enhanced delayed-type of hypersensitivity response, peripheral blood
mononuclear cell proliferation, natural killer cell cytotoxic activity, and increased T cell
population [109]. In a similar way, dietary astaxanthin in dogs enhances lymphocyte proliferation,
and natural killer (NK) cell cytotoxic activity; it also increases concentrations of immunoglobulin
G and M (IgG and IgM), and B cell population. Therefore, dietary astaxanthin heightened
cell-mediated and humoral immune response, and reduced DNA damage and inflammation in
dogs [58,71]. In rats, astaxanthin was able to modulate the expression of NFkB, COX-2, MMPs-2/9,
and ERK-2; therefore, it had an anti-inflammatory effect [95].

3.3. Polyunsaturated Fatty Acids

Polyunsaturated fatty acids (PUFAs) in shrimp account for about 40% of the total fatty acid
content [110] with about 15% occurring in the form of ®-3 and ®-6 fatty acids such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Figure 4). Therefore, the quality of
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the fatty acid profile is similar to that of most of the marine fish species in terms of EPA and DHA
content [1]. Both, fat and unsaturated fatty acids contents in shrimp muscle vary with diet [44],
species [1], and maturity stage [111]. PUFAs are a subclass of bioactive components divided into
two groups ®-6 and -3 fatty acids, both studied for cancer chemoprevention [112].

Figure 4. Chemical structure of polyunsaturated acids eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA).

POLYUNSATURATED FATTY ACIDS

a. Eicosapentaenoic acid b. Docosahexaenoic acid

The polyunsaturated fatty acids have been identified to have a role in ameliorating various
human diseases [113]. The pioneering epidemiological work on Greenland Inuit [114,115]
suggested a possible link between the low incidence of heart diseases and the high consumption of
seafood. Recently, the Women’s Intervention Nutrition Study (WINS) provided evidence that
dietary lipids may influence local or distant recurrences, and in turn influence survivorship of
woman in breast cancer treatment [116]. PUFAs uptake has also been inversely related to
prostate [117], breast [118], and colorectal [119,120] cancer. Nevertheless, the association between
fatty acid consumption and the reduction of cancer is still controversial. Some studies have related
it with no effect [121,122] or even an increase in the risk for cancer [123], whereas clinical trials on
the effect of polyunsaturated fatty acids are currently being conducted [124]. The inconsistent
association observed in epidemiologic studies has been attributed mainly to three reasons [125,126],
(1) the intake of the long-chain fatty acids used in the studies was too low to produce a protective
effect; (2) in observational research, there has been weakness in estimating PUFAs consumption,
mainly due to the difference in oil content between the different species of fish; and (3) the
inclusion of low variability within-population in the intake of fish or ®-3 fatty acid.

Zhang et al. (2010) [127] proved three different oils diets containing ®-3, ®-6, and ®-9,
suggesting that diets rich in ®-3 fatty acid oil attenuates the neoplastic effect of acrylamide-induced
neoplasia in mice, while diets rich in ®-6 and ®-9 oils seemed to promote this activity.

The mechanisms of action for the chemopreventive properties of -3 fatty acids are presumably
five [125]: (1) suppression of arachidonic acid-derived eicosanoid biosynthesis[128]; (2) influence
on transcription factor activity [129]; (3) increased or decreased production of free radicals and radical
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oxygen species; (4) mechanisms involving insulin sensitivity and membrane fluidity; and (5)
antiangiogenic potential (Figure 5).

Figure 5. Mechanisms of action for the chemopreventive/chemoprotective activity
of polyunsaturated fatty acids (PUFAs).
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3.3.1. Anti-Inflammatory Effect of Polyunsaturated Fatty Acids

As mentioned above, PUFAs have been associated to cancer chemoprevention through the
inhibition of the arachidonic acid-derived eicosanoids formation. These compounds, characterized
by 20 carbon long lipophilic molecules derived from arachidonic acid, are powerful regulators of
cell function.

The generation process of eicosanoid compounds consists in a series of steps beginning with the
mobilization of arachidonic acid from the cellular membrane glycerolipid pools by phospholipase
Az (PLA2). Then, arachidonic acid can be oxidized by three different enzymes: (1) the
cyclooxigenases (COX-1 and COX-2) to form prostanglandins, protacyclin or tromboxanes;
(2) lypoxigenase (LOX) to form 5(S)-, 8(S)-, 12(S)-, and 15(S)-hydroxyeicosatetraenic acid
(HETE) leukotrienes, lipoxins, and hepoxilins; and (3) P450 epoxygenase (EOX) to form HETEs
and epoxyeicosatrienoic acid (EET) [130].

The overexpression of eicosanoid-forming enzymes [COX, LOX, and prostaglandin E synthase
(PGE)] has been related to cancer development in a wide variety of human and animal tumors [131].
These enzymes promote tumor proliferation and angiogenesis, and inhibit apoptosis [132]; for
example, COX2 is normally absent in most cells, however, is highly induced in early stages of
tumor progression [133].

Some studies have proved that PUFAs enhance the anti-inflammatory response in people with
other conditions such as rheumatoid arthritis [134,135], and it has even been concluded that fatty
acids can even be used as non-steroidal anti-inflammatory drug (NSAID) in patients with this
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pathology [136]. This type of drugs has been reported to be beneficial, since they reduce the risk of
developing solid tumors in breast, colon, lung, and prostate cancers [137,138].

Gogos (1998) [139] carried out a randomized prospective study with patients with solid tumors
who received fish oil supplementation; patients treated with ®-3 PUFA had an increased
immunomodulating effect and prolonged survival.

The anti-inflammatory effect of PUFAs may also be attributed to their action on
macrophages [140]; they decrease the production of IL-1, IL-6, and the tumor necrosis factor-o
(TNF-a)) when feeding ®-3 PUFA containing oil to rats [141].

3.3.2. Influence in Transcription Factor Activity

According to Larsson et al. (2004) [125], one of the chemopreventive mechanisms of PUFAs is
the modification of gene expression and signal transduction involved in the cell cycle. One of the
transcription factor regulated by fatty acids is the peroxisome proliferator-activated receptors
(PPARs), which are members of the nuclear hormone receptor family, the largest family of
transcription factors [142]. Three PPAR have been identified including PPARa, PPARP/S,
and PPARy [143], all of them can be activated by naturally occurring fatty acids or fatty acid
derivatives [144]. Their functions underlie a multitude of cellular and physiological processes by
directly modulating target gene expression and indirectly modulating other transcription
factors [142,143].

The effect of activating PPARPB/S in cancer models and cancer cell lines depends on the cell line.
Colon cancer is the most studied type of cancer and one of the proposed mechanisms of regulation
is throughout the up-regulation of the adenomatous polyposis coli (APC)/B-CATENIN/transcription
factor 4 (TCF4), pathway in which PPARP/S is activated by COX2-derived ligands (such as
prostacyclins), leading to the expression of target genes that increase cell proliferation and promote
tumor growth. Another proposed mechanism is the ligand activation of PPARP/S, which mediates
terminal differentiation of colonocytes and inhibits cell proliferation [145]. Most fatty acids are
considered PPARs agonist; nevertheless DHA suppresses its activation. This statement was
demonstrated by Lee and Hwang (2002) [146] in colon tumor cells (HCT116).

3.3.3. Increased or Decreased Production of Free Radicals and Radical Oxygen Species

Free radicals and reactive oxygen species (ROS) produced in cells seems to attack fatty acids
present in the cell, in order to form a variety of by-products from lipid oxidation, including more
free radicals and reactive aldehydes [50]. These metabolites potentially generate pro-mutagenic
compounds, which eventually can lead to cancer development [147]. Nevertheless, highly
polyunsaturated fatty acids, specifically EPA and DHA present in fish oil, have been proved to help
up-regulate some antioxidant enzymes such as glutathione transferases and manganese superoxide
dismutase in an in vivo study with mice [148].

The metabolites from the oxidation of n-3 PUFAs inhibit breast [149] and colon [150] cancer
cells. This effect, observed in cell culture studies in vitro, was related to the formation of lipid
peroxidation products, but the inhibitory effect is lost when they are exposed to vitamins that have
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antioxidant activity (specifically vitamin C and E [149]). Nevertheless, clinical trials have
demonstrated that the DNA damage decreases with the intake of vitamin E when a high intake of
PUFAs is taken [151].

3.3.4. Antiangiogenic Potential

A high rate in neovascularization in solid tumors has been associated with a negative prognosis
for cancer patients [152,153], since cancerous cells need the nutrients from the vascular system.
Therefore, antiangiogenic agents may be helpful in cancer.

EPA [154] has proved in vitro antiangiogenic activity with a dose-dependent response for
inhibition. PUFAs has also been used in an in vivo study, to prove an enhanced response of
docetaxel (a drug used for antiangiogenic purposes in chemotherapy) with the aid of DHA [155],
where both, micro and macrovascularization in the Sprague-Dawley rat model, were inhibited.

Two mechanisms have been suggested for the anti-angiogenic potential of PUFAs: the
suppression of motility of endothelial cells [156], and alterations in the expression of the
pro-angiogenic vascular endothelial growth factor (VEGF)-a [157].

3.4. w-3 Fatty Acids as a Co-Treatment during Chemotherapy

In in vitro studies, DHA and/or EPA have been found to improve the cytotoxic effects of
several anticancer drugs toward cell lines such as breast, colon, bladder, neuroblastoma, and
glioblastoma [158,159]. This observation has also been made in animal models in different types of
cancer such as lung, colon, mammary, and prostate [51]. The proposed mechanism of action for
this beneficial effects is attributed to the change of the phospholipids in the cell membrane to more
polyunsaturated fatty acids, mainly DHA and EPA; this alters the physical properties of the plasma
membrane, resulting in an increase in membrane fluidity, enhancing the uptake of the
chemotherapy drugs [160]. However, they can only be used at a maximum dose of 0.3 g/kg,
according to a phase I clinical trial where adverse effects, mainly diarrhea and vomit, were
observed [161].

Xenographic studies have been carried out to explain the benefits of a diet rich in PUFA’s in
chemotherapy treatment. Atkinson et al. (1997) [162] inoculated fibrosarcoma tumor cells into
Fisher 344 rats and fed them with diets containing different proportions of safflower oil and DHA
oil, and treated them with arabinosylcytosine (AraC) or saline. Authors concluded that
consumption of a diet rich in DHA could slow tumor growth, prevent hyperlipidemia, and enhance
bone marrow cellularity, compared to a moderate-fat diet rich in -6 fatty acids. In a similar work,
Cha et al. (2002) [163] investigated the effect of dietary supplementation with DHA in
combination with AraC chemotherapy and found that DHA diet (1.8 g DHA/kg/day) can be
associated with a longer life span and no incidence of death due to drug toxicity; nevertheless, the
overconsumption of DHA (up to 4.5 g DHA/kg/day) shorten survival time, increases circulating
tumor cell burden, and reduces red blood cell concentration.

The increased permeability of the small intestine of mice caused by methotrexate has been
reported. Horie et al. (1998) [164] proved that oral administration of DHA protects the small
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intestine from the effects of methotrexate by reducing the permeability. Gomez de Segura et al.
(2004) [165] studied the effect of DHA in male rats treated with S5-fluorouracil (5-FU), an
antitumoral drug, and concluded that enriching diet with DHA protects the intestine from lesions
produced by 5-FU.

In dogs with lymphoma, treated with doxorubicin chemotherapy in combination with PUFAs
and arginine, Ogilvie et al. (2000) [166] observed that subjects with higher DHA plasma levels had
better diet tolerance, and increased disease free interval and survival time.

A very specific example of the beneficial effects of ®-3 fatty acids was reported by Pardini et al.
(2005) [167]. They reported that an old man diagnosed with malignant fibrous histiocytoma of the
lungs, declined the conventional chemotherapy and elected nutritional intervention by changing his
diet to a high ®-3 and low ®-6 supplementation. This study demonstrated that the size of the
tumors was reduced, which was attributed to the intake of DHA, specifically to the ®-6/w-3 ratio.

A proposed mechanism for the effect of the -3 fatty acids in chemotherapy is through the
inhibition of the NF-kB transduction way, which suggests ®-3 PUFAs may be used during
chemotherapy in cancer treatment [168].

4. Conclusions

There is an extensive research effort aimed to obtain efficient chemopreventive compounds in
nature, mostly from vegetable sources. However, since the number of cancer cases is constantly
increasing, the search, isolation, and study of chemopreventive compounds, has become an important
area of research. Many of this research has focused on land organism; however, the great
biodiversity that characterizes the marine environment, makes the search for bioactive compounds
in this ecosystem a topic of great interest.

The lipidic fraction in shrimp is a source of chemopreventive compounds because its’
component, mainly attributed to carotenoids and PUFAs, have proved biological activity in both, in
vivo and in vitro studies, as well as in xenographic research. Carotenoids exert their
chemopreventive/chemoprotective  activity mainly by four mechanisms: antioxidation,
antiproliferation, antimutagenisis, and anti-inflammatory action, and these activities are mainly
attributed to their chemical structure. On the other hand, PUFAs exert their chemopreventive
potential mainly throughout four mechanisms: antiinflamatory and antiangiogenic activities, the
ability to influence the transcription factor activity and the increased or decreased production of
free radicals.

PUFASs could also be used as a co-treatment in cancer patients in order to enhance chemotherapy
treatment as well as a chemopreventive agent without adverse toxic effects.

Based on the above, the lipidic fraction of shrimp represents an important commodity with high
potential for the search of chemopreventive agents. However, in order to select the appropriate
compound to be proposed as chemotherapeutic agent, a good knowledge is required concerning the
pathways that each type of compound may modulate.
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Abstract: Many marine-derived polysaccharides and their analogues have been reported as
showing anticancer and cancer preventive properties. These compounds demonstrate interesting
activities and special modes of action, differing from each other in both structure and toxicity
profile. Herein, literature data concerning anticancer and cancer preventive marine polysaccharides
are reviewed. The structural diversity, the biological activities, and the molecular mechanisms of
their action are discussed.
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1. Introduction

Polysaccharides are characteristic metabolites of many marine organisms, particularly of algae.
Macrophytes such as brown, red, and green algae are known as traditional food ingredients for
people populating seaboard geographic areas. In many countries, brown algae belonging to
Laminaria, Saccharina, Fucus, Alaria, Sargassum, Undaria, Pelvetia genera, green algae such as
Ulva spp., Caulerpa lentilifera as well as red algae such as Gracilaria spp., Porphyra spp. and
others represent an important part of diet, while the purified gelling and thickening ingredients are
predominant as food products of algal origin in European countries and the USA. Nowadays, algae
have been marketed worldwide as constituents of dietary supplements due to their antimutagenic,
anticoagulant, and antitumor properties as well as the high content of so-called dietary fiber.

High content of polysaccharides not only in algae, but also in many other marine organisms,
their unusual structures and useful properties make these compounds promising natural products
for medicinal and dietary applications, and are utilized in various biotechnologies [1].
Polysaccharides are used in drug compositions, burn dressings, as materials for encapsulation, in
various drinks, efc. The therapeutic potential of marine polysaccharides enables their utilization for
cell therapy and tissue engineering [2].

Many polysaccharides and/or their derivatives such as degraded and semi-synthetic products,
obtained by chemical modifications, demonstrate anticancer and cancer preventive properties. They
can possess either a direct inhibitory action on cancer cells and tumors or influence different stages
of carcinogenesis and tumor development, recover the broken balance between proliferation and
programmed cell death (apoptosis) and are useful for cancer prophylactics. Some of these marine
natural products have advantages due to their availability, low toxicity, suitability for oral
application as well as having a great variety of mechanisms of action [3]. The methods of
extraction, fractionation, and purification of polysaccharides from various sources are well known
and have been published in many articles [4-8].
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Herein, we review some of the literature data concerning anticancer and cancer preventive
activity of marine polysaccharides with particular attention to results of the last 10 years.

2. Polysaccharides from Brown Algae
2.1. Fucoidans

Polysaccharides from brown algae (Phaeophyceae) are well known for their anticancer and
cancer preventive properties [9]. These compounds have various important biological functions
including a protective role against heavy metal toxicity [10].

Fucoidans can be roughly divided into structural types as follows: a-L-fucans, galactofucans,
fucomannouronans and other intermediate structures [11]. Fucoidans isolated from many edible
brown algae contain mainly sulfated L-fucose residues attached to each other by a-1,3- or
interchangeable o-1,3- and a-1,4-bonds. The regular structures may be masked by random
acetylation and sulfation. Some fucoidans have branched structures. As a rule, fucoidans from
different algal species differ from each other and vary not only in positions and level of sulfation
and molecular mass, but sometimes in the structures of the main carbohydrate chains [12,13]. For
example, the fucoidan from the brown alga Saccharina (=Laminaria) cichorioides is 2,4-disulfated
1,3-0-L-fucan (Figure 1), while the fucoidan from Fucus evanescens (Figure 2) contains blocks of
a-1,3-fucooligosaccharides and a-1,4-fucooligosaccharides sulfated at the position 2 in fucose
residues [14-17].

Figure 1. Fucoidan from Laminaria cichorioides.
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Figure 2. Fucoidan from F. evanescens.
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Galactofucans in contradistinction from a-L-fucans demonstrate considerable structural
diversity [18,19]. Sulfated and often acetylated galactofucans are also widespread in brown algae,
including edible ones, such as Undaria pinnatifida and Laminaria japonica. The main chain of
galactofucan can be constructed of blocks or of alternating residues of fucose and galactose. The
type of bonds between the monosaccharide residues in galactofucans, the structure of branchings,
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the position of sulfates or acetates, as well as the molecular weight can be very multifarious [13,20].
For example the structural fragment of galactofucan from L. japonica [21] is provided in Figure 3.

Figure 3. Galactofucan from L. japonica.
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Some brown algae species contain other fucose-embracing heteropolysaccharides such as
rhamnofucanes, uronofucanes, efc. For example, the main structure of the fucoglucuronomannan
from Kjellmaniella crassifolia is [-4-D-GlcpUAP1-2(L-Fucp(3-O-sulfate)ol-3)D-Manpal-]. [22].
Uronofucanes are often named as U-fucoidans.

The structural diversity of fucoidans has not yet been sufficiently studied. The structural
complexity of fucoidans, the existence of many sub-classes of these glycans in their biological
sources as well as a lack of automatic sequencing methods for these polysaccharides have
stimulated structure-function studies on the so-called fucanomes in the corresponding marine
organisms [23,24]. This research is necessary for the solution of problems of standardization of
preparations on the basis of fucoidans, which have attracted attention as practically nontoxic natural
products [25-27] with antitumor, immunomodulatory, and other useful properties [24,28-30].

The anticancer properties of fucoidans have been established many times by in vitro and in vivo
experiments [9,12,13,31-33]. It was reported that Cladosiphon fucoidan prevented the attachment
of Helicobacter pylori to the mucin of the gastric tract and, therefore, reduced the risk of associated
gastric cancer [34]. While using AGS human gastric adenocarcinoma cells and fucoidan from
Fucus vesiculosus, it was established that treatment with fucoidan resulted not only in apoptosis of
these cells, but also in autophagy with the formation of autophagosomes in fucoidan-treated cells,
the conversion of microtubule-associated protein light chain 3 to light chain 3-II and the increase of
beclin-1 level [35]. Several reports have also suggested cancer preventive effects of fucoidans on
different cellular models. Galactofucan from U. pinnatifida inhibited proliferation of prostate
cancer PC-3, cervical cancer HelLa, alveolar carcinoma A549, and hepatocellular carcinoma HepG2
cells in a similar pattern to the commercial fucoidan from F. vesiculosus [20]. Fucose-containing
sulfated polysaccharides from brown algae Sargassum henslowianum and F. vesiculosus decreased
the proliferation of melanoma B16 cells in a dose-response manner. Flow cytometric analysis by
Annexin V staining established that both preparations influenced the translocation of membrane
phospholipids and activated caspase-3 followed by apoptosis of tumor cells in in vitro
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experiments [36]. Fucoidan from Ascophyllum nodosum induced the activation of caspases-9 and -
3 and the cleavage of PARP led to apoptotic morphological changes and altered the mitochondrial
membrane permeability [37]. Sulfated polysaccharide isolated from the enzymatic digest of
Ecklonia cava had an effect on caspases-7 and -8 and controlled the cellular membrane molecules
Bax and Bcl-xL [38]. The fucoidan from Sargassum filipendula showed antiproliferative activity
on HeLa cells [39] and induced apoptosis by mitochondrial release of apoptosis inducing factor
(AIF) into cytosol, but was not able to activate caspases [40]. The caspase-independent apoptotic
pathway was demonstrated for fucoidan from Cladosiphon novae-caledoniae [41]. The differences
in the mechanisms of apoptosis probably depend upon the structural characteristics of fucoidans
and the type of cell lines. Fucoidans were shown to induce apoptosis of some other cancer cells, for
example HT-29, HCT116, and HCT-15 human colon cancer cells [42,43] as well as MCF-7 (breast
adenocarcinoma) [44], melanoma SK-Mel-28, breast cancer T-47D [45], and human promyeloid
leukemic cell lines [46]. MAPK pathways are involved in cellular proliferation, differentiation, and
apoptosis induced by fucoidans. The fucoidan from F. vesiculosus clearly decreased the
phosphorylation of ERKs but not p38 [47]. Another group reported that the pro-apoptotic effect of
fucoidan from F. vesiculosus was mediated by the activation of ERKs, p38 and by the blocking of
PI3K/Akt signaling pathway in HCT-15 cells [42].

Angiogenesis is a multistep process whereby the new blood vessels develop from the pre-
existing vasculature. It involves migration, proliferation and differentiation of mature endothelial
cells, and is regulated by interactions of endothelial cells with angiogenesis-inducing factors and
extracellular matrix components [48]. Fucoidans may suppress tumor growth by inhibiting
tumor-induced angiogenesis. Natural and oversulfated fucoidans suppressed the VEGF16s induced
proliferation and the migration of human umbilical vein endothelial cells (HUVEC) by preventing
the binding of VEGFies to its cell surface receptor and inhibiting the VEGF-mediated signaling
transduction [49]. In addition, the growth of two types of murine tumor cells inoculated into the
footpads of mice was suppressed by administration of natural and oversulfated fucoidans. The
relationship between sulfate content in fucoidan from U. pinnatifida and the proliferation of human
stomach cancer cell line AGS was published [50]. These data showed that antiangiogenic and antitumor
activity of fucoidans can be potentiated by increasing the sulfate groups in the molecule [51]. The
relationship between the sulfate content of fucoidan and its inhibitory effect on the proliferation of
U937 cells was also reported [52]. These results indicated that oversulfated fucoidan induced
apoptosis through caspase-3 and -7 activation. The effect of the molecular weight of fucoidan
from U. pinnatifida on the inhibition of cancer cell growth has been investigated. The anticancer
activity of fucoidans could be increased by lowering their molecular weight whereby they are
depolymerized by mild hydrolysis without a considerable amount of desulfation [53]. The
mechanism by which fucoidans inhibited the invasion/angiogenesis of tumor cells has not been
clearly elucidated. VEGF is a known angiogenic factor. Fucoidan from C. novae-caledonia kylin
digested with the abalone glycosidase was responsible for the reduction of MMP-2/9 activities and
the decrease in VEGF expression with subsequent inhibition of invasion and suppression of tubules
formation in tumor cells [54].
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Fucoidans are able to inhibit metastasis of cancer cells. Cell surface receptors belonging to the
integrin family have been demonstrated to be involved in the invasion and the metastasis of tumors.
The fucoidan from 4. nodosum inhibited adhesion of MDA-MB-231 (breast adenocarcinoma) cells
to fibronectin by binding it and modulating the reorganization of the integrin 5 subunit and
down-regulating the expression of vinculin [55].

Cancer preventive properties of fucoidans have been shown in many experiments. For example,
decrease of clonogenic growth of tumor cells was demonstrated after treatment with
fucoidans [30,45,56]. The inhibition of cell transformation provided evidence on the anti-tumorigenic
potential of fucoidans from A. nodosum [57], S. japonica, U. pinnatifida, Alaria sp., and
F. evanescens [29,45,58].

Fucoidans may enhance the anticancer action of some low molecular weight compounds. For
example, the fucoidan from the Far-eastern brown seaweed F. evanescens at a concentration of
500 pg/mL was not cytotoxic in human malignant lymphoid MT-4 or Namalwa cells. Pretreatment
of MT-4, but not Namalwa cells with fucoidan followed by the exposure to DNA topoisomerase I1
inhibitor etoposide led to about a two-fold increase in the relative apoptotic index as compared with
etoposide itself [56]. The fucoidan from S. cichorioides enhanced the antiproliferative activity of
resveratrol at nontoxic doses and facilitated the resveratrol-induced apoptosis in the HCT116 cell
line. Furthermore, the cells were sensitized by the fucoidan to the action of resveratrol and the
inhibition of HCT116 clonogenic capacity was indicated [59].

Some fucoidans showed cytoprotective properties. It is important that fucoidan may be useful
for the recovery of S-fluorouracil (5-FU)-treated antigen-presenting dendritic cells, because this
clinical anticancer agent induces immunosuppression in cancer patients as a side effect [60].

In the majority of cases, molecular mechanisms of anticancer and cancer preventive actions of
fucoidans were established by in vitro studies. Many fucoidans induced apoptosis of tumor cells
through activation of the caspases and by enhancing mitochondrial membrane permeability.
Sometimes this mechanism involved the reactive oxygen species (ROS)-dependent JNK activation
as was shown for partly digested fucoidan from commercially available seaweed C. novae-caledoniae
using MCF-7 and MDA-MB-10A tumor cells [41].

Fucoidans modulate the immune system and may induce functional maturation of human
monocyte-derived dendritic cells (DC) [61]. Ligand scavenger receptor class A (SR-A) indirectly
participates in maturation of human blood dendritic cells via production of tumor necrosis factor
followed by stimulation of T-cells. Thereby, fucoidan acts as a scavenger receptor agonist and
maturation is eliminated by pretreatment with TNF-neutralizing antibodies [62]. At a later date, it
was confirmed that SR-A plays a crucial role in affecting the DC-mediated presentation of cancer
antigens to T cells in human cancer cells, and it was also established that fucoidan promoted the
DCs maturation. The fucoidan-treated DCs stimulated the CD8" T limphocytes to release
more interferon-y than non-fucoidan-treated cells. It was found that fucoidan enhanced the
cross-presentation of NY-ESO-1 cancer testis antigen to T cells and it led to the increase of T-cell
cytotoxicity against NY-ESO-1 human cancer cells [63]. Cytotoxic activities of natural killer cells
were also activated in vivo after administration of fucoidans from Sargassum sp. and F. vesiculosus
to mice [36].
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Fucoidan from F. vesiculosus inhibited the migration and the invasion of human lung cancer
cells decreasing the cytosolic and nuclear levels of kappa-B nuclear factor [64]. Treatment of
mouse breast cancer cells with fucoidan showed that the enhanced antitumor activity was
associated with decreased angiogenesis via the down-regulation of vascular endothelial growth
factor and increased induction of apoptosis [65].

It has been suggested that the anticarcinogenic action of fucoidan from S. cichorioides is
connected with its ability to interact directly with epidermal growth factor (EGF) and prevents its
binding to EGF receptor (EGFR). Actually, in experiments with neoplastic transformation of JB6
mouse epidermal cells induced by EGF or 12-O-tetradecanoylphorbol-13 acetate, a Russian-
Korean group of scientists reported that inhibition of EGFR phosphorylation was followed by
inhibition of the activities of some extracellular signal regulated kinases that resulted in the
inhibition of AP-1 nuclear factor transactivation [66,67].

Ultraviolet irradiation is known to induce skin aging and cause skin cancer. UVB stimulates the
activation of cellular signaling transduction followed by the production of metalloproteinases
(MMPs). Fucoidans suppressed the UVB induced MMP-1 expression and inhibited ERKs activity
in human skin fibroblasts in a dose-dependent manner. They inhibited significantly MMP-1
promoter activity and increased type I procollagen mRNA and protein expression. It was concluded
that Costaria costata fucoidan may be considered as a potential agent for the prevention and
treatment of skin photoaging [68—70]. The fucoidan from F. vesiculosus post-translationally
regulated MMP-9 secretion from human monocyte cell line U937 [71].

Thus, the molecular mechanisms of anticancer and cancer preventive actions of fucoidans are
rather complicated and may include inhibitory effects against cancer cell proliferation and
induction of tumor cells apoptosis. In addition, these polysaccharides stimulate immunity and
inhibit angiogenesis. The cancer preventive action of fucoidans includes such useful properties as
anti-inflammatory, anti-adhesive [72], antioxidant and antiviral effects [73—76] as well as their
capability to bind heavy metals. Moreover, these compounds may delay and decrease the action of
such factors of carcinogenesis as some tumor promoters (EGF, phorbol esters), defend against UV
radiation and inhibit the tumor invasion by modulation of metalloproteinases. Possibly, these
effects depend on the differences in the structures of fucoidans isolated from various biological
sources and on their physico-chemical characteristics such as molecular weight.

Daily consumption of fucoidan-containing algae was proposed as a factor in the lowering of
postmenopausal breast cancer incidence and mortality. Urinary human urokinase-type plasminogen
activator receptor concentration is higher among postmenopausal women breast cancer patients. It
was shown that this concentration was decreased by about 50% after seaweed supplementation [77].
In addition, fucoidans reduced the toxicity of chemotherapy for patients with unresectable advanced
or recurrent colorectal cancer. Fucoidan may enable the continuous administration of such drugs as
oxaliplatin plus SFU/leucovorin and, as a result, may prolong the survival of patients [78]. In some
countries food supplements and drinks containing fucoidans are used to treat patients having
different cancers. In many countries fucoidan-containing extracts are used as a remedy in
traditional medicine.
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In our opinion, the perspectives of studies on fucoidans are connected with further search for
new structural variants of these types of polysaccharides and the relationships established between
the structures and the biological activities. The great diversity of fucoidans, presenting in brown
algae and covering a much broader range than only those having a fucan backbone, provides
potential for the future discovery of numerous new polysaccharides of this class and their
derivatives. Fucoidan bioactivities depend on the extraction and the purification methods used,
because fucoidans obtained from the same biological source using different methods differ from
each other in the content of sulfate groups and in the impurities [79]. Furthermore it is known that
the content and structure of fucoidans depends on the seaweed species, the parts of the plant, the
harvest season and mainly on the stage of development of the algae [58,80,81].

The recent rapid progress in studies on fucoidans has been achieved by application of modern
methods of structural investigation such as 2D NMR, MALDI-TOF and tandem ESI
mass-spectrometry [82,83] as well as new techniques of molecular biology and pharmacology such
as fluorescent staining, flow cytometry, mi-RNA, Western blot, etc.

2.2. Laminarans

Important results have been obtained in the studies on other algal polysaccharides from brown
algae laminarans, as potential cancer preventive agents. Laminarans are low molecular weight
polysaccharides (MW about 3—6 kDa) consisting mainly of 1,3-linked B-D-glucopyranose residues
with a small number of 1,6-bonded B-D-glucopyranose units in the main and the branching chains.
Their carbohydrate chains are terminated with D-mannitol residues (so-called M-chains) or contain
glucopyranose residues only (so-called G-chains) (Figure 4). Sometimes terminal residues of
M-chains may be additionally glycosylated or M-chains may be completely absent [84]. Branching
at positions 2 and 6 was found in the laminaran from Saccharina longicrucis [85].

Figure 4. The structures of G- and M-chains of laminarans.
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High molecular weight laminaran (19-27 kDa) was recently isolated from the brown seaweed
Eisenia bicyclis. It was shown that this 1,3;1,6-p-D-glucan contained 1,6-linked glucose residues in
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both branches and the main chain, basically in the non-reduced ends of the molecules. This
laminaran and its products of enzymatic degradation inhibited the colony formation of SK-Mel-28
and colon cancer DLD cells. The increase of the content of 1,6-linked glucose residues and the
decrease of the molecular weight improved the anticancer effect in this series of substances [85]. It
is known that algal glucans suppress angiogenesis in tumor growth. Recent findings show that they
enhanced the tumor response to photodynamic therapy in C57BL/6 mice, administered
subcutaneously with Lewis lung carcinoma cells. Ten days after implantation, the mice were treated
with sodium porfimer, 24 h prior to laser irradiation with or without oral administration of
B-D-glucans. When algal B-D-glucan was used, significantly reduced tumor growth was indicated [86].

Laminarans noticeably inhibited the formation of putrefactive and harmful compounds, such as
indoles, p-cresol, ammonia, phenol, and sulfide, produced by the fecal microflora. These
putrefactive compounds in rats fed low molecular alginate also tended to be lower. In both
experiments (with laminaran and with alginic acid) the intestinal bacterial flora of rats was
changed. Polysaccharides were fermented into propionic and butyric acids by intestinal microbiota,
similar to the effects of prebiotics. These results suggest that the fermentation of laminaran by
intestinal bacteria could suppress the risk of colorectal cancer [87,88]. It is of special interest that
not only laminarans, but also other PB-D-glucans, isolated from yeast, fungi and cereals
demonstrated anti-cytotoxic, anti-mutagenic, and anti-tumorigenic properties, making this class of
polysaccharides a promising promoter of health [89].

Tumor metastasis is connected with expression of heparanase, an endo-B-D-glucuronidase that
degrades the main polysaccharide constituent of the extracellular matrix and the basement
membrane. In fact, expression of the heparanase gene is associated with the invasive potential of
tumors. Laminaran sulfate inhibited heparanase enzymatic activity and reduced the incidence of
metastasis in experimental animals [90].

2.3. Alginic Acids

Alginic acids are widely distributed in the cell walls of brown seaweeds. These anionic
polysaccharides were proved to be linear polymers containing blocks of 1,4-linked
B-D-polymannouronate and o-L-polyguluronate (so-called M- and G-blocks) (Figure 5). Molecular
masses of alginic acids ranged between 10 kDa and 600 kDa. These polysaccharides are used in the
pharmaceutical industry and in biotechnology, particularly for cell immobilization and encapsulation.

Figure 5. Structure of alginic acid.
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Alginic acid-coated chitosan nanoparticles have been constructed as an oral delivery carrier for
the legumain-based DNA vaccine. It was shown that this vaccine could effectively improve
autoimmune response and protect against breast cancer in mice [91].

Biopreparations containing alginic acids probably have some cancer preventive properties
because of the ability of polysaccharides to bind toxins and heavy metals in the intestines and
transform these dangerous compounds into less harmful forms.

3. Polysaccharides from Red Algae

Red algae (Rhodophyta) contain several classes of well known polysaccharides, having wide
application in microbiology, biotechnology and other fields, mainly due to the ability of their
aqueous solutions to form strong gels. Sulfated galactans such as agar, agarose and carrageenans
usually contain repeating disaccharides of f-(1—3)-linked and a-(1—4)-linked galactopyranosyl
(Galp) residues. Several red algae species contain other polysaccharides, for example mannans and
xylans [92].

All carrageenans consist of either galactose or galactose and 3,6-anhydrogalactose
monosaccharide units and differ from each other in monosaccharide composition, level of sulfation,
positions of sulfate groups and molecular weights. Three groups of carrageenans, so-called kappa-,
iota- and lambda-carrageenans, are of commercial significance (Figure 6). Hybrid forms of

carrageenans are also known.
Figure 6. Structures of repeating units of some carrageenans.
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Some representatives of this polysaccharide class demonstrate properties connected with cancer
prevention, mainly due to antiviral, antioxidant properties, and stimulation of antitumor immunity.
As is known, certain sexually transmitted human papillomavirus types are associated with the
development of cervical cancer. Recently, it was established that carrageenan in nanomolar
concentrations inhibits papillomavirus. However, clinical trials are needed to determine, whether
carrageenans are effective as antiviral drugs against genital human papilloma viral infection or
not [93].

k-Carrageenans degraded by an oxidative method involving hydrogen peroxide (H20:2) treatment
were evaluated as scavengers of superoxide anions and hydroxyl radicals by application of flow
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injection chemiluminescence technology. The values of ICso of degraded «-carrageenans labeled A,
B, C, and D against the superoxide anion showed a positive correlation with molecular weight. As
for hydroxyl radical scavenging, the ECso values of degraded «-carrageenans A, B, C, and D showed
the same correlation. Therefore, these results indicated that k-carrageenans with lower molecular
weights have better antioxidant properties and may be promising for cancer prevention [94].
Carrageenan oligosaccharides from the red alga Kappaphycus striatum were perorally
administrated during 14 days into mice inoculated with S180 tumor cell suspension. This resulted
in growth inhibition of transplantable sarcoma cells, increased macrophage phagocytosis, enhanced
antibody production, increased lymphocyte proliferation, stronger NK cell activity, and elevated
levels of IL-2 and TNF-o. These results suggested that the studied oligosaccharides exert their
antitumor effects by promoting the immune system [95]. In vivo antitumor activities for
K-carrageenan oligosachharides and low molecular A-carrageenan from Chondrus ocellatus have
been established. The latter also potentiated the antitumor effect of 5-FU [96,97]. Similar data were
obtained in studies of sulfated polysaccharide from the red alga Champia feldmannii [98]. Thus,
low molecular carrageenans and carrageenan oligosaccharides seem to be more promising cancer
preventive agents than high molecular natural products belonging to this class of polysaccharides.

However, harmful gastrointestinal effects of both native and degraded carrageenans followed by
the induction of neoplasms in animal experiments were reported [99]. Later, it was confirmed that
degraded carrageenan induces colitis in rats in vivo and induces inflammation. However, in
experiments in vitro, the preparation inhibited proliferation of THP-1 cells and arrested the cells in
the G1 phase [100]. In another review concerning the toxicological effects of carrageenan on the
gastrointestinal tract, it was demonstrated that systematically perorally administrated carrageenan
was not carcinogenic. It was noted that previous toxicological studies involved administration of
doses that exceeded those to which humans are exposed by several magnitudes [101]. Similar
conclusion about the safety of peroral application of k-carrageenan was made as a result of a
90-day dietary study in rats [102].

Thus, further investigations are needed to determine the applicability of partly degraded
carrageenans as cancer preventive agents.

4. Polysaccharides from Green Algae

Among marine macrophytes, marine green algae have been less studied in comparison to brown
and red algae as sources of polysaccharides with anticancer and cancer preventive properties.
However, their antitumor properties have been sometimes reported, mainly for the polysaccharides
belonging to the so-called ulvans. Ulvans, water soluble sulfated polysaccharides from the cell
walls of green algae are characteristic of the plants, belonging to the genera Ulva, Enteromorpha,
Monostroma, Caulerpa, Codium, and some others. They are composed of repeating disaccharide
moieties, containing sulfated rhamnose and uronic acid (glucuronic or iduronic). The structure of
the disaccharide moieties of ulvans resembles that of glycosaminoglycans, which occur in the
extracellular matrix of connective tissues of animals. Some ulvans include also xylose residues
(Figure 7) [103].
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Figure 7. Structure of the main repeating disaccharide in Ulva rigida.

4o 0 Me 0
Y o
HO
n
-0,S0
0S0;" 3
OH

[~ 4)-B-D-Xyl 28(1— 4)-a-L-Rha3S(1 — |

The highly pyruvated 1,3-B-D-galactan sulfate from the Pacific Codium yezoense and the similar
polysaccharide from Codium isthmocladium represent another type of polysaccharides found in
green algae [104,105]. Sulfated B-D-mannans like that isolated from Codium vermilara [106] have
also been found.

Promising antioxidant and antiproliferative activities were recently found in the sulfated
polysaccharides isolated from several tropical species of green algae. HeLa cell proliferation was
inhibited between 36.3% and 58.4% after 72 h incubation with the polysaccharide isolated from
Caulerpa prolifera [107]. Two polysaccharide fractions obtained from the green alga Caulerpa
racemosa showed antitumor activities, and their inhibition rates of H22 tumor transplanted in mice
were 59.5%—83.8% (48 h) and 53.9% (14 days) at a dose of 100 mg/kg/day, respectively [108].

In vivo and in vitro stimulation of immunity was indicated as the action of water-soluble sulfated
polysaccharide fractions from FEnteromorpha prolifera. These polysaccharides significantly
increased ConA-induced splenocyte proliferation and induced the production of various cytokines
via up-regulated m-RNA expression [109]. The ulvan from Ulva rigida induced more than a two
times increase in the expression of some cytokines, stimulated the secretion and activity of murine
macophages as well as inducing an increase in COX-2 and NOS-2 expression [110]. Ulvans from
Ulva pertusa had little cytotoxicity against tumor cells, but significantly stimulated immunity,
inducing considerable amounts of nitric oxide and cytokine production [111]. There are several
reports concerning the antioxidant activities of ulvans in experimental D-galactosamine-induced
hepatitis in rats [112,113].

The strong immuno-modulatory potencies as well as the antioxidant properties of
polysaccharides from green algae suggest their potential cancer preventive activity and their future
utilization as experimental immuno-stimulants.

5. Polysaccharides from Microalgae

There is little information concerning cancer preventive and anticarcinogenic properties of
polysaccharides from marine microalgae, although these organisms have been used for a long time
as food for humans, particularly Arthrospira (the former name Spirulina) and Porphyridium.
Similar marine organisms belong to the classes Bacillariophyceae (diatoms), Cyanophyceae
(blue-green algae), Porphyridiophyceae and partly to Chlorophyceae and Rhodophyceae. However,
after the nuclear accident of Fukushima and the resulting radioactive pollution, the ability of
marine algae to bio-accumulate radionuclides, has become a major concern. For example, the
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newly discovered green microalga, Parachlorella sp. binos (Binos) exhibited highly efficient
incorporation of radioactive isotopes of iodine, strontium and cesium. The authors also showed the
ability of microalgae to accumulate radioactive nuclides from water and soil samples collected
from the heavily contaminated area in Fukushima [114]. Determination of the potential radioactive
contamination of seaweeds is therefore crucial before further search for bioactive compounds.
Polysaccharides isolated from various microalgae ranging from diatoms to green-blue algae
demonstrated different activities, although direct anticancer properties were rarely reported [91].
Apoptogenic properties of red microalgal polysaccharides in two human tumor cell lines MCF-7
and HeLa were established [115]. Some microalgal polysaccharides were found to show antiviral
activities against retroviruses. These viruses, containing reverse transcriptase are implicated in
various types of leukemias and other tumors. Polysaccharides from the fresh water red microalga
Porphyridium sp. were more active than those from Porphyridium aerogineum and Rhodella
reticulata against murine leukemia virus (MULV) and murine sarcoma virus (MuSV-124) in cell
culture [116]. Marine red microalgae polysaccharides and polysaccharides from other microalgae
were also studied in this respect. For example, sulfated polysaccharides from the marine microalga
Cochlodinium polykrikoides showed a significant in vitro antiviral activity against human
immunodeficiency virus and absence of a cytotoxic effect directed against the host cells [117].
Antiviral properties were found in several other polysaccharides, isolated from different
microalgae [118,119].

In addition, blue green algal polysaccharides were immuno-active and showed antioxidant and
free radical scavenging properties [115]. High molecular weight polysaccharides from the fresh
water Spirulina platensis and related species [120] were between one hundred and one thousand
times more immuno-active than polysaccharide preparations from other biological sources that are
used clinically for cancer immunotherapy. Actually, related compounds with similar properties
should be found in the corresponding marine species. Antioxidant activity was also reported for
polysaccharides from Porphiridium cruentum [121].

All these activities are usually associated with anticancer and cancer preventive properties. For
example, it is known that oxidative stress can lead to cancer and some antioxidant marine products
proved to be chemopreventive antitumor agents [122]. Cancer preventive action of the
oligosaccharide derived from the microalga P. cruentum was reported [123]. Another example
concerns the extract from the deep-sea water Spirulina maxima, which effectively suppressed the
expression of Bcl2 in A549 cells and inhibited viability of other human cancer cells [124].
Spirulina platensis preparations showed the chemopreventive effect against carcinogenesis induced
by dibutyl nitrosamine with the decrease of the incidence of liver tumors from 80% to 20%.
However, it is unknown, whether polysaccharide contribution is significant in this case or not [125].

6. Polysaccharides from Marine Bacteria and Fungi

A great diversity of polysaccharides from marine bacteria and fungi also attract attention
because of their structures, anticancer and cancer preventive properties. Polysaccharide B1 from
the marine Pseudomonas sp. has repeating units as -2)-p-D-Galp(4-sulfate)(1,4)[B-D-Glcp(1,6)]-B-
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D-Galp(3-sulfate)(1- and demonstrated cytotoxicity against tumor cells, being more active to the
central nervous system and lung cancer cell lines. It induced apoptosis in U937 cells [126].

The marine filamentous fungus Keissleriella sp. YS 4108 polysaccharide with a mean molecular
weight of 130,000 Da showed radical eliminating and antioxidant actions in various in vitro
systems. In addition to scavenging activities, the polysaccharide effectively blocked the non
site-specific DNA strand-break induced by the Fenton reaction at concentrations of 0.1 and
1 mg/mL. These results suggested that this preparation could be of preventive and therapeutic
significance to some life-threatening health problems such as cancer [127].

7. Polysaccharides from Marine Animals

Polysaccharides can be found in various marine animals such as sea cucumbers, sea urchins,
sponges, starfish, ascidians, efc. They contain a great variety of polysaccharide compounds,
including glycosaminoglycans, fucans, and galactans [23,128—-130]. These compounds demonstrate
diverse biological properties, including anticoagulant and antitrombotic [131-133], antioxidative [134],
neuroprotective [135,136], and antiviral activity as well [8,137]. However, anticancer and cancer
preventive activities of the polysaccharides from marine animals have been studied insufficiently.
Polysaccharide SEP isolated from the eggs of the sea urchin Strongylocentrotus nudus effectively
inhibited the growth of S180 tumor and the hepatocellular carcinoma in vivo via the activation of
lymphocytes and macrophages, amplification of B and T cell proliferation, and increased secretion
of such cytokines as IL-2, TNF-a and IFN-y [138-141]. The sulfated polysaccharide conjugate
from viscera of abalone Heliotis discus hannai, administered at doses of 1-40 mg/kg to mice
inhibited tumor growth and increased lymphocyte proliferation, as well as natural killer cell activity
and antibody production. A significant increase of immune function was observed in
cyclophosphamide-induced immunosuppressive mice on administration of 40 mg/kg dose [142].

Cancer chemoprevention implies the use of natural or synthetic compounds for prevention,
suppression or reversal of the process of carcinogenesis [143]. Cancer preventive compounds may
stimulate anticancer immunity, inhibit inflammation, angiogenesis and tumor invasion, or protect
from UV-radiation damage [144—147]. Preincubation with mytilan, a polysaccharide isolated from
the mussel Crenomytilus grayanus, was followed by a normalization of the activity indicators of
human peripheral blood lymphocytes and by a reduction of the number of morphological defects of
the marine invertebrates larvae after UV-irradiation [148]. Sulfated polysaccharide obtained from
the sea cucumber Cucumaria frondosa affected the maturation of monocyte-derived dendritic cells
and their activation of allogeneic CD4(+) T cells in vitro by down regulation of the secretion of
IL-10 and IL-12p40 at 100 pg/mL [149]. Some polysaccharides from the marine animals inhibited
the binding of pro-inflammatory molecules, P- and L-selectins, to immobilized carbohydrate
determinant sialyl Lewis® which is a component of cell surface glycoproteins presented in
leukocytes and overexpressed in several tumor cells. As a consequence of their antiselectin activity,
these polysaccharides attenuated metastasis and inflammation [150—152]. Oral administration (100
mg/kg body weight) for five days of sea cucumber fucoidan (SC-FUC) extracted from Acaudina
molpadioides can significantly prevent the formation of gastric ulcer in rats. Moreover, SC-FUC
pretreatment could alleviate ethanol-induced histological damage, reverse changes in tissue
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oxidation and antioxidase activities, and regulate the signaling pathways of mitogen-activated
protein kinases and matrix metalloproteinases [153]. Chondroitin sulfate isolated from ascidian
Styela clava inhibited phorbol ester- and TNF-o-induced expression of inflammatory factors
VCAM-1, COX-2 and iNOS by blocking Akt/NF-kB activation in mouse skin [154,155].
Anti-inflammatory activity of heparin analogues from ascidians and marine shrimps was also
reported [156,157]. The heparin isolated from white leg shrimp demonstrated anti-angiogenic
activity [158].

8. Conclusion

To date, numerous polysaccharides have been isolated from different marine organisms ranging
from marine bacteria to marine animals and several dozen of them have attracted attention as
promising anticancer and cancer preventive substances. Some of these compounds are already used
in clinical practice. Polysaccharide anticancer and cancer preventive substances demonstrate a wide
variety of useful properties and mechanisms of action, including inhibition of tumor cell proliferation,
induction of apoptosis, inhibition of angiogenesis, efc. These biopolymers and their derivatives
frequently show radical scavenging, antiviral, and immuno-stimulatory properties. Polysaccharides
obtained from marine invertebrates possess unique physico-chemical and biological properties,
which justify intensive research efforts in the future. The increasing exploration of marine
biological sources will help to identify the most promising of these compounds.
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Fucoidan as a Marine Anticancer Agent in
Preclinical Development

Jong-Young Kwak

Abstract: Fucoidan is a fucose-containing sulfated polysaccharide derived from brown seaweeds,
crude extracts of which are commercially available as nutritional supplements. Recent studies have
demonstrated antiproliferative, antiangiogenic, and anticancer properties of fucoidan in vitro.
Accordingly, the anticancer effects of fucoidan have been shown to vary depending on its structure,
while it can target multiple receptors or signaling molecules in various cell types, including tumor
cells and immune cells. Low toxicity and the in vitro effects of fucoidan mentioned above make it a
suitable agent for cancer prevention or treatment. However, preclinical development of natural
marine products requires in vivo examination of purified compounds in animal tumor models. This
review discusses the effects of systemic and local administration of fucoidan on tumor growth,
angiogenesis, and immune reaction and whether in vivo and in vitro results are likely applicable to
the development of fucoidan as a marine anticancer drug.

Reprinted from Mar. Drugs. Cite as: Kwak, J.-Y. Fucoidan as a Marine Anticancer Agent in
Preclinical Development. Mar. Drugs 2014, 12, 851-870.

1. Introduction

Fucoidan is a polysaccharide that consists of sulfated fucose residues. The richest sources of
fucoidan are marine organisms, including brown algae species such as Laminaria and Fucus [1].
Fucoidan-rich brown algae have been marketed as a dietary supplement or nutraceutical. Fucoidan
has advantages of low toxicity, oral bioavailability, and multiple mechanisms of action.
Pharmacologically, fucoidan affects many pathophysiological processes, including inflammation,
vascular physiology, carcinogenesis, and oxidative stress [2,3]. Furthermore, fucoidan can easily be
extracted using either hot water or acidic solutions [4]. Thus, fucoidan-containing food
supplements or drinks have been traditionally administered to cancer patients in Korea, Japan,
China, and other countries. Although the underlying anticancer effects of fucoidan are largely
unknown, it can directly induce cytotoxicity and apoptosis in cancer cells [5]. Fucoidan can also
affect cancer cells indirectly e.g., as an antiangiogenic agent. Furthermore, fucoidan has
immune-stimulating effects on dendritic cells (DCs) [6-9] and natural killer (NK) cells [10,11].
Thus, fucoidan can enhance anticancer immunity through immune cell activation and influx and

stimulation of the production of anticancer cytokines.
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Fucoidan has been reported to be effective in vivo upon oral, intraperitoneal, or intravenous
administration (Table 1). Australian groups have reported clinical trials using fucoidan [12—-15].
Recently, Fitton reviewed the potential therapeutic use of fucoidan in various diseases, including
infection, chronic inflammation and fibrosis, liver diseases, arthritis, and radiation injury [2].
Biological activities of fucoidan, including anticancer activity, may vary depending on the source
of seaweed, compositional and structural traits, charge density, distribution, bonding of the sulfate
substitutions, and purity of the fucoidan preparation [4,16].

The structure and function relationships of fucoidan and other sulfated polysaccharides have
been reviewed previously [1,3,16]. This review discusses the preclinical development and use of
fucoidan as a marine anticancer agent, based on in vivo findings in animal models of cancers or

other diseases.
2. Cancer Cell Apoptosis in Vitro

Although the mechanisms underlying the antitumor activity of fucoidan are diverse, it has
antitumor activity by inducing apoptosis in cancer cells. Fucoidan-mediated apoptosis of cancer
cells likely involves up-regulation or down-regulation of multiple signaling pathways. However,
signaling pathways leading to the apoptosis of cancer cells by fucoidan have not been fully
characterized [5]. Recently, in vitro studies have shown the molecular mechanisms of fucoidan in
the induction of apoptosis in various human cancer cells, including HL-60, NB4, THP-1, and U937
leukemic cells [17,18], MCF-7 breast cancer cells [19], AGS human gastric adenocarcinoma
cells [20], A549 lung carcinoma cells [21], PC-3 prostatic cancer cells [22], and SMMC-7721
hepatocellular carcinoma cells [23]. Xue et al. demonstrated that intraperitoneally injected crude
extracts of Fucus vesiculosus induced apoptosis of 4T1 breast cancer cells in tumor-bearing mice,
but fucoidan alone did not cause apoptosis of some other cancer cells in vitro [24]. Thinh et al.
demonstrated that highly purified fucoidan derived from the brown algae Sargassum mcclurei was
less cytotoxic, but inhibited colony formation in DLD-1 colon cancer cells when used at up to 200
pg/mL for 48 h [25]. We showed previously that fucoidan derived from Fucus vesiculosus failed to
induce apoptosis in K562 erythroleukemic [17] and mouse CT26 colon cancer cells [26], while it
inhibited cell proliferation. These results suggest that apoptotic activity of fucoidan on cancer cells
may be cell type specific.
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3. In Vivo Anticancer Effects

Tumor-bearing animal models are commonly utilized to study the effects of therapeutic
interventions. Recently, fucoidan was shown to inhibit the growth of tumor cells in several animal
models (Table 1). Importantly, fucoidan treatment is relatively safe in animals. For example,
tumor-bearing mice tolerated repeated injections of a moderate dose of fucoidan (10 mg/kg) [27].
However, fucoidan at 25 mg/kg caused toxicity in the same mouse model [27]. When fucoidan
derived from Laminaria japonica was administered to rats orally at 300 mg/kg per day, there were
no significant toxic effects [35]. Other groups also demonstrated that there was no difference in
body weight between controls and animals treated with 200 mg/kg of fucoidan administered
intraperitoneally [28]. Importantly, in a recent phase-two clinical trial in humans conducted by
Mpyers et al., a seaweed-derived nutrient supplement, containing 75 mg fucoidan plus vitamin B6,
zine, and manganese, was found to be safe when taken orally over four weeks [15]. These results
suggest that fucoidan generally has low toxicity and is well tolerated.

A substantial number of animal studies have been conducted for the treatment of cancer using
fucoidan. Alekseyenko et al. showed that while a single injection of fucoidan at 25 mg/kg failed to
inhibit tumor growth in mice with transplanted Lewis lung adenocarcinoma, repeated injections of
fucoidan at 10 mg/kg resulted in pronounced antitumor and antimetastatic effects [27]. In a
hepatocellular carcinoma xenograft mouse model established by implanting Bel-7402 cells in nu/nu
mice, administering fucoidan at 200 mg/kg intraperitoneally caused an anticancer effect partly by
inhibiting the proliferation of cancer cells in vivo, but not by apoptosis [28]. Xue et al. investigated
the effects of fucoidan on the metastasis of cancer cells. They demonstrated that crude extracts of
fucoidan suppressed lung metastasis of 4T1 breast cancer cells as well as tumor growth [24,36].
Fucoidan markedly reduced the growth rate of 4T1 cells and significantly diminished the number
of metastatic tumor nodules present in the lungs of 4T 1-xenografted mice [29]. Collectively, these
results suggest that fucoidan treatment suppresses tumorigenesis and metastasis, supporting the
potential development of fucoidan as an anticancer drug.

Molecular mechanisms underlying the mode of action of fucoidan were studied in vivo.
Fucoidan was found to prevent diethylnitrosamine-induced hepatocarcinogenesis by inhibiting
metabolic activation of the carcinogen [30]. Takeda et al. found that oral administration of fucoidan
effectively inhibited growth of implanted Sarcoma-180 cells in xenograft mouse models [31].
Fucoidan likely mediated nitric oxide (NO) release by stimulated macrophages in the tumor
microenvironment, thus causing apoptosis. Furthermore, supernatants from fucoidan-stimulated
macrophages were found to cause apoptosis of Sarcoma-180 cells. This effect was negated by the
addition of a NO synthase inhibitor, N-nitro-L-arginine methyl ester (L-NAME) [31]. Xue et al.
demonstrated that B-catenin expression in tumor lesions was decreased significantly by fucoidan
treatment of tumor-bearing mice [36]. In addition, fucoidan treatment lowered expression of cyclin
D1 and c-myc in vivo. Similar to the in vivo results, in vitro experimental results also demonstrated
that fucoidan modulated the Wnt/B-catenin signaling pathway. These results suggest that fucoidan
exerts anticancer activity at least partly by down-regulating B-catenin signaling both in vitro and

in vivo.
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It has been suggested that differing in vivo effects of fucoidans may depend on electrical charge
density, extent of sulfonation, and the molecular weight of different preparations [37]. The
requirement for continuous administration may limit the use of high-molecular-weight (HMW)
fucoidan in pharmaceutical and clinical applications [38]. The in vitro anticancer activity of
fucoidans derived from the sporophyll of Undaria pinnatifida was significantly higher for
low-molecular-weight fucoidan (490 kDa) than for native fucoidan of 5100 kDa [39]. Azuma et al.
further investigated molecular-weight dependent effects of fucoidan on tumor growth and survival
time in tumor-bearing mouse models [11]. They showed that oral administration of fucoidan
extracted from Cladosiphon okamuranus in tumor-bearing mice suppressed colon tumor growth,
but the tumor weight was lowered in mice treated with either LMW (6.4-40 kDa) or HMW
fucoidan (300-330 kDa) preparations. Therefore, studying the anticancer efficacy of LMW and
HMW fucoidan preparations in animal models should be an area of future research efforts.

4. In Vivo Anticancer Immune Responses

Maruyama et al. studied mice that were fed a diet containing Mekabu fucoidan, derived from the
sporophyll of Undaria pinnatifida [32]. Mice were on the diet for 10 days before subcutaneous
inoculation with lymphoma cells. Thereafter, the mice were fed the same diet for 40 days. Cell
growth was significantly inhibited in these mice. However, tumor growth was not inhibited in mice
fed with fucoidan diet only 40 days after inoculation of lymphoma cells [32]. The authors
suggested that this anticancer activity may have been due to activation of an immune response
initiated even before inoculation of cancerous cells rather than a direct cytotoxic effect by fucoidan
on lymphoma cells. Further in vivo studies have elucidated potential mechanisms underlying the
fucoidan-mediated anticancer immune responses. For example, fucoidan can affect immune cell
activity and cytokine production. The killer activities of T cell-mediated NK cells were enhanced in
mice fed with fucoidan compared to control mice [10,32]. NK cell activation was associated with
increased production of interferon (IFN)-y and interleukin (IL)-12 by splenic T cells in
fucoidan-fed mice [32,40]. Furthermore, oral administration of fucoidan increased the number of
splenic NK cells in tumor-bearing mice [11].

It has been suggested that immunostimulation and immunosuppression occur simultaneously
in cancer patients, and deactivation of certain cytokines could offer an unexploited and novel
anticancer treatment approach [41]. Cancer-induced immune suppression is related to a defective
IL-12-IFN-y—HLA-DR axis [41]. Proinflammatory cytokines such as IL-12 are essential for
inducing the Thl response [42]. In vitro experiments in our laboratory have shown that the
secretion of IL-12p70 and IFN-y is enhanced by co-culturing T cells with fucoidan-activated
human peripheral blood DCs, whereas fucoidan-activated DCs alone failed to produce IL-12p70 [8].
On the other hand, Hu et al. demonstrated that fucoidan could enhance the maturation of DCs and
the cross-presentation of cancer testis antigen, NY-ESO-1 to CD8" T cells, thus augmenting the
cytotoxicity of T cells against NY-ESO-1-expressing cancer cells [9]. Interestingly, fucoidan was
found to increase NY-SEO-1 binding to human DCs [9]. Cancer immunotherapy using DCs
generated in vitro has been proven to be safe in clinical trials in combination with a DC activator [43].
Accordingly, we observed that the co-administration of DCs and fucoidan in tumor-bearing mice
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significantly decreased tumor growth when compared to the administration of DCs or fucoidan
alone (in preparation). Therefore, fucoidan could modulate anticancer immune responses against
different cancer cell types.

5. Antiangiogenic Effects of Fucoidan in Vivo

Targeting tumor angiogenesis or new vasculature formation has advanced cancer therapy [44].
Limiting new blood vessel formation by antiangiogenic agents reduces intratumoral blood flow,
hence limiting growth and metastatic potential. There have been contradictory reports of the effects
of fucoidan on angiogenesis. Oversulfated fucoidan was found to inhibit tumor-induced
angiogenesis [33,45], whereas fucoidan has been associated with neovascularization in other
diseases [46].

Oversulfated fucoidan was found to inhibit the basic fibroblast growth factor (bFGF)-induced
tube formation by human umbilical vein endothelial cells [45], while other sulfated polysaccharides
inhibited the proliferation and migration of vascular endothelial cells by altering FGF binding to
cell surface FGF receptors [47]. In contrast, fucoidan promoted FGF-2 effects in vivo [37] and
LMW fucoidan (MW. ca. 4 kDa) prepared by radical degradation promoted bFGF-induced tube
formation of endothelial cells [48,49]. On the other hand, in ex vivo angiogenesis assays, where rat
aortic tissue was placed on Matrige]™ and capillary tube formation was measured, fucoidan
derived from Undaria pinnatifida suppressed angiogenesis in the aortic rings when used at
100 pg/mL [50]. However, LMW fucoidan reduced intimal hyperplasia in a rat aortic allograft
model of transplant atherosclerosis, while stimulating formation of an endothelial lining in the
vascular allograft [51]. Wang and Miao reviewed the currently used marine-derived angiogenesis
inhibitors, suggesting that different fucoidan preparations affect angiogenesis differently,
depending on molecular weight and extent of sulfation: (1) LMW fucoidans (4-9 kDa) stimulated
angiogenesis in different assays; (2) mid-molecular-weight fucoidans (15-20 kDa) enhanced
HUVEC migration, but have not been shown to inhibit HUVEC tube formation; and (3) natural
fucoidans of HMW (30 kDa) showed antiangiogenic properties by inhibiting proliferation,
migration, and tube formation of endothelial cells and inhibiting vascular network formation [52].

Koyanagi et al. demonstrated that fucoidan prevented phosphorylation of the receptor for
vascular endothelial growth factor (VEGF) upon VEGF binding [33]. Furthermore, the authors
observed that repetitive intravenous administration of fucoidan at 5 mg/kg in mice suppressed
neovascularization from surrounding blood vessels in the region adjacent to implanted Sarcoma
180 cells. Similarly, intraperitoneal administration of fucoidan (I mg/mouse) in mice implanted
with the murine plasma cell tumor line, MOPC-315, which expresses VEGF, reduced VEGF-induced
angiogenesis, tumor neovascularization, and tumor growth [34]. In 2012, Xue et al. demonstrated
that fucoidan caused a significant reduction in intratumoral VEGF expression in mice implanted
with 4T1 breast cancer cells compared to untreated control animals [24]. These promising
results indicate that fucoidan could play an important role as an antiangiogenic factor in cancer.
Further investigations of angiogenesis using various in vivo cancer models treated with fucoidan
are warranted.
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6. Mobilization of Hematopoietic Progenitor Cells

Reportedly, fucoidan can inhibit selectin function in vitro and in vivo [53]. Fucoidan blocks
leukocyte rolling and interferes with various inflammatory responses in animal models [54-58].
In addition, it can reduce platelet aggregation by inhibiting P-selectin [59]. However, significant
mobilization of progenitor cells and leukocytosis could be elicited in selectin-deficient mice similar
to that of wild-type controls, suggesting that the mode of action of fucoidan is not through
selectins [60,61]. The in vivo effects of fucoidan on leukocytes in other disease models are
summarized in Table 2.

Table 2. In vivo effects of fucoidan on leukocytes in various disease models.

Test  Route Dose Possible in vivo effects References
Human p.o. 330 mg Mobilization of leukocytes [12]
Human p.o. 100 mg Immune modulation [15]
Rabbit  iv. 10 m/kg De.cre.ased il?ﬂu'x.of leukocytes into cerebrospinal [58]

fluid in meningitis

Mice 1V 50 mg/kg Mobilization of hematopoietic progenitor stem cells [61-63]

ip. 50 mg/kg (HPCs)
. Inhibition of extravasation of macrophages and
Rat .p. 25 mg/k 64
a P TEEE CD4" T cells to myocardium [64]

Mice p-o. 200 mg/kg  Thl switch in Leishmania infection [65]

Mice ip. 50 mg/kg Improvement of pulmonary inflammation [66]

Rat ip. 50 me/ke Inh'ibition of leukocyte infiltration in ischemic [67]

lesion

Mice iy 10 me/ke Inhi.bition of infiltration of yd T cells in pleural [68]

cavity
0.05% (w/w)

Mice p.o. in mouse Improvement of chronic colitis [69]

chow

Mice iv. 25 mg/kg Inhibition of leukocyte rolling [70]

Rat po. 100 mg/kg Pecreas§d infiltration of neutrophils in myocardial [71]

infarct size

Cat iv. 25 mg/kg Inhibition of leukocyte rolling [72]

Interaction between stromal-derived factor-1 (SDF-1, CXCL12) and SDF-la-binding
chemokine (C-X-C motif) receptor 4 (CXCR4) is involved in the mobilization of hematopoietic
progenitor stem cells (HPC), which are used after high-dose chemotherapy to support bone marrow
regeneration [73]. In addition, CXCR4 is expressed on various cancer cell types [41,74], and
the CXCL12-CXCR4 axis is involved in tumor progression, angiogenesis, metastasis, and
survival [74-76]. Therefore, modulation of the CXCL12-CXCR4 axis by fucoidan seems an
interesting target for cancer therapy. Fucoidan binds CXCL12, which is normally retained by
heparan sulfate proteoglycans on the membrane of stromal cells or the extracellular matrix in bone
marrow, thereby releasing CXCL12 into the circulation [60,77-79]. Negatively charged fucoidan
seems to interact with basic residues of CXCL12 [80]. When mice were injected intravenously or
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intraperitoneally with 50 or 100 mg/kg of fucoidan, HPCs were mobilized from bone marrow [60-62],
and plasma concentration of CXCL12 increased rapidly and dramatically [37,61,63]. In clinical
trials, Irhimeh er al. demonstrated that oral fucoidan increased surface expression of CXCR4 on
human CD34" cells and the release of CD34" cells from bone marrow to peripheral blood [12].
Therefore, future studies are warranted to determine whether fucoidan can affect the CXCL12-CXCR4

axis in tumor growth in vivo.
7. Role of Scavenger Receptor Type A in the Action of Fucoidan

Fucoidan is known to bind to various types of scavenger receptors (SR), including class A-, B-,
and F-SRs [81-83]. Fucoidan has been used as an effective competitor for oxidized low-density
lipoproteins in SR-A binding assays [84]. SR-A is mainly expressed in macrophages and DCs [85]
and is implicated in changing the immune microenvironment in cancer. However, the reports on
the role of SR-A in anticancer immunity have been contradictory. Wang et al. demonstrated that
anticancer responses in SR-A”" mice were improved and correlated with an increased antigen-specific
T cell response [86]. The authors showed that SR-A” mice were highly responsive to
inflammatory stimuli, such as lipopolysaccharide. Thus, the immunosuppressive role of SR-A in
cancer might be due to its inhibition of proinflammatory responses by ligation of the toll-like
receptor 4 (TLR4) rather than a direct inhibition of tumor immunity [87]. Indeed, it was shown that
fucoidan, as a common SR-A ligand, also activated TLR4 signaling, and combined signaling
through two distinct receptors resulting in a functional outcome not achieved by either receptor
alone [88].

SR-A expression was lower in cancerous than in normal tissues and SR-A depletion was found
to boost growth and angiogenesis of implanted Lewis lung carcinoma in mice [89]. Tumor cells
caused SR-A up-regulation on macrophages [90], and elimination of SR-A-positive tumor-infiltrating
leukocytes from the peritoneum of tumor-bearing mice relieved the T cell suppression and
inhibited tumor growth [91,92]. Moreover, SR-A™" mice showed delayed growth of injected EL4
tumors and expression of inducible NO synthase, while showing significantly increased IFN-y
mRNA expression, suggesting that tumor-associated macrophages are highly active in SR-A-depleted
conditions [93]. Recently, in vitro experimental results revealed that fucoidan can inhibit
macrophage-induced tumor cell invasion [94]. Results obtained using an experimental autoimmune
myocarditis model also showed that fucoidan administration attenuated progression of myocarditis
by decreasing myocardial macrophage infiltration [64]. Therefore, we can speculate that
macrophages are associated with immune suppression in tumor tissues and macrophage depletion
in cancerous tissues by fucoidan may inhibit tumor progression.

In vitro testing indicated that LMW fucoidan is internalized via endocytosis [38]. Recently,
Zhu et al. demonstrated that fucoidan-SR-A internalization occurred through clathrin- and
caveolae-dependent pathways [95]. They also revealed the mechanism involving the production of
tumor necrosis factor (TNF)-a. following SR-A binding by fucoidan. Fucoidan treatment of
macrophages could promote recruitment of the major vault protein to lipid rafts to form an
SR-A-major vault protein complex, leading to TNF-a production [96]. NO production by
macrophages was significantly decreased in SR-A™" compared with the wild-type mice when
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macrophages were treated with fucoidan [97]. In addition, fucoidan abrogated SR-A-mediated
chaperone uptake into macrophages [98] and DCs [83]. Our previous results also demonstrated that
fucoidan decreased the binding of the anti-SR-A antibody to human blood DCs and failed to
activate SR-A-depleted DCs [8]. These results suggest that the binding of SR-A by fucoidan leads
to DC activation. Herber ef al. demonstrated that DCs with high lipid content had low
antigen-processing capacity and the frequencies of these cells were significantly increased in
tumor-bearing mice and cancer patients [99]. Accumulation of lipids by DCs in vitro and in vivo
was induced by tumor-derived factors that up-regulated SR-A expression on DCs. It was shown
that SR-A overexpressing DCs could internalize modified lipoproteins from serum and fucoidan
inhibited DC lipid uptake. Therefore, fucoidan might be effective in decreasing the frequency of
lipid-laden and poorly antigen-presenting DCs in cancer patients by blocking SR-A, thus leading to
an enhanced immune response. Consequently, further studies to reveal the possible effects of
fucoidan on tumor growth in SR-A”" mice may help to unravel the immunological roles of
fucoidan in cancer.

8. In Vivo Cytokine Production by Fucoidan in Other Diseases

In contrast to effects on cytokine expression in tumor-bearing mice, serum analysis of cytokines
after fucoidan treatment has shown discrepant effects in several other disease models (Table 3). For
example, splenic cytokine analysis in Leishmania-infected mice showed that fucoidan treatment at
200 mg/kg (p.o.) significantly increased levels of IFN-y, IL-12, and TNF-a [65]. In an aspirin-induced
stomach ulceration model, IFN-y was increased, and levels of IFN-y were further increased in rats
treated with both aspirin and fucoidan at 400 mg/kg [100]. On the other hand, Maruyama et al.
demonstrated that Mekabu-derived fucoidan suppressed production of Th2 cytokines in the
bronchoalveolar lavage fluid after ovalbumin aerosol challenge [66]. Under normal conditions,
intravenous treatment of mice and nonhuman primates with fucoidan was shown to increase levels
of [L-8, monocyte chemoattractant protein 1, and matrix metalloproteinase 9 [60,63].

Other studies have shown that fucoidan suppresses cytokine levels in several disease models.
Kang et al. demonstrated that treatment of rats with fucoidan at 50 mg/kg (i.p.) significantly
decreased the number of the TNF-a-immunoreactive cells in the cerebral cortex and striatum,
induced by lipopolysaccharide [67]. Concanavalin A-induced liver injury and a concomitant
increase of plasma TNF-o and I[FN-y levels were prevented, but plasma IL-10 levels were increased
by fucoidan treatment at 30 mg/kg (i.v.) [101]. Interestingly, the above mentioned inhibitory effects
of fucoidan were reversed by pretreatment with an anti-mouse IL-10 antibody. Intravenous
administration of fucoidan inhibited ovalbumin-induced yd T cell accumulation in pleural cavities
and lymph nodes in a murine model of ovalbumin-induced allergic pleurisy [68]. Moreover, pleural
vd T lymphocytes from fucoidan-treated mice showed reduced ovalbumin-induced IL-5
production, leading to decreased ovalbumin-induced eosinophil influx [68]. These results indicate
that cytokine production profiles of fucoidan-stimulated immune cells in cancer patients may differ

from those in patients with inflammatory or immune diseases.
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9. In Vivo Antioxidant and Prooxidant Effects of Fucoidan

Prooxidant cytotoxic effects are important in clearing transformed cells from the body and
limiting tumor growth. In contrast, oxidative stress is also associated with membrane lipid
peroxidation, DNA damage, and mutagenesis, leading to tumor formation [102]. Fucoidan may
have both antioxidant and prooxidant effects in cancer cells. We previously showed that
fucoidan-induced apoptosis in leukemic cells was inhibited by glutathione and/or NAME
addition [17]. Furthermore, fucoidan treatment of leukemic cells decreased intracellular glutathione
concentrations and stimulated NO production. Zhang ef al. demonstrated that fucoidan enhanced
the apoptosis of cancer cells that responded to cisplatin, tamoxifen, or paclitaxel treatment via
reduced glutathione levels, and enhanced production of intracellular reactive oxygen species in
breast cancer cells [103]. According to Yang et al., fucoidan isolated from Undaria pinnatifida
induces the death of hepatocellular carcinoma cells by causing intracellular accumulation of high
levels of reactive oxygen species, accompanied by damage to the mitochondrial ultrastructure,
depolarization of the mitochondrial membrane potential, and caspase activation [23]. These results
suggest that induction of oxidative stress may be an important event in fucoidan-induced cancer
cell death.

In general, fucoidan preparations show antioxidant effects in other disease models in vivo [107-109]
(summarized in Table 4). Pre-treating rats with fucoidan preparations caused suppression of lactate
dehydrogenase and malondialdehyde levels, but caused normalization of superoxide dismutase,
catalase, and glutathione peroxidase levels, decreasing necrosis and cirrhosis incidences in the liver
of CCLa-treated rats [107]. Similarly, fibrosis and acetaminophen-induced liver injury were
significantly suppressed by oral fucoidan intake [110,111]. Luo et al. investigated the effects of
fucoidan on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced animal models of
parkinsonism in C57/BL mice. The authors demonstrated that the administration of fucoidan at 25
mg/kg (i.p.) inhibited MPTP-induced lipid peroxidation and reduced the activities of antioxidant
enzymes [108]. This fucoidan-induced alteration in antioxidant activity might lead to increased
levels of striatal dopamine and its metabolite, increased expression of tyrosine hydroxylase, and
reduced behavioral deficits. Suresh et al. demonstrated that fucoidan prevented increase of
drug-metabolizing hepatic enzyme levels, which result from oxidative stress by diethylnitrosamine,
a carcinogen in rats [30]. In contrast, splenocytes of fucoidan-treated mice infected with
Leishmania donovani generated significantly high levels of superoxide and NO [65].

Similar to fucoidan, green tea has shown both antioxidant and prooxidant effects in cancer
cells [113]. Prooxidant effects of green tea apparently cause tumor cell apoptosis and also induce
endogenous antioxidant mechanisms that protect against carcinogenic insults in normal tissues [113].
Fucoidan has antioxidative and prooxidative potential in animal models of renal ischemia-reperfusion
injury, however, fucoidan alone did not affect malondialdehyde and superoxide dismutase levels in
the sham-operated group [112]. Recently, it was shown that intracellular and secreted H202 from
HT1080 human fibrosarcoma cells were both greatly repressed upon tumor cell treatment with
enzyme-digested fucoidan preparations extracted from seaweed Mozuku of Cladosiphon
novae-caledoniae kylin [114]. However, Ye et al. suggested that H2O2 release by cancer cells is
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one of the triggering factors to promote angiogenesis rather than apoptosis [114]. Therefore, more

careful in vivo studies using highly purified fucoidan preparations are essential to determine

whether fucoidan has an antioxidant or prooxidant role in cancer prevention and treatment.

Table 3. Changes of cytokine and growth factor levels by in vivo administration of

fucoidan in cancer and other disease models.

Cytokines In Vivo Changes References
CXCL12 Increase 1:n plasma o o [37,51,61,63,80]
Increase in myocardial ischemic tissue [46]
Increase in splenic T cells/A20 lymphoma [32]
IFN-y Increase in splenic T cells/P-388 [40]
Increase of secretion in plasma by aspirin [100]
Inhibition of increase in gastric ulcer lesion [104]
Inhibition of increase in acute bacterial meningitis [58]
Inhibition of expression in ischemic lesion [67]
TNF-a Inhibition of increase in ischemia-reperfusion injury [71]
Inhibition of increase in gastric ulcer lesion [104]
Inhibition of lipopolysaccharide-induced increase in brain [105]
IL-1 Inhibition of increase in acute bacterial meningitis [58]
Decrease in bronchoalveolar lavage fluid [66]
1L-4 . . ..
Decrease in ovalbumin-sensitized spleen cells [106]
IL-5 Inhibition of increase in pleural cavity of allergic pleurisy [68]
Decrease in plasma [15]
IL-6 Inhibition of increase in colonic lamina propria of colitis [69]
Inhibition of increase in ischemia-reperfusion injury [71]
L8 Increase in plasma [63]
Inhibition of lipopolysaccharide-induced increase in brain [67,105]
Increase in plasma level in liver injury [101]
IL-10 e . . L
Inhibition of decrease in ischemia-reperfusion injury [71]
Increase in splenic T cells/A20 lymphoma [32]
IL-12 Increase in Leishmania infection [65]
Inhibition of increase in gastric ulcer lesion [104]
MCP-1 Increase in plasma [63]
Reduction of mRNA expression in tumor tissues [24]
VEGF . L _
Increase in myocardial ischemic tissue [46]
FGF-2 Potentiation of activity [37]

Table 4. In vivo effects of fucoidan on other diseases related to the oxidant production.

Test Route Dose Possible in vivo effects References
R i ot (108
P s mgke o IPopoYy [105]
neurotoxicity
Mice i.p. 25 mg/kg  Neuroprotection via antioxidant activity [108]
Mice L.p. 100 mg/kg  Prevention of ischemia-reperfusion injury [112]
Rat p.o. 100 me/ke Suppression of liver fibrogenesis and drug- [110.111]

i.p.

induced liver injury
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10. Conclusions

Fucoidan shows promising characteristics that warrant further development of the substance as a
future marine drug. Recent in vivo studies suggest fucoidan to be a potential preventive or
therapeutic agent for controlling cancers. However, the in vitro and in vivo mechanisms underlying
the observed anticancer effects of fucoidan have not been fully investigated. The anticancer effects
of fucoidan in vivo may be due to the inhibition of tumorigenesis and metastasis. More importantly,
fucoidan may act by promoting immune responses or antiangiogenesis in tumor tissues. The
mobilization of hematopoietic progenitor cells by fucoidan is yet another interesting characteristic
of the substance that harbors therapeutic potential. These findings need to be corroborated by
further preclinical studies. Orally delivered fucoidan appears promising as a marine drug in several
diseases [2], but fucoidan administration via other routes is also possible. However, fucoidan
preparations isolated from different sources have shown differential anticancer effects in vivo
because of correspondingly different structural properties. Therefore, as a next step, the
determination of the structural characteristics responsible for the in vivo anticancer activities of
fucoidan will be essential for its potential use as a marine drug.
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Abstract: Seafoods and seaweeds represent some of the most important reservoirs of new
therapeutic compounds for humans. Seaweed has been shown to have several biological activities,
including anticancer activity. This review focuses on colorectal and breast cancers, which are major
causes of cancer-related mortality in men and women. It also describes various compounds
extracted from a range of seaweeds that have been shown to eradicate or slow the progression of
cancer. Fucoidan extracted from the brown algae Fucus spp. has shown activity against both
colorectal and breast cancers. Furthermore, we review the mechanisms through which these
compounds can induce apoptosis in vitro and in vivo. By considering the ability of compounds
present in seaweeds to act against colorectal and breast cancers, this review highlights the potential
use of seaweeds as anticancer agents.
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Cancers. Mar. Drugs 2014, 12, 4898-4911.

1. Introduction

Cancers are a group of diseases characterized by uncontrolled cell growth and spread [1].
Colorectal cancer is the third most common cancer in the world, with nearly 1.4 million new cases
diagnosed in 2012 [1]. Moreover, the incidence of this disease has increased steadily in recent
years [2]. Despite advances in therapeutic interventions over the past few decades, the mortality
rate of patients diagnosed with colorectal cancer remains approximately 40%, mainly due to
metastasis to the liver [3].

Breast cancer is the leading cause of death among women in many countries [4]. This is the
second most common cancer overall, with nearly 1.7 million new cases diagnosed worldwide in
2012 [1]. As breast cancer progresses, survival factors that inhibit apoptotic cell death are
expressed by the cancer cells [5,6].

Due to the increasing incidence of cancer in both developing and developed countries, the use of
new chemotherapeutic molecules is needed [7]. Employing natural or synthetic agents to prevent or
suppress the progression of invasive cancers has recently been recognized as an approach with
enormous potential [8].
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Seaweeds (marine algae) are extensively used as functional foods and medicinal herbs, and have
a long history of use in Asian countries [9]. Since certain seaweeds have long been used for the
treatment of cancer, many crude or partially purified polysaccharides from various brown, green,
and red algae have been tested for their antitumor activities [10] (Table 1). These studies have
indicated that marine algae constitute a promising source of novel compounds with potential as
human therapeutic agents. In particular, algae have been considered as a potential source of new
bioactive compounds [7].

Several studies have reported that compounds extracted from seaweed may be effective
anticancer agents. This review summarizes the various effects of seaweed-derived compounds on
colorectal and breast cancers via promotion of cancer cell apoptosis.

2. Seaweed and Colorectal Cancer

Colorectal cancer is one of the most common cancers in men and women and it is particularly
prevalent in developed countries. The worldwide incidence of this cancer has increased steadily in
recent years, and this has been attributed to rapid changes in dietary patterns and preferences.
Dietary habits can influence the risk for colorectal cancer [25], and the identification of food
components that can prevent the tumorigenic process may contribute to the development of
effective anti-colorectal cancer agents [2]. Many investigations have aimed to find effective ways
to combat colorectal cancer. Some studies have reported that colorectal cancer can be successfully
treated with marine natural products, which contain an abundance of biologically active substances
with novel chemical structures and favorable pharmacological activities [11].

The inhibition of apoptosis in colorectal cancer cells enhances tumor growth, promotes
neoplastic progression, and confers resistance to cytotoxic anticancer agents [26]. Thus, bioactive
compounds that induce apoptosis in cancer cells can be used as agents for cancer chemoprevention
and/or chemotherapy [2]. Accumulating evidence suggests that bioactive compounds extracted
from algae produce anticancer effects through multiple mechanisms of action, including inhibition
of cancer cell growth, invasion, and metastasis, and through the induction of apoptosis in cancer
cells [27]. Apoptosis may be initiated either by an intrinsic (mitochondrial-mediated) pathway or
by an extrinsic (death receptor-mediated) pathway [28—-30]. Each of these pathways involves the
activation of caspases and ultimately leads to apoptosis [12].
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Table 2. Seaweed-derived compounds and their effects on apoptosis.

Therapeutic Action Site References

Compounds Cell Cycle Mitochondrial Caspases GFR P53  Pro- or Anti-Apoptotic

(Seaweed) Arrest Membrane or Cyclins Proteins
Fucoidan + + + + + Kim et al. 2010 [2]/
(Fucus sp.) Xue et al. 2012 [31]
Laminarin + + + + + Park et al. 2012;
(Laminaria sp.) 2013 [12,13]
Dactylone + - + = + Fedorov et al.
(Laurencia sp.) 2007 [14]
Steorol fraction + - - - - - Kazlowska et al.
(Porphyra 2013 [17]
dentata)
Methanol extracts + - - - - - Paul et al. 2013 [22]
(Sargassum
muticum)

+: effects reported; -: no effects reported.

Consumption of various types of seafood, including seaweed, has been suggested to be responsible
for the low incidence of cancer in Japan and in other countries whose inhabitants traditionally consume
high levels of marine organisms [14]. Numerous studies have examined the effects of seaweeds on
apoptotic pathways (Table 2). The effects of laminarin, a storage glycan composed of B-glycan
(B-1,3-B-1,6-glycan) found in brown algae, on colorectal cancer cells were investigated as well as the
mechanisms through which laminarin induced apoptosis in these cells. Treatment with laminarin from
Laminaria spp. (brown algae) inhibited the proliferation of colon cancer cells via Fas and IGF-IR
signaling through the intrinsic apoptotic and ErbB pathways, respectively (Table 3) [12,13]. According
to previous studies, Fas and Fas receptors induced the activation of members of the caspase family,
leading to cleavage of apoptosis markers such as poly (ADP-ribose) polymerase (PARP) [32]. Other
studies showed that laminarin regulated Fas and FADD protein levels, suggesting that it induced
Fas-mediated apoptosis. Laminarin also increased the expression of Fas and FADD, which also
increased the activation of caspases [33,34].

ErbB receptors control key pathways that govern cellular processes such as proliferation, cell
migration, metabolism, and survival [35,36]. Dysregulation of the ErbB receptor signal transduction
pathway is observed in several types of cancer, including colon cancer. Abnormal activation of the
ErbB receptor is thought to be one of the potential causes of cancer [37]. Laminarin decreased Bcl-2
family protein expression and inhibited cell cycle progression by regulating the ErbB signaling
pathway [13]. These studies also showed that treatment of HT-29 cells with laminarin inhibited
phosphorylation and ErbB2 expression, as well as the phosphorylation of Akt.
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Table 3. Properties of seaweeds in fight against colorectal cancer.

Colorectal Cancer

References

Seaweeds Therapeutic compounds and their properties

Laminarin from Laminaria digitata induced apoptosis in HT-29 colon cancer cells;
Laminaria o . . L Park et al. 2012;
affected insulin-like growth factor (IGF-IR); decreased mitogen-activated protein kinase (MAPK)
digitata . . . 2013 [12,13]
and ERK phosphorylation; decreased IGF-IR-dependent proliferation
Lithothamnion
calcareum
(Pallas), also L .

" Multi-mineral extract from Lithothamnion calcareum can protect mice on Aslam et al.

nown as
a high-fat diet against adenomatous polyp formation in the colon 2009 [16]
Phymatolithon

calcareum
(Pallas)

Cymopolia Prenylated bromohydroquinones (PBQs) isolated from Cymopolia barbata show selectivity and potency ~ Badal et al.
barbata against HT-29 cells and inhibit CYP1 enzyme activity, which may be a lead in chemoprevention 2012 [18]
Undaria Fucoxanthin from Undaria pinnatifida attenuated rifampin-induced CYP3A4, Yang et al.

pinnatifida MDR1 mRNA and CYP3A4 protein expression 2013 [24]

Fucoidan, a sulfated polysaccharide often found in brown algae, has shown a number of biological
effects including anticancer activities [2]. A range of fucoidan structures and compositions exist in
diverse brown seaweed species; however, in general the compound consists primarily of L-fucose and
sulfate, along with small quantities of D-galactose, D-mannose, D-xylose, and uronic acid [38—40].
Recently, the diverse biological activities of fucoidan have been studied intensively, including its
anticancer activities [31]. Many studies assessed whether fucoidan could inhibit the growth of colon
cancer cells and studied the molecular pathways involved. Several studies showed that fucoidan
exerted anticancer effects, including the suppression of growth [41-46]; it also decreased
metastasis [43,47,48] and inhibited angiogenesis [48] in a variety of cancer cells. Fucoidan has been
reported to inhibit the growth of a wide range of tumor cells [43,46]. It has also been shown to induce
apoptosis in colon cancer HT-29 and HCT116 cells in a dose-dependent manner [15,49]. Kim e? al.
revealed that low concentrations of fucoidan (5-20 pg/mL) induced apoptosis of HT-29 and HCT-116
cells in a dose- and time-dependent manner. However, fucoidan showed a smaller effect on HTC116
cells than on HT-29 cells. According to Hyun et al. [50], fucoidan was able to induce apoptosis in
HCT-15 human colon cancer cells at a concentration of 100 pg/mL. These results showed that the
efficacy of fucoidan varied with the type of colon cancer cell studied. It was reported that fucoidan
activated caspases, resulting in the induction of apoptosis through both death receptor-mediated and
mitochondria-mediated apoptotic pathways [2].

Dactylone is representative of a new group of natural cancer-preventive agents [14]. Its chemical
structure is closely related to that of sesquiterpenoids extracted from red algae Laurencia spp. The
effects of dactylone have been studied in many cancer cell lines, including human colon cancer
HCT116 cells, and the molecular mechanism underlying these effects was assessed [14]. Dactylone
was able to suppress the phenotype expression of various human cancer cell lines and was shown to
induce G1-S cell cycle arrest and apoptosis in tumor cells; it decreased Rb protein phosphorylation at
Ser’™, Ser’, and Ser®*”#!! sites, and also inhibited the expression of cyclin D3 and cyclin-dependent
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kinase (Cdk)4 [14]. Other studies revealed that inositol hexaphosphate, a dietary constituent
found in rice, seems to act in a similar manner as dactylone. Indeed, inositol hexaphosphate has also
been reported to decrease Cdk4 and cyclin D1 protein expression levels in addition to the inhibition of

Rb phosphorylation at Ser’®’, Ser®”’, and Ser®!!

, causing Gi arrest and apoptotic death of human
cancers [14].

Meroditerpenoids such as plastoquinones, chromanols, and chromenes are a class of natural
products consisting of a polyprenyl chain attached to a hydroquinone ring moiety, and are commonly
present in brown algae (Phacophyceae) [7]. Pereira et al. tested six meroditerpenoids (epitaondiol,
epitaondiol diacetate, epitaondiol monoacetate, stypotriol triacetate, 14-ketostypodiol diacetate, and
stypodiol) isolated from the brown algae Stypopodium flabelliforme. These meroditerpenoids inhibited
cell proliferation in five cell lines: human neuroblastoma (SH-SYS5Y), rat basophilic leukemia
(RBL-2H3), murine macrophages (Raw267), Chinese hamster fibroblasts (V79), and human colon
adenocarcinoma (Caco-2) cells. Overall, the compounds’ activities against all cell lines were efficient.
Stypotriol triacetate showed the most inhibition of the colon adenocarcinoma cell line, Caco-2,
followed by epitaondiol monoacetate and epitaondiol.

Over their lifetime, marine algae accumulate high levels of minerals from seawater [16]. The
proliferation and differentiation of human colon carcinoma cell lines were assessed in the presence of a
mineral-rich extract from the red marine alga, Lithothamnion calcareum [16]. This algal extract was as
effective as inorganic calcium in both inhibition of colon carcinoma cell growth and induction of its
differentiation. Both epidemiological studies [51-55] and interventional studies [56,57] in humans
have demonstrated that calcium has the capacity to reduce polyp formation in the colon. Other studies
have found that different minerals obtained from marine algae could also contribute to the reduction of
polyp formation (Table 3). In another study, Aslam et al. [16] reported that a multi-mineral product
obtained from marine algae was able to reduce colon polyp formation in C57BL/6 mice receiving
either a high-fat diet or a low-fat diet [16]. Based on these results, they suggested that the effects of
calcium alone could not explain the protective effects of the multi-mineral supplement and that a
multi-mineral approach to colon polyp chemoprevention may prove to be more efficacious than an
approach based on the use of calcium alone.

Ulva fasciata extract (UFE) from Ulva fasciata Delile (sea lettuce), which grows abundantly along
costal seashores, was used to assess the mechanisms underlying the cytotoxicity of green algae [11].
The anti-proliferative effects of UFE against colon cancer cells involved induction of apoptosis.
Reactive oxygen species (ROS) have been reported to regulate apoptotic signal transduction and
induce depolarization of the mitochondrial membrane, leading to increases levels of pro-apoptotic
molecules in the cytosol [58,59]. Rye et al. [11] demonstrated that UFE significantly increased ROS
generation in HCT116 cells and that antioxidant-mediated scavenging of UFE-induced ROS reduced
the UFE-mediated cell death. UFE was able to inhibit the growth of HCT116 human colon cancer cells
by 50% at a concentration of 200 pg/mL. It induced apoptosis through alteration in Bcl-2 family
protein expression, increasing mitochondrial membrane permeability, and activation of caspase 9 and
caspase 3 [11].
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3. Seaweed and Breast Cancer

Breast cancer is the leading cause of death among women in many countries [4]. Although male
breast cancer is less common, a few studies have revealed that the incidence has increased over the
past 25 years [60]. Scientists have aimed to treat breast cancer without harming the patient by
exploiting the differences between cancerous and normal cells. Nutritional strategies have been applied
to study populations with a low incidence of breast cancer. In Asia, seaweeds have been eaten for at
least 5000 years [61]. These populations have a low incidence of breast cancer. Certain brown and red
algae are known for their anticancer properties [10,62]. In cells treated with seaweed, apoptosis was
observed [63], and the authors speculated that seaweed could be a breast cancer-preventing food.

Some studies recently evaluated the effect of a brown seaweed (Sargassum muticum) methanol
extract (SMME) on the proliferation of MCF-7 and MDA-MB-231 breast cancer cell lines [9] by
conducting morphological assessments of apoptosis, caspase assays, and chick chorioallantoic
membrane (CAM) assays. These methods were used to determine the morphological alterations
induced by SMME to evaluate its time-dependent effects on caspases 8, 9, and 3 by using caspase
assays, and also to evaluate the anti-angiogenic effects of SMME using the CAM assay. They observed
that treatment with SMME significantly decreased angiogenesis, leading them to speculate that SMME
could decrease cancer cell proliferation and increase apoptosis of human breast cancer cells in a time-
and dose-dependent manner (Table 4).

Fucoidan was reported to enhance the activity of natural killer (NK) cells, which have anticancer
activity [64]. The effects of crude fucoidan extracted from Fucus vesiculosus on the growth of breast
cancer have been determined in vitro and in vivo [31]. Crude fucoidan significantly reduced the
number of viable 4T1 cells (a mouse tumor cell line used as a model of highly metastatic breast
cancer), enhanced apoptosis, and down-regulated the expression of vascular endothelial growth factor
(VEGF). The mechanisms thought to be responsible for these fucoidan-mediated effects are inhibition
of the expression of Bcl-2 (Bcl-2 preserves the mitochondria integrity), survivin, extracellular
signal-regulated kinases (ERKs), and VEGF, and an increase in caspase-3 activation.

A sterol fraction extract of Porphyra dentata, an edible red alga used as a folk medicine in Asia,
was evaluated for its effects on myeloid derived suppressor cells (MDSCs) in 4T1 cancer cells
(Table 4) [17]. Previous findings indicated that phytosterols such as B-sitosterol, either alone or in
combination with campesterol, may offer protection from various tumors [65-67]. MDSCs play an
important role in tumorigenesis [18-20,68,69]. The authors associated the anticancer activity of
Porphyra dentata with the presence of B-sitosterol and campesterol, which reduced the suppressive
activity of MDSCs and consequently decreased tumor size. These two mechanisms might affect
phytosterol-related downregulation of the suppressive activity of MDSCs, which is related to their
ROS accumulation and arginase activity.
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Table 4. Properties of seaweeds in fight against breast cancer.

Therapeutic Compounds
Seaweed References
and Their Properties

Sargassum muticum methanol extract (SMME)
Induced apoptosis of MCF-7 cells; showed anti-
Sargassum muticum angiogenic activity in the chorioallantoic Namvar ef al. 2013 [9]

membrane (CAM) assay; antioxidant effects

Fucoidan (sulfated polysaccharide derived from
brown algae)
Decreased the viable number of 4T1 cells;

induced apoptosis; down-regulated VEGF
Xue et al. 2012 [31]/

Fucus vesiculosus expression .
Kim et al. 2010 [2]

In colon cancer reduced in viable cell numbers
and induced apoptosis of human lung carcinoma
A549 cells as well as colon cancer HT-29 and
HCT116 cells

Sterol fraction (containing cholesterol,

B-sitosterol, and campesterol) from Porphyra
dentata
Porphyra dentata Significantly inhibited cell growth in vitro and Kaslowska et al. 2013 [17]
induced apoptosis in 4T1 cancer cells; decreased
the reactive oxygen species (ROS) and arginase
activity of MDSCs in tumor-bearing mice

Lophocladines A and B are
2,7-naphthyridine alkaloids from
Lophocladia sp.
. Lophocladine A has affinity for NMDA receptors
Lophocladia sp. . .. . Gross et al. 2006 [19]
and is a J-opioid receptor antagonist;
Lophocladine B was cytotoxic to NCI-H460
human lung tumor cells and MDAMB-435 breast

cancer cells

4. Conclusions

Many studies have explored the use of seaweed in the fight against several diseases, including
colorectal and breast cancers. Various therapeutic compounds from seaweed are able to induce
apoptosis through different pathways and molecular mechanisms. Several studies indicated that
fucoidan was able to induce apoptosis, inhibit angiogenesis, and suppress lung metastasis of breast
cancer in vitro and in vivo [21-24,31,70]. Furthermore, fucoidan inhibited growth and induced
apoptosis of HT-29 colon cancer cells [2]. Laminarin induced apoptosis through the Fas and IGF-IR
signaling pathways and through the intrinsic apoptotic and ErbB pathways [29]. This review highlights
the importance of seaweed in the fight against colorectal and breast cancer.
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Fucoxanthin: A Marine Carotenoid Exerting Anti-Cancer
Effects by Affecting Multiple Mechanisms

Sangeetha Ravi Kumar, Masashi Hosokawa and Kazuo Miyashita

Abstract: Fucoxanthin is a marine carotenoid exhibiting several health benefits. The
anti-cancer effect of fucoxanthin and its deacetylated metabolite, fucoxanthinol, is well
documented. In view of its potent anti-carcinogenic activity, the need to understand the underlying
mechanisms has gained prominence. Towards achieving this goal, several researchers have carried
out studies in various cell lines and in vivo and have deciphered that fucoxanthin exerts its
anti-proliferative and cancer preventing influence via different molecules and pathways including
the Bcl-2 proteins, MAPK, NFxB, Caspases, GADD45, and several other molecules that are
involved in either cell cycle arrest, apoptosis, or metastasis. Thus, in addition to decreasing the
frequency of occurrence and growth of tumours, fucoxanthin has a cytotoxic effect on cancer cells.
Some studies show that this effect is selective, i.e., fucoxanthin has the capability to target cancer
cells only, leaving normal physiological cells unaffected/less affected. Hence, fucoxanthin and its
metabolites show great promise as chemotherapeutic agents in cancer.

Reprinted from Mar. Drugs. Cite as: Kumar, S.R.; Hosokawa, M.; Miyashita, K. Fucoxanthin: A
Marine Carotenoid Exerting Anti-Cancer Effects by Affecting Multiple Mechanisms. Mar. Drugs
2013, /7, 5130-5147.

1. Introduction

Fucoxanthin is a marine carotenoid found in numerous classes of microalgae (e.g.,
bacillariophytes, bolidophytes, chrysophytes, silicoflagellates, pinguiophytes) and brown macroalgae
(phaeophytes) [1,2]. The chemical structure of fucoxanthin includes an allenic bond and oxygenic
functional groups, such as hydroxyl, epoxy, carbonyl, and carboxyl groups in addition to its
polyene chain (Figure 1). It is speculated that one of the reasons for the longevity of certain
populations is the regular consumption of seaweeds including brown algae [3], which are known to
be the major sources of fucoxanthin. Studies on brown seaweeds rich in fucoxanthin have revealed
their anti-cancer effects [4-8]. Hence, the effect of fucoxanthin on cancer is of interest and has
been studied by several researchers. The unanimous result of the studies on fucoxanthin in cancer
has established that fucoxanthin performs a protective role and exhibits anti-proliferative behavior
in various types of cancer. Recently, Gagez et al. [1] have reviewed the biological activities of
epoxycarotenoids including fucoxanthin in cancer cells grown in vitro and described the various
cellular targets of fucoxanthin. With the establishment of the anti-carcinogenic property of
fucoxanthin, it was important to understand the mechanism by which it exerted its effect in cells.
With this goal in mind, several researchers have been trying to elucidate the molecules and
pathways that can be modulated and regulated by fucoxanthin. Mechanistic studies by various
researchers have shown that fucoxanthin can affect many cellular processes, and so far have failed
to establish a single primary mechanism of action. The objective of this review is to summarize the
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effect of fucoxanthin in cancer and the underlying mechanisms that have been elucidated in
reported studies. The various mechanisms discussed further in this review are shown in Figure 2.

Figure 1. Chemical structure of fucoxanthin (a) and its deacetylated metabolite,
fucoxanthinol (b).

(b)

2. Anti-Carcinogenic Effects of Fucoxanthin
2.1. Decreased Incidence of Tumors

Nishino [9] has reported suppression of skin tumor formation as well as N-ethyl-N'-nitro-N-
nitrosoguanidine (ENNG)-induced mouse duodenal carcinogenesis. In addition to the decrease in
the percentage of tumor bearing mice, the mean number of tumors per mouse was also significantly
lower in fucoxanthin fed mice. A decrease in the percentage of tumor-bearing mice as well as a
decrease in the number of tumors induced per mouse by ENNG in the fucoxanthin group was also
observed by Okuzumi and co-workers [10,11]. Administration of fucoxanthin resulted in
significant decrease of sarcoma weight in mice [12]. Das et al. [4] and Kim ef al. [13] have
observed that aberrant crypt foci (ACF) formation in rats was decreased by fucoxanthin. The in
vivo study by Ishikawa et al. [14] revealed unchanged tumor incidence but delayed tumor growth
and decreased tumor volume with the deacetylated metabolite of fucoxanthin, namely
fucoxanthinol. In addition, in contrast to the untreated tumors, abundant apoptotic cells were
observed in tumors from the fucoxanthinol treated group. Fucoxanthin also suppressed the growth
of B16F10 melanoma in Balb/c mice [15].
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Figure 2. Factors (molecules and mechanisms) regulated by fucoxanthin, resulting
in its anti-carcinogenic effects. Dashed lines indicate inter-relation/inter-effects
between the factors; up and down arrows indicate up- and down-regulation (by
fucoxanthin/fucoxanthinol), respectively.
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2.2. Antioxidant Effect of Fucoxanthin

Several reports on the potent antioxidant property of fucoxanthin and its metabolites are
available [16-20]. While its antioxidant property was initially thought to be the main reason behind
its anti-carcinogenic effect, it is now established that the realm of fucoxanthin’s effect is wider and
involves several other biological processes as well. Moreover, some studies have reported the
pro-oxidant effect of fucoxanthin on cancer cells with the production of free radicals and have
proposed this to be one of the mechanisms by which it protects against cancer cells.
Kotake-Nara et al. [21] have hypothesized that the prooxidant actions of fucoxanthin and other
carotenoids used in their study may be the reason for the induction of apoptosis in cancer cells.
However, in their subsequent study [22], they have found similar apoptotic activity of fucoxanthin
in promyelocytic leukemia cell lines but from their results in H2O:2 resistant cell lines, they have
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concluded that reactive oxygen species (ROS) is not the mainstream pathway for apoptosis caused.
Contradictory to this, Kim et al. [23] have observed the growth inhibition in leukemia cell lines by
fucoxanthin and have attributed it to radical oxygen species (ROS) generation by fucoxanthin that
leads to apoptosis. They observed increased production of H202 and Oz as a result of treatment
with fucoxanthin along with accumulation of cells containing sub G1 DNA content (indicating cell
cycle arrest in G1 stage). On co-treatment with a commercial antioxidant (NAC), the number of
apoptotic bodies and DNA fragmentation of cells was decreased, attributing the apoptotic effect of
fucoxanthin to ROS generated. Thus, they have concluded that cytotoxic effect of fucoxanthin is by
ROS generation that triggers apoptosis in HL-60 cells, which is contrary to the results of
Kotake-Nara ef al. [22]. Shimoda et al. [24] have reported the anti-pigmentation effect of
fucoxanthin and suppression of melanogenesis in melanoma and tyrosinase activity in
UV-irradiated guinea pigs. Heo and Jeon [25] have reported the protective effect of fucoxanthin on
exposure of human fibroblasts to UVB exposure and attributed the protective effects to the
antioxidant activity of fucoxanthin.

2.3. Cell Viability/Anti-Proliferation of Cells

The effect of fucoxanthin on cell viability in cancer cells such as GOTO, HL-60, Caco-2,
HepG-2, Neuro2a, DU145, PEL, PC-3, HeLa, H1299, HT-29, DLD-1 cells, and in vivo has been
explored by many researchers [10,14,21,22,26-34]. Liu et al. [29] have reported the anti-proliferative
effect of fucoxanthin against SK-Hep-1 (human hepatoma) cells and BNL CL.2 (murine embryonic
liver) cells. They have reported a strong correlation between fucoxanthin concentration and
anti-proliferative effect on SK-Hep-1 cells at 24 h. However, the suppressive effect was similar for
concentrations >1 uM after 48 h. Fucoxanthin, however, was found to facilitate the growth of BNL
CL.2 cells until 24 h after which there was a slight decrease in proliferation at 48 h indicating that
fucoxanthin was selectively more effective against the SK-Hep-1 cells. In a separate study,
Hosokawa et al. [27] compared the effects of fucoxanthin and other carotenoids such as -carotene
and astaxanthin on colon cancer cell lines (Caco-2, HT-29, and DLD-1). Cell viability was found to
be significantly decreased with fucoxanthin as compared to the other carotenoids and the Caco-2
cell line was found to be most sensitive to the action of fucoxanthin.

Yamamoto et al. [31] have concluded that the effect of fucoxanthinol (deacetylated metabolite
of fucoxanthin) was more potent than fucoxanthin and PEL cells were more susceptible to the
effects of fucoxanthin and fucoxanthinol than HeLa cells. Kotake-Nara et al. [21] have reported a
dose dependent reduction in cell viability in prostate cancer cell lines exposed to fucoxanthin along
with morphological changes such as rounding up, detachment and reduction in cell volume and
apoptotic bodies. The DNA fragmentation observed in cells treated with fucoxanthin suggested that
apoptosis was the cause of suppression of cell viability. In a separate study on the effect of
neoxanthin and fucoxanthin on PC-3 prostate cancer cells, Kotake-Nara et al. [35] have reported
decreased cell viability, rounding up, reduced cell volume, chromatin condensation, nuclei
fragmentation, formation of apoptotic bodies in addition to the apoptotic DNA ladder indicating
apoptosis in the cells. In a recent study by Ganesan et al. [26] on 11 carotenoids, two marine
carotenoids, siphonaxanthin and fucoxanthin were found to possess potent growth inhibitory and
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apoptosis inducing effect in HL-60 leukemia cells. Cell viability was reduced with fucoxanthin
treatment and apoptosis was characterized by DNA fragmentation and chromatin condensation.
Jaswir et al. [28] have reported the dose dependent growth inhibition of H1299 (lung cancer) cells
and morphological changes, such as decrease in cell size and nuclear condensation.

Thus, fucoxanthin was found to have a significant effect on cell viability and anti-proliferative
effect and in several studies the potency was different for different cell types/lines. In addition, in
several studies, the normal cells were unaffected/less affected than cancer cells indicating
differential effect of fucoxanthin and focused targeting of cancer cells [29,31,34,36-38]. However,
it is important to note that due to different growth rates of cancer and normal cells, attention to
experimental detail is a very important factor while drawing conclusions. Therefore, very rigorous
methods are essential to prove cancer selectivity over normal cells in experimental studies. Another
interesting finding in a few of the studies was the greater potency of the deacetylated metabolite of
fucoxanthin (fucoxanthinol). Fucoxanthinol is known to be the major fucoxanthin metabolite [39-41].
Dietary fucoxanthin is hydrolyzed to fucoxanthinol in the gastrointestinal tract by digestive
enzymes such as lipase and cholesterol esterase. Fucoxanthinol was detectable at 0.8 nM in human
plasma after a daily intake (6 g dry weight containing 6.1 mg (9.26 mmol) of fucoxanthin) of
cooked edible brown seaweed, Undaria pinnatifida (Wakame), for one week [41]. In another study,
Hashimoto et al. [42] have reported 7.6 nM of fucoxanthinol after 24 h, on administration of
kombu extract containing 31 mg of fucoxanthin in human subjects.

2.4. Cell Cycle Arrest

The arrest of the cell cycle in the Go/G1 stage by fucoxanthin has been observed in many studies
involving different cell lines [10,14,15,31,32,43-46] while Yu ef al. [47] have observed cell cycle
arrest in G2/M phase. Muthuirullappan and Francis [48] have attempted to review some of these
studies recently and explored the possibility of a nano-suspension formulation for fucoxanthin.
Liu et al. [29] have reported the anti-proliferative effect of fucoxanthin with enhanced gap junction
intracellular communication (GJIC) and increased intracellular calcium ions. They have suggested
that the enhanced expression of connexin genes and GJIC may increase intracellular calcium levels
resulting in cell cycle arrest and apoptosis. Accumulation of cells in the Go-Gi phase with a
significant decrease in cells in the S phase, indicating a block in the progression of the cells to S
phase from the Go-G1 phase, resulting in inhibition of proliferation of the cells has been reported in
GOTO cell line [10]. Fucoxanthin arrested cell growth in the Gi stage and this was accompanied by
alteration in the expression of more than 50 genes in HEPG2 cells [32]. In addition to the GADD45
gene expression, the expression of other growth related genes such as PIM 1, IFRDI, p21, and p27
was also increased. Ishikawa et al. [14] have found decreased expression of cyclin D1, cyclin D2,
CDK4, CDK®6, and cIAP2 on fucoxanthin treatment in leukemia. Kim et al. [15] have observed
inhibited cell growth, morphological changes and apoptosis in melanoma cells (B16F10) on
exposure to fucoxanthin. This was accompanied by a sub G1 peak along with concentration of cells
in Go/G1 phase and their decrease in the S and G2/M phases. In addition, pRb, cyclin D1, cyclin D2,
and CDK4 levels were decreased along with increased p'>™K4B, p?7KIPl Jevels. Murakami et al. [49]
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have reported the inhibition of DNA polymerases, especially pol a activity at lower concentrations
(79 uM) and pol B as well at higher concentrations (100 uM) by fucoxanthin, in vitro.

Das et al. [45] have observed continuous cell cycle arrest at Go/G1 phase at lower concentrations
of fucoxanthin (25 pM), followed by apoptosis at high concentrations (>50 uM) with increased
cells in sub Gi phase (index of apoptotic DNA fragmentation) and fragmentation of nuclei. Low
and high concentrations of fucoxanthin up regulated the protein and mRNA levels of p21WAFI/Cipl
followed by increased levels of pRb (retinoblastoma protein), while high levels up regulated
p27%P! as well (cdk inhibitory proteins) leading to the conclusion that fucoxanthin-induced Go/Gi

cell arrest is mediated by the up regulation of p21WVAFI/Cirl

. They have speculated that the apoptosis
observed at higher concentration may be due to partial conversion of fucoxanthin to its metabolites
such as fucoxanthinol. From their results they have concluded that p21WAFYCiP! j5 important for the
cell cycle arrest while p27%¥! regulation may be a means for pro-apoptotic effect of fucoxanthin.
Reduction in the phosphorylation of pRb protein, which is a regulator of cell cycle progression and
down-regulation of other cell cycle regulatory proteins like cyclin D2, CDK4, CDK6, and c-Myc
was reported by Yamomoto et al. [28]. A decrease was observed in the pRb levels while the total
Rb protein concentration remained constant and the activity of cyclin D/cdk4 was decreased by
fucoxanthin in the study of Das ef al. [46]. Fucoxanthin treatment resulted in decreased protein and
mRNA levels of cyclins D1 and D3 while protein level of cdk4 was unaffected at 12 h. The protein
levels of p27XiPl p21WalCiPl 157 and pl6 were unchanged over this period indicating that
inhibition of cyclin D/cdk4 activity by fucoxanthin was brought about by suppressing the levels of
proteolysis and transcription of cyclin D. An increase in proteosomal activity was observed after 12
h of fucoxanthin treatment. Thus, they have suggested that fucoxanthin induced cell cycle arrest by
suppression of cyclin D by proteosomal degradation and transcriptional repression. They have
speculated that the decreased cyclin D expression may be due to change in the GADD45A expression.

2.5. Apoptosis: Cytotoxic Effect

Apoptosis of cancer cells is a promising method to control and treat cancer. In this regard, the
apoptotic effect of fucoxanthin is of interest and has been studied by several researchers.
Hosokawa et al. [33] have reported DNA fragmentation and the DNA ladder characteristic of
apoptosis in HL-60 cells treated with fucoxanthin. In a separate study, fucoxanthin was found to
induce cellular DNA fragmentation/internucleosomal DNA degradation by activation of
endogenous nucleases in a dose dependent manner unlike -carotene and astaxanthin. The authors
have hypothesized that since fucoxanthin is converted to fucoxanthinol prior to uptake and also
fucoxanthinol shows greater inhibition of growth, the superior anti-proliferative effect of
fucoxanthin may be due to its metabolites [27]. DNA fragmentation typical of apoptotic cells was
observed in NSCLC-N6 (human non-small cell bronchopulmonary carcinoma) cells treated with
fucoxanthin along with typical morphological changes such as rounding up, reduction in cell
volume, chromatin condensation, nuclei fragmentation, and formation of apoptotic bodies [36].
However, in the same study, no apoptosis was observed in SRA (human lens epithelial cells)
indicating the specific action of fucoxanthin against carcinogenic cells.
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The results obtained by Konishi ef al. [50] show the dose and time dependent anti-proliferative
effect of fucoxanthinol and fucoxanthin in HL-60, MCF-7 (breast cancer), and Caco-2 cells. In
their studies, they found the anti-proliferative effects of fucoxanthinol to be greater than
fucoxanthin. Their experiments involved studying the effect of metabolites like fucoxanthinol and
halocynthiaxanthin and comparing it with fucoxanthin. They have concluded that both the
metabolites showed superior anti-proliferative activity and have speculated that one of the factors
that may contribute to this may be the presence of hydroxyl functional group in place of the acetyl
group of fucoxanthin, a feature common to both metabolites, in addition to unique structures such
as 5,6-epoxide, acetylenic and allenic bonds. Zhang et al. [51] have reported the anti-proliferative
effect of fucoxanthin on EJ-1 (urinary bladder cancer) cells. Apoptosis characterized by condensed
chromatin, nuclear fragmentation, and apoptotic bodies in addition to the DNA ladder was observed.

Expression of v-FLIP and v-cyclin was inhibited and may be responsible for growth inhibition
and apoptosis observed with fucoxanthin treatment [34]. The authors have suggested that the
effective concentration for the induction of apoptosis is different in different cell lines and
fucoxanthinol exhibits more potent activity as compared to fucoxanthin. GADD153 known to be
associated with apoptosis was also induced by fucoxanthin in a study [35].

2.6. Metastasis

Metastasis is the stage of cancer at which tumor cells acquire the advantageous characteristics
that allows them to escape from the primary tumor and migrate to surrounding and distant organs
and tissues. Metastasis involves the interaction of the tumor cells with numerous factors and cell
components including matrix metalloproteinases (MMPs). MMPs are thought to assist tumor cells
in metastasis and their enhanced levels have been associated with extra-cellular matrix degradation
and cancer cell invasion [52]. Chung et al. [53] have studied the effect of fucoxanthin in B16-F10
cells (metastatic murine melanoma) MMP-2 and MMP-9. These MMPs are expressed in cancer
cells and degrade type IV collagen during cancer invasion. Fucoxanthin treatment resulted in
decreased expression and secretion levels of MMP-9. Moreover; the numbers of invaded B16-F10
cells were also decreased. In addition to MMPs; they have also studied CD44 and CXR4; a cell
surface glycoprotein and CXC chemokine receptor respectively; that are also known to be up-regulated
in cancer metastasis. Fucoxanthin was found to reduce the mRNA expression of CD44 and CXCR4
in a dose dependent manner. Fucoxanthin was also shown to decrease cell motility of melanoma
cells which was ascertained by reduction in stress fiber and lamellipodia formation that are
important in cell migration. Hence; by suppressing cancer cell motility and invasion factors;
fucoxanthin may be valuable in preventing cancer cell metastasis.

3. Molecules and Mechanisms Related to Apoptosis
3.1. Bcl-2 Proteins

The family of Bcl-2 proteins has anti-apoptotic and pro-apoptotic members. Anti-apoptotic
Bcl-2 family proteins include Bcel-2, Bel-xi, Al, Bel-w, and Boo, while the pro-apoptotic members
include Bax and Bak, Bok, Bcl-xs, Bim, Bad, Bid, Bik, Bmf, Puma, Noxa, and Hrk [54,55].
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Several researchers who have tried to elucidate the mechanism underlying the anti-proliferative
effect of fucoxanthin have studied the Bcl-2 family of proteins. Many studies have reported the
down regulation of Bcl-2 expression in HL-60, Caco-2 cells [12,27,50]. Nakazawa et al. [56]
observed down-regulation of Bcl-2 proteins, which was associated with the apoptosis in their study,
which compared the effects of cis and trans forms of fucoxanthin. Their results have suggested that
while the uptake of trans form was higher in the cells (HL-60 human leukemia, Caco-2 colon
cancer, PC-3 and LNCap prostate), the apoptosis effect of the cis forms was higher. They have
attributed this difference to the stearic hindrances arising from their different chemical structures.
As the ratio of pro and anti-apoptotic Bcl-2 members is an important determinant of cell viability
and apoptosis, Liu et al. [57] studied these factors and reported an increase in Bax/Bcl-2 mRNA
expression when a combination of cisplatin and fucoxanthin were administered. Down-regulation of
Bel-xt and XIAP by fucoxanthin was observed by Yamamoto et al. [31] and Kim ef al. [15], while
Ishikawa et al. [14] reported decreased expression of Bel-2 and XIAP, and Kim et al. [23] observed
decreased expression of Bcl-xi, Kotake-Nara et al. [35] on the other hand have speculated that as
Bax (pro-apoptotic) and Bcl-2 (anti-apoptotic) were down-regulated by fucoxanthin while Bel-x.
was unaltered, unlike other apoptosis-inducing agents that modulate the ratios of the pro- and
anti-apoptotic proteins, fucoxanthin may operate through a different pathway.

3.2. The Caspase Pathway

The caspases are cysteine proteases that control apoptosis. The extrinsic pathway involves the
tumor necrosis factor and activates the caspases 8 and 10 while the intrinsic pathway involves the
mitochondria and release of cytochrome c¢ from damaged mitochondria, activating Caspase-9,
which is an initiator and in turn can cleave and activate the effector Caspases such as Caspases-3, -6,
and -7. These two Caspase pathways, intrinsic and extrinsic, can result in apoptosis. The intrinsic
pathway involving the mitochondria and caspases-3, -6, -7, and -9 are controlled by the Bcl-2 protein
family [55]. The activation of one or more members of the caspase pathways by fucoxanthin has
been reported by several researchers. Wang et al. [12], Ganesan et al. [26], Zhang et al. [51] have
observed the increased expression of caspase-3 on exposure to fucoxanthin. Fucoxanthin and
fucoxanthinol treatments resulted in production of cleaved products and thus activation of PARP,
caspase-3, -8, and -9 demonstrating that caspase activation plays a role in the apoptosis observed [31].
Fucoxanthinol activated caspase pathways with cleavage of caspase-3, -8, -9, and PARP [14].
Expression of caspase-3 and -9 was increased by fucoxanthin. PARP, a substrate of caspases was
detected in its intact and cleaved form, indicating apoptosis [15]. Fucoxanthin was found to activate
the caspase pathway with the cleavage of caspase-3 and PARP and increased activities of caspase -8
and -9 as well [22]. The results suggested that fucoxanthin accumulates in the mitochondrial
membranes causing a reduction in the membrane potential and release of cytochrome ¢ from
mitochondria to the cytosol, followed by caspase-9 and caspase-3 activation, leading to the
apoptotic effects of fucoxanthin in the leukemia cell lines. In a separate study where the authors
compared the effect of fucoxanthin and neoxanthin in PC-3 prostate cells, the down regulation of
procaspase-3 and PARP and the increased active fragment of caspase-3 and cleaved PARP
indicated caspase-3 dependent apoptosis by fucoxanthin [35].
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3.3. MAPK and GADD45

The MAPK family or the mitogen activated protein kinase includes four well characterized
sub-groups: (1) ERK1 and ERK?2 that are extracellular signal kinases; (2) JNK1, JNK2, and JNK3
with the c-Jun NHz terminal kinases, also called as stress-activated protein kinases (SAPK); (3) p38
enzymes including p38a, p38p, p38y, p38d, and the recently identified; (4) ERKS. ERK1 and
ERK2 regulate cell processes like mitosis, meiosis, post mitotic functions, and are responsible for
proliferation, cell division, differentiation, development and survival. STAT (signal transducers and
activators of transcription) proteins such as Stat3 are substrates that are phosphorylated by ERK
and are activators of transcription. The INK/SAPKs are activated by conditions such as oxidative
stress and result in programmed cell death or apoptosis, growth and cell cycle arrest as well as
inflammation and tumorigenesis and cell survival under certain conditions. C-Jun is a component
of the AP-1 complex that is an important regulator of gene function and is activated by
environmental stress, radiation and growth factors. The p38 MAPKSs control the expression of
several cytokines and are involved in the immune response mechanism in addition to cell motility,
apoptosis, chromatin remodeling, and osmoregulation [58,59]. Gadd45 proteins include the
subtypes GADD45A, GADD45B, GADDA45G, and are involved in cell cycle arrest at the G2/M
and G1 stages (depending on the interactions), DNA repair, cell survival and apoptosis and are
known to interact with the members of the MAPK family. In addition, GADD45A and GADD45G
are repressed by the activated members of the NFkB family in various types of cancer [60,61].

Fucoxanthin was found to attenuate cisplatin induced phosphorylation of ERK, p38, and
P13K/AKT (phosphatidylinositol 3 kinase family) in the studies carried out by Liu et al. [57]. Their
experiments with specific inhibitors also revealed that fucoxanthin may inhibit ERCC1 mRNA
expression via the ERK and P13K/AKT pathway while thymidine phosphorylase mRNA
expression may be inhibited through the p38 pathway. Ishikawa et al. [14] have observed decreased
AP-1 DNA binding activity and JunD expression indicating the inactivation of AP-1 by depletion
of JunD. Their results indicated that up-regulation of the GADD45a observed was independent of p53.

In a separate study, Satomi and Nishino [43] found that fucoxanthin activated the p38 and
ERK1/2 MAPKs in HepG2 cells and SAPK/JNK pathways were activated in DU145 cells,
indicating that SAPK/INK are upstream activators of GADD45 expression. Thus, each MAPK and
each GADDA45 subtype (a and b) play different roles in cell cycle progression. They have
concluded that fucoxanthin induces cell arrest by a GADD45A dependent pathway and the
GADDA45A expression and G1 arrest are negatively regulated by p38 MAPK in HepG2 cells and
positively regulated by the SAPK/JNK pathway in DU145 cells. In another study, CYP1A1 gene
expression and other cell cycle and growth related genes such as GADD45A, GADD45B, PIM1
and IFRDI were induced by fucoxanthin as well as the expression of other cell cycle related genes
such as p21, p27 and c-myc [32]. Further, Satomi [44] has reported the role of fucoxanthin on the
MAPKSs (extracellular signal-regulated kinases ERK1/2, ERKS5, p38 MAPK kinases, c-Jun
N-terminal kinases (SAPK/JNK)) and its association with the GADD45 activation for cell growth
arrest in LNCap cells (prostate cancer). GADD45A may be implicated in the G1 arrest observed in
the study. While the GADD45A gene was enhanced, GADD45B gene expression was unaffected
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after fucoxanthin treatment. With respect to the MAPK family, SAPK/JINK was increased,
phosphorylation of ERK 1/2 was reduced and phosphorylation of p38 was unaffected. While it is
suggested that MAPKs including SAPK/INK induce GADD45A in a p53 dependent or
independent manner, the author has suggested a p53 independent mechanism in the present study.
In addition, inhibition of the SAPK/JNK pathway reduced GADD45A induction while inhibition of
ERK 1/2 and p38 pathways stimulated GADD45A induction. The author has suggested that each
MAPK plays a different role in GADD45A induction and G1 arrest by fucoxanthin based on the
negative regulation of p38 MAPK resulting in increased GADD45A expression along with other
observations in prostate cancer cells. Contrasting results obtained for ERK 1/2 MAPK in LNCap
cells and in DU145 cells earlier indicate that GADD45A may not be the only factor responsible for
the G1 cell arrest observed in that study. Thus the growth inhibitory effect exhibited by fucoxanthin
may in part be due to a GADD45A-dependent pathway and the enhanced GADD45A expression
and G1 arrest are positive regulated by SAPK/INK in prostate cancer cells.

Yu et al. [47] have observed the down-regulation of STAT3 at mRNA and protein levels, which
indicated the inhibition of the JAK/STAT pathway by fucoxanthin as the JAK are known to
activate the STAT members. Further, Wang et al. [12] reported that the STAT3 and p-STAT3
(phosphorylated STAT3) was down regulated by fucoxanthin. EGFR (epidermal growth factor
receptor) expression, which is often dysregulated in many human cancers, was decreased with
fucoxanthin. They have concluded that down regulation of STAT3/EGFR was involved in the anti
tumor and apoptosis inducing effects of fucoxanthin.

3.4. NFkB

The nuclear factor kappa B (NF-kB) is a family of closely related transcription factors that are
held in the cytoplasm in the inactive form by their interaction with the inhibitor of kB (IkB). IxBs
include IkBo, IxBp, IkBe, and BCL-3. The phosphorylation of IkB results in activation of NF«xB
and its translocation to the nucleus, followed by induction of target genes and the resulting effects.
NF-«B may be activated by many cytokines, growth factors and their receptors, tyrosine kinases,
tumor necrosis factor receptor families, other signaling pathways, such as Ras/MAPK and
PI3K/Akt. NF-xB promotes resistance to apoptosis and may also exhibit pro-apoptotic properties.
NF-«xB inhibits p53-induced apoptosis by up-regulating anti-apoptotic genes, and decreasing p53
levels. As NF-kB is associated with several tumor/cancer related processes, such as its activation
by pro-inflammatory cytokines and its ability to induce cell proliferation and anti-apoptotic gene
expression, as well as induction of angiogenesis, it is often considered as a hallmark of cancer [62,63].

Cisplatin has the potential to bind to the DNA molecules, forming platinum-DNA adducts which
interfere with transcription and replication of the DNA, resulting in cell death [64,65]. Several
mechanisms responsible for resistance to cisplatin are known. Elevated mRNA levels of excision
repair cross-complementation group 1 (ERCCI1) are reported in clinical resistance to
platinum-based chemotherapy for various cancers. NFkB induces cell proliferation, metastasis,
suppression of apoptosis, oncogenesis, and cancer therapy resistance. NFkB induces anti-apoptotic
proteins and suppresses pro-apoptotic genes and thus inhibits apoptosis. Cisplatin and several other
cancer drugs are shown to induce NF«kB translocation and activation, resulting in drug resistance.
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In addition, thymidine phosphorylase (TP) expression is higher in tumors, and results in their
enhanced resistance to apoptosis. Mise and Yasumoto [30] found that that the antioxidative
potential of fucoxanthin did not decrease the cytotoxicity of the platinum anti-cancer drug,
cisplatin. In another study, Liu et al. [57] have also reported the similar effectiveness of
fucoxanthin with cisplatin, in HepG2 cells. The results of their study clearly indicated an enhanced
anti-proliferative effect of cisplatin when used in combination with fucoxanthin. NFkB binding was
decreased and restoration of IkB by inhibition of phosphorylation was increased. Their results
involving an NF«B inhibitor suggests an inhibition of the NFkB pathway when the combination is
administered as compared to cisplatin alone. While cisplatin resulted in increased expression of
ERCCI1 and TP, combined treatment with fucoxanthin resulted in their inhibition. In another study,
fucoxanthin and fucoxanthinol reduced the phosphorylation of IKKf and IkBa and levels of IKKa,
IKKp, and IKKYy (indicating Hsp90 chaperone inhibition) [31]. Different genes showed different
susceptibility to the fucoxanthin treatment and were associated with the down regulation of
DNA-binding activities of NF«B, plkBa, and increased IxBo [14].

3.5. CYP3A4 Enzyme

Due to their wide range of substrate selectivity CYP3A enzymes play a major role in
metabolism and are of special relevance in the metabolism of clinically used drugs [66]. The
cytochrome P 450 3A4 (CYP3A4) is the most abundant of the P450 isoforms and is found in the
liver and intestines of humans. Activation of pregnane X Receptor (PXR) results in the induction of
CYP3A4. Cytochrome P450 enzymes are regulated by both the PXR and CAR (constitutive
androstane receptor) pathways [67]. PXR is known to act as a xenobiotic sensor and can prevent
intracellular accumulation of drugs by activation of cytochrome P450 and multiple drug
resistance 1 (MDR 1). PXR activation has an anti-apoptotic role and PXR antagonists can decrease
cell proliferation and interfere with cancer drug resistance [68,69]. Liu et al. [70] have examined
the possible role of fucoxanthin as an adjuvant to prevent or overcome rifampin induced drug
resistance in HepG2 and LS174T cells. In their study, decreased basal CYP3A4 enzyme activity,
CYP3A4 mRNA expression, CYP3A4 protein expression, CYP3A4 promoter activity through
CAR and decreased PXR and SRC-1(co-activator of PXR) interaction in fucoxanthin treated group
and with co-incubation of fucoxanthin with rifampin was observed. Their results indicate that
fucoxanthin may play an important role as not only a chemotherapeutic agent, but also in assisting
other cancer drugs by attenuating the prevailing drug resistance. Satomi and Nishino [32] have
observed induction of the CYP1A1 gene expression as a result of fucoxanthin treatment in prostate

cancer cell lines.
3.6. Gap Junctional Intracellular Communication/Connexin Genes

Gap junctional intracellular communication (GJIC) is a mechanism for intercellular cell
communication and operates at sites of cell adhesion where plasma membranes of cells can be
connected by buried paired channels. Thus, GJIC regulates the communication between cells of
tissues of an organ, allowing for direct communication between the cytoplasm of cells without
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transit through the extracellular space, making it possible for the cells to achieve a common and
integrated target/metabolic activity [71]. Gap junctions in vertebrates are composed of the connexin
family of proteins, which are about 20 in number in humans [72]. Loss and impairment of GJIC has
been associated with pathologies such as cancer, heart and skin diseases, cataracts, hereditary
deafness, and some forms of neuropathy [73]. The enhancement of GJIC in cancer on treatment
with several carotenoids such as [-carotene, canthaxanthin, lutein, o-carotene, lycopene
astaxanthin, has been reported [74-76]. Liu et al. [29] have attempted to elucidate the mechanism
of the anti-proliferative action of fucoxanthin by studying the GJIC, expression of connexin genes
and DNA damage. The GJIC and expression of connexin genes (Cx 32 and Cx 43) was improved at
both protein and mRNA levels in the SK-Hep-1 cells in a concentration dependent manner by
fucoxanthin while the BNL CL.2 cells were unaffected. Their results indicated that fucoxanthin can
regulate pathways, such as MAPK and PI3 kinase/Akt cascades, which are known to have a
negative effect on GJIC. They have concluded that fucoxanthin exhibits anti-proliferative activity
in SK-Hep-1 cells along with enhanced expression of connexin genes and GJIC. Satomi and
Nishino [32] have also observed an increase in expression of connexin 43 and AP-1.

3.7. Expression of N-Myc Oncogene, Survivin, and Angiogenic Activity

N-Myc oncogene, known to be over expressed in neuroblastoma, was reduced by fucoxanthin
treatment in GOTO neuroblastoma cell line and this effect was found to be reversible when
fucoxanthin was removed from the media [10]. Survivin is known to be prominently expressed in
many common human cancers. Yu et al. [47] studied the role of JAK/STAT pathway and have
speculated that other pathways may inhibit the expression of survivin. Further, the expression of
survivin and VEGF (vascular endothelial growth factor; induced by STAT3) positive cells was
down regulated by fucoxanthin in the study of Wang et al. [12]. Yamamoto ef al. [31] and
Ishikawa et al. [14] also observed the down-regulation of survivin.

Sugawara et al. [77] have reported the anti-angiogenic activity of fucoxanthin and postulated
that this may be another protective effect of fucoxanthin in pathologies such as cancer. They have
observed the reduced tube length of HUVEC (human umbilical vein endothelial cells) cells and the
inhibition of their proliferation by fucoxanthin but have observed no effect on their migration.
Fucoxanthin and fucoxanthinol were found to suppress development of blood vessel like structures
in embryonic stem cell derived embyoid bodies and outgrowth of micro-vessels. In addition they
have hypothesized that antioxidant activity of fucoxanthin may be involved in its anti-angiogenic
effect as ROS are known to stimulate angiogenesis.

4. Conclusions

Fucoxanthin influences a multitude of molecular and cellular processes. It exerts strong effects
on cancer cells and shows synergistic activity in combination with established cytotoxic drugs. This
raises the possibility that it could become an interesting anti-cancer compound in various types
of cancer.
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Marine-Sourced Anti-Cancer and Cancer Pain Control
Agents in Clinical and Late Preclinical Development

David J. Newman and Gordon M. Cragg

Abstract: The marine habitat has produced a significant number of very potent
marine-derived agents that have the potential to inhibit the growth of human tumor cells
in vitro and, in a number of cases, in both in vivo murine models and in humans. Although many
agents have entered clinical trials in cancer, to date, only Cytarabine, Yondelis® (ET743), Eribulin
(a synthetic derivative based on the structure of halichondrin B), and the dolastatin 10 derivative,
monomethylauristatin E (MMAE or vedotin) as a warhead, have been approved for use in humans
(Adcetris®). In this review, we show the compounds derived from marine sources that are currently
in clinical trials against cancer. We have included brief discussions of the approved agents, where
they are in trials to extend their initial approved activity (a common practice once an agent is
approved), and have also included an extensive discussion of the use of auristatin derivatives as
warheads, plus an area that has rarely been covered, the use of marine-derived agents to ameliorate
the pain from cancers in humans, and to act as an adjuvant in immunological therapies.

Reprinted from Mar. Drugs. Cite as: Newman, D.J.; Cragg, G.M. Marine-Sourced Anti-Cancer and
Cancer Pain Control Agents in Clinical and Late Preclinical Development. Mar. Drugs 2014, 12,
255-278.

1. Introduction

Rather than discuss the agents that are currently in use from marine sourced organisms, which
will be covered in another review in this journal, we will discuss agents that are from marine or
marine-derived sources that are either in clinical trials, or are in advanced preclinical status.
Obviously we will not be covering all such agents, as some are known only by a code number
without any other information being available, whilst others are in “preclinical status” according to
the authors of a paper or communication, but in truth, most of these are simply reports of some
in vitro activity against cell lines or have some preliminary data on in vivo activity in rodents.

We will also avoid using the source organism as the method of classification as it is now
becoming quite evident that the majority of compounds reported from the marine environment are
in fact produced by, or in concert with, single-celled organisms ranging from protists (frequently
dinoflagellates) to bacteria, including a very significant number of as yet uncultured organisms.

We will mention some of the materials that have been approved for use in one or more countries
that are in fact in clinical trials in others, or are now being used in conjunction with other drug
moieties as these are very common occurrences with antitumor agents once they are approved. For
example, although not a marine-derived agent, taxol® is still in clinical trials, usually as part of a
multi-drug regimen more than 20 years after it was approved for use by the US Food and Drug
Administration (FDA) for treatment of refractory ovarian cancer.
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We have organized this review in a manner that is the reverse to what most authors would do, in
that we will commence with agents that have been approved but are still in clinical trials, followed
by agents in stages of clinical development (nominally Phase I to III), rather than start with
preclinical agents and work forwards.

Since a number of the agents that are in clinical trials are very close relatives to approved
materials, we have elected to group these agents after the “approved parent”, so that the similarities
and differences can be more easily seen, thus giving the full “chemical lineage” in certain cases
below. In addition, we have elected to commence with compounds from marine sources that could
be considered as “adjuvant therapies” though, with one exception, not in the immunological sense.

2. Treatment of Pain Associated with Cancer
2.1. Tetrodotoxin (Tectin ®, Phase IlI; Figure 1, 1)

One of the most unusual agents at this stage is a very well known “marine toxin”, the highly
substituted guanidine-derivative, tetrodotoxin (1) [1-3]. Although this is not a formal anti-tumor
agent, it is in fact in Phase III trials as an agent (Tectin®) against inadequately controlled pain
related to cancer by WEX Pharmaceuticals in the USA, together with a Phase II trial under the
same company, again in the USA, against the neuropathic pain resulting from chemotherapy-induced
peripheral neuropathy. Although there was debate in years gone by over the actual source of this
agent, there is now little doubt that it is produced by a commensal microbe, though which one(s) is
still open for debate [4]. The synthesis of the compound and other derivatives has been published
from a variety of chemists with an excellent recent review by Nishikawa and Isobe giving the
highlights of their methodologies and covering some of the early history of this class of toxins [5].

Figure 1. Pain control agents.
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2.2. XEN-2174 (Phase II; Figure 1, 2)

This compound, a very slight modification of the naturally occurring y-conotoxin MrIA, was
originally isolated from C. marmoreus and then optimized by medicinal chemistry [6]. Unlike the
other conotoxins either approved or in various levels of testing, this particular agent is a modified
13-residue peptide and is a noncompetitive inhibitor of the neuronal norepinephrine transporter

(NET) [7].
2.3. Leconotide (AM-336, w-Conotoxin CVID; Phase I; Figure 1, 3)

This molecule, a 27 residue peptide with three internal CYS-CYS bonds, is similar to the
well-known pain treatment ziconotide, and is currently in Phase I trials sponsored by Relevare
Pharmaceuticals (previous name was CNSBio) for treatment of pain related to cancer. It is a
calcium channel blocker and was originally identified by researchers at the University of
Queensland. Although initial experiments used the intrathecal route (as with ziconotide) [8], the
current protocol uses systemic administration [9].

2.4. Immunological Use of Keyhole Limpet Hemocyanin (KLH, Phase I-III)

KLH has been used for many years as a classical immunoadjuvant, and had been approved in
countries from Austria to South Korea, mainly for treatment of bladder cancer [10]. Two recent
publications gave results from Phase III trials, the first being in metastatic breast cancer where it
did not demonstrate any increase in median life span [11], but in the other Phase III trial in bladder
cancer, using mitomycin as a comparative agent, there were indications that KLH had a positive
effect on disease progression [12]. Currently, the ClinicalTrials.gov web site [13] lists Phase III
(NCTO01480479) and Phase II (NCT01498328) trials using KLH in its adjuvant status against
relapsed glioblastoma, and Phase I trials in conjunction with KLH as part of a vaccine against high
risk neuroblastoma (NCT00911560) and fallopian tube, epithelial ovarian and peritoneal cancers in
patients following a first remission (NCT01248273).

3. Approved Marine-Derived Antitumor Agents Still in Clinical Trials (and Close
Chemical Relatives)

3.1. Cytarabine (Phases I to IV; Figure 2, 4)

As mentioned in a news interview in the early 1990s and then formally in a review by the
authors in 2000 [14] this agent, though not found in a marine environment as “Ara-C” can trace its
chemical lineage back to the discovery of bioactive nucleosides that contained arabinose rather
than ribose or deoxyribose. Though we were not the first to recognize the importance of such
substitutions, as Suckling [15] in a review in 1991 reported on the chemistry involved in the
syntheses of these and other such arabinose-linked nucleosides with common or uncommon bases,
we were perhaps the first to formally link the discoveries of the marine-sourced natural arabinoses
by the Bergmann group to the “design” of this agent [16—18]. So Ara-C can be legitimately
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considered to be a marine-derived agent, since without the arabinose, it would simply have been a
normal component of nucleic acids.

Even today, there are 840 trials listed in the NIH (National Institutes of Health, Bethesda, MD,
USA) clinical trials database (ClinicalTrials.gov), with 240 of them being open studies that are
recruiting, covering a large number of cancers and ranging from Phase IV down to Phase 1. In the
corresponding European database, 43 clinical trials covering the same phases, but with some
overlap, are listed. As with other well-known approved drugs, it is still in use, more than 40 years
after its initial approval, with an interesting recent paper questioning the use of high dose
cytarabine therapy during remission in adults of acute myeloid leukemia [19].

3.2. ET743 (Trabectedin, Yondelis®; Phases I to IlI; Figure 2, 5)

This compound may well be considered the “poster child” for marine-derived antitumor agents,
as it is currently the only molecule in use as an antitumor agent that is identical to one of the
compounds originally isolated from E. turbinata. The stories around the discovery and
development of this compound using materials from in-sea and on land aquaculture, followed by
the semi-synthesis from a precursor molecule from a marine microorganism, cyanosafracin B, have
been told by many authors over the years. These ranged from the initial reports of bioactivity in this
organism in 1970 by Sigel et al. [20], the initial identification of the series by Holt in his PhD
thesis in 1986 [21], to the simultaneous publications from the laboratories of Rinehart at the
University of Illinois (Urbana Champaign, IL, USA) [22], and Wright at Harbor Branch
Oceanographic Institution (Fort Pierce, FL, USA) [23] in 1990 of the structure of ET743. This
work was followed with the thorough discussion given by the investigators at PharmaMar (Madrid,
Spain) in 2009 [24], demonstrating the power of both semi-synthesis and optimization of processes
to obtain active drug principles. The molecule was approved in the EU (European Union) in 2007 for
treatment of advanced soft tissue sarcoma and in some of the EU countries for treatment of recurrent
platinum-sensitive ovarian cancer when coupled to liposomal doxorubicin in 2009, but the
corresponding U.S. FDA (Food and Drug Administration) application was withdrawn.

The commonalities and differences in the pharmacological response of trabectedin and its close
relatives, Zalypsis® and lurbinectedin (vide infia) have been discussed recently with respect to their
experimental effect upon the Fanconi anemia pathway. Martinez et al. [25] demonstrated that these
three agents inhibited the Fanconi anemia pathway in the cell lines tested, increasing their sensitivity
to mitomycin C, in contrast to mitomycin C which always activated that pathway in the same cell
lines. The authors suggested that as a result of these findings these three agents might be useful
clinically in “Fanconizing” cancer cells in order to gain sensitivity against other anti-tumor drugs. In
another paper the same year, Romano et al. [26] reported that in in vitro and in vivo models, no
relationship was found between the in vitro cytotoxic potency and in vivo antitumor activity in
syngeneic mouse models, suggesting that there might well be a host response in these models. In
addition, the pharmacokinetics differ, even between the quite similar trabectedin and lurbinectedin in
humans, and as expected due to the differences in structure, Zalypsis® has been shown to differ in
pharmacokinetics in humans [27].
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Figure 2. Approved marine-derived drugs and close analogues in clinical trials.
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As of the end of October 2013, there were 15 studies found for ET743 in the NIH clinical trials
database, 12 at Phase II and three at Phase I, all being listed as completed, with cancer types covering
breast, prostate, soft tissue sarcoma and osteosarcoma, plus general carcinomas. Searching the
corresponding EU Clinical Trials Register, 19 trials were listed ranging from 2005 to 2013 with three
being Phase III trials not found on the NIH site. These were two trials against refractory ovarian
cancer with liposomal doxorubicin, and the third was for patients with translocation-related sarcomas.
Again these listings demonstrates that once a compound has been approved for treatment of one type
of cancer, it will be placed in clinical trials for many others, either individually or as part of a new
drug regimen.

A discussion of the probabilities of ET743 and its congeners being produced by as yet
uncultured microbes associated with the source tunicate was recently published by Giddings and
Newman [28] which should be consulted for further details.

3.2.1. PM-10450 (Zalypsis®; Phases I-II; Figure 2, 6)

This compound, another variation on the basic structure of the dimeric isoquinoline alkaloids,
was derived from the structure of jorumycin, a compound isolated from the skin and mucin of the
nudibranch Joruna funebris [29], and renieramycin J from a species of the marine sponge,
Netropsia. Zalypsis® was synthesized by workers at PharmaMar (Madrid, Spain) using
methodologies related to the ET743 synthesis from safracin B [30]. The initial report of the
molecular pharmacology of this agent was described by Leal ez al. in 2009 [31] and even though it
has a close resemblance to ET743, it does not activate the DNA damage checkpoint response.

Currently both the NIH and EU clinical trials sites show three clinical trials at Phase II/I levels
with one in Spain showing as still continuing. There are eleven reports to date in the literature with
recent results from Phase I studies being reported in 2012 from work in the UK [27]. These were
then followed by further reports in 2013, where objective responses, mainly stable disease, were
seen in a small number of patients [32,33]. In contrast, also in 2013, a report was published
demonstrating a lack of response and termination of the Phase II trial of this compound in a heavily
pretreated population with advanced and/or metastatic endometrial or cervical cancers [34].

3.2.2. Lurbinectedin (PM-01183; Phases I-II; Figure 2, 7)

This compound is another variation on the basic structure of the dimeric isoquinoline alkaloids,
but has a tetrahydro-f3-carboline moiety instead of the tetrahydroisoquinoline present in ring C, and
binds in the DNA minor groove [35]. The compound was shown to have different
pharmacokinetics in patients and also like trabectedin, to attenuate nuclear excision repair (NER).
It also demonstrated synergy with platinum-based agents in vitro thus suggesting a possible
treatment regimen since it also demonstrated activity against platinum-resistant cell lines [36]. Two
Phase II clinical trials with lurbinectedin are shown on the NIH clinical trials site, one recruiting
and one approved but not yet recruiting, with two Phase I trials recruiting and one approved but not
yet recruiting. On the European clinical trials site, one Phase II trial corresponding to the” not yet
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recruiting trial” listed on the NIH site in the USA, is on-going in Spain, and the other is a two year
old trial against metastatic pancreatic cancer in Spain and the UK.

3.3. Eribulin (Halaven®; Phases I-1V; Figure 2, 8)

The story of the discovery of this compound (a totally synthetic variation on halichondrin B has
been given in a variety of formats over the years, from the chapter by the Eisai scientists in
Woburn, MA that showed the progression from the synthesis of halichondrin B to the initial
synthesis of eribulin [37], to two recent papers on the industrial methodologies that enabled the
production of this molecule, certainly the most complex synthetic drug to date [38,39].

As with the other approved compounds mentioned earlier, Halaven® is currently shown as being
in 28 trials that are recruiting patients with 27 being Phase I or II or I/Il. The one Phase III trial is
a physician’s choice model with Halaven® being one of the three drugs to choose from. In addition,
of the other 43 trials shown, 21 are active but not recruiting with the majority being at Phase I or II,
though two are at Phase III and one (Phase 1V) is a post market surveillance. One trial in the list
was terminated with no reason given. In addition, a new liposomal formulation of eribulin
mesilate is currently in a Phase I clinical trial (NCT01945710) in the United Kingdom under the
auspices of Eisai.

The geographic areas of these trials effectively cover the world, but the majority are either in the
USA or Europe. Summation of the figures on the map in the Clinicaltrials web site always gives
a higher figure as a significant number of trials cross geographic boundaries within the one trial.

3.4. Brentuximab Vedotin (Adcetris®; Phases 0 to IV; Figure 2, 9)

This immunoconjugate with a “warhead” derived from dolastatin 10, monomethylauristatin E
(vedotin; Figure 2, 10), a secondary metabolite from a Symploca species of cyanophyte, was
approved in the USA in 2011 for treatment of CD30 positive lymphoproliferative disorders such as
Hodgkin’s lymphoma. This combination was the second immunoglobulin-warhead combination to
be approved for leukemias following the initial approval of Mylotarg® by the FDA in 2000.

Subsequently Mylotarg® was withdrawn in the USA in 2010 due to concerns about the product’s
safety that were raised by a confirmatory study conducted after approval, as patients on the
preparation and also receiving chemotherapy had a higher death rate and no objective increase in
life when compared to a group using just chemotherapy. This combination is still in use in other
countries. A relationship to marine sources for the “warhead endiyne molecule” was established
when investigators at the Scripps Oceanographic Institution (La Jolla, CA, USA) showed the
presence of endiyne cryptic clusters in marine bacteria of the genus Salinospora [40].

Adcetris® is the product of extensive work by Seattle Genetics (Seattle, WA, USA), first in
optimizing the vedotin warhead (10) and then developing the linkers that couple the antibody to the
compound [41]. Some of these, discussed later, are designed to release the warhead (vedotin) by
simple hydrolysis of a linker bond, whereas others require the enzymatic digestion of the antibody,
releasing the warhead plus appendages. It was approved by the FDA in 2011 and subsequently
approval was given in the EU late in 2012 and launched in the UK in early 2013, all for CD30
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positive leukemias. Full explanations of the methodologies used and the utility of this agent against
a variety of lymphomas have been published in the last three years and should be consulted by the
interested reader [42-45]. In addition, a recent report from Takeda (Osaka, Japan) shows the
strategy that this company is adopting, including the further development of this agent [46].

Currently, this agent is in 37 trials mainly in the USA from Phase 0 to Phase IV where the latter
trial is listed as recruiting on the NIH clinical trials site. Six more are listed in the EU clinical trials
site covering Phase II to Phase IV.

3.4.1. Glembatumumab Vedotin (Phase II)

This is monomethylauristatin E (MMAE) linked to a fully human monoclonal antibody CR011
(an anti-CG56972) via a stable valine-citrulline dipeptide linker. It was targeted against patients
with unresectable melanomas at stage III or IV who have failed one cytotoxic chemotherapy
regimen and has expanded to include metastatic breast cancer as well. The combination has a
variety of names during its early days including CDX-011, CR-011 and CRO11-veMMAE, so
searching for data can be a trifle challenging.

The initial report of the use of this combination was given by investigators from CuraGen in
2006 [47], followed by a report of xenograft activity in 2007 from the same group [48]. The value
of the monoclonal’s target in triple negative breast cancer was described in 2010 by Rose et al. [49],
with the corresponding details in melanoma described in 2012 by a group from the People’s
Republic of China [50]. Currently three completed studies at the Phase I/II levels are reported in
the NIH clinical trials database with one preliminary report of clinical activity in breast cancer
patients [51].

3.4.2. ABT-414 (Phase I-1I)

This is an antibody-drug conjugate (ADC) linking the anti-Epidermal Growth Factor Receptor
(EGFR) antibody ABT-806 to another variation on auristatin; in this case, monomethylaurisatin F
(Figure 2, 11) is used in place of the “E” variant. The ADC was designed to bind to a unique
epitope of EGFR that is usually not accessible when EGFR is expressed at physiological levels.
However, the ADC binds when tumors express EGFRde2-7 (EGFRVIII) and in other tumors with
amplified EGFR or excessive EGFR activation under “normal wild-type conditions” [52].

Abbvie (North Chicago, IL, USA), which is the renamed Abbott Pharmaceutical Division,
recently instituted two human clinical trials as trials in mice using human wild-type EGFR-
overexpressing tumors gave complete regressions and “cures” [52]. Phase I studies where patients
must have a solid tumor type likely to over-express (EGFR), are underway evaluating the safety,
pharmacokinetics and efficacy of ABT-414, with a Phase Ila expansion (NCT 01741727) at the
maximum tolerated dose (MTD) where patients, accepted by invitation only, must have squamous
cell Non-Small Cell Lung Cancer (NSCLC). The other trial at the Phase I level (NCT01800695) is
a study evaluating the safety and pharmacokinetics of ABT-414 in subjects with glioblastoma
multiforme in combination with radiation plus temozolomide or temozolomide alone; the study is
currently recruiting patients with this particular disease.
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3.4.3. PSMA-ADC (Phase II)

This ADC is a fully human monoclonal antibody against prostate specific antigen that is coupled
via the valine-citrulline dipeptide linker to mono-methylauristatin E (MMAE) and was designed to
undergo release via proteolysis by human cathepsin B. The initial report demonstrating activity in
prostate cancer cells and in xenografts was published in 2006 [53]. This was followed in 2011 by a
report showing expanded activity against androgen sensitive and insensitive cell lines in
xenografts [54].

Since there are now reports of the PSMA antigen being present in glioblastoma multiforme, this
ADC is in a Phase II trial currently recruiting patients with this specific cancer, in addition to the
Phase I and II trials against prostate cancer. All three trials are listed as current in the NIH clinical
trials database, but no trials are shown in the EU database at this time.

3.4.4. DCDT-2980S (Phase II)

This ADC from Genentech (Roche, San Francisco, CA, USA) is a humanized IgG1 antibody
directed against the CD22 epitope linked to sulthydryl groups on the antibody via a maleimide
derivative. This derivative is the same as that used in Adcetris®, releasing monomethylauristatin E
on protease cleavage. Since the CD22 epitope is not expressed in rodents, trials for safety were
performed in cynomolgus monkeys and demonstrated adequate safety in primates plus efficacy in
xenografts [55]. Currently there is one Phase II trial recruiting and one active trial in the NIH
clinical database and no records in the EU equivalent. These trials are in leukemias, not solid tumors.

3.4.5. DCDS-4501A (Phase IT)

This is also from Genentech/Roche, and is an ADC with monomethylauristatin E linked to an
anti-CD79b monoclonal. It is currently in the same Phase II trial as DCDT-2980S as an alternative
treatment against follicular B cell lymphoma, and is also in an ongoing Phase I trial against various
lymphomas in a dose escalation study. As with the earlier Roche agent (Section 3.4.4), no trials are
listed in the EU database.

3.4.6. Enfortumab vedotin (Phase I)

This combination, a fully human IgGlk antibody linked to monomethyl auristatin E via a
cleavable valine-citrulline linker is also known under the code names AGS-22MSE and
AGS-22ME and is currently undergoing Phase I evaluation under the aegis of Agensys (Ashburn,
VA, USA), Seattle Genetics and Astellas Pharma (Tokyo, Japan). It should be pointed out that
Agensys is a subsidiary of Astellas Pharma and the philosophy behind the approach from their
standpoint was reported by Yanagita and Takenaka in 2012 [56]. The only record at the moment of
the initial development of this agent is in an abstract of the 2011 AACR Meeting in Orlando,
Florida [57].
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3.4.7. Vorsetuzumab Mafdotin (SGN-75; Phase I)

This ADC, from Seattle Genetics, has monomethylauristatin F linked to the humanized anti-
CD70 monoclonal antibody 1F6 through a maleimidocaproyl linker that is non-cleavable, so the
release has to rely upon invagination and then proteolytic digestion [58]. This ADC is currently
being evaluated in Phase I trials against relapsed and refractory non-Hodgkin’s lymphoma and also
metastatic renal cancer where the cancers express the CD70 epitope. Currently the NIH database
shows one completed Phase I trial and one recruiting for renal cell carcinoma, but no trials in the
EU database. There are reports in the conference literature on some of the findings, but as yet, no
peer-reviewed reports.

3.4.8. SGN-19A (SGN-CD19A; Phase I)

This is another Seattle Genetics ADC where a humanized anti-CD19 antibody is linked to
monomethylauristatin F through a maleimidocaproyl-valine-citrulline linker. Currently there are
two Phase I trials in the NIH database at the Phase I level that are actively recruiting for trials in
lymphomas including Burkitt’s lymphoma. One presentation at the 2013 AACR meeting is the
only published report of progress at the moment [59].

3.4.9. BAY 79-4620 (3ee9/MMAE; Phase I)

This ADC is monomethylauristatin E linked to an antibody against the human carbonic anhydrase
IX, and was made using the Seattle Genetics techniques as described for the anti-CD30 ADC (now
known as Adcetris®) by Francisco ef al. in 2003 [60]. Two Phase I trials are listed in the NIH
database with one showing completed (determination of MTD in patients with advanced solid
tumors) but the other, again an MTD-based study, was terminated for safety reasons. The
differences between the two trials from the database descriptions appeared to be the frequency of
treatment, three weeks in the completed trial versus two weeks in the terminated one. No data in
the EU database.

3.4.10. AGS-16C3F (AGS-16MS8F; Phase I)

This ADC is a fully human IgG2k monoclonal antibody directed against the AGS-16 antigen
and conjugated to monomethylauristatin F (MMAF) via a noncleavable maleimido-caproyl linker.
This particular ADC is directed against renal and liver carcinomas as a result of the AGS-16
antigen. Details of the initial discovery and results of cell line and xenograft testing were presented
at the 2010 Genitourinary Cancers Symposium by Gudas et al. [61]. Currently there is one Phase I
trial against renal cancer recruiting according to the NIH database, and one completed Phase 1
looking at the safety of dose escalation.

3.4.11. DMUC-5754A (RG-7458; Phase I)

This ADC is a monoclonal antibody against the epitope MUC16 linked to monomethylauristatin
E and it is targeted against ovarian carcinomas, but no further details other than a report in an
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abstract at the 2013 AACR meeting [62], are available at the present time. Currently the NIH web
site shows that Genentech is recruiting patients for a Phase I trial against both ovarian and

pancreatic cancer.
3.4.12. DNIB-0600A (RG-7599; Phase I)

This ADC is a humanized IgG1 monoclonal antibody directed against the NaPi2b epitope linked
to monomethylauristatin E. No information as to the method of linkage is available and the only
report is in an abstract at the 2013 ASCO meeting [63]. Phase I trials against non-small cell lung
cancer and platinum resistant ovarian cancer are actively recruiting patients according to the
NIH database.

3.4.13. Al-mcMMAF (PF-06263507; Phase I)

This ADC is monomethylauristatin F linked via a maleimidocaproyl linker to a humanized
monoclonal antibody directed against the 5T4 tumor antigen. The ADC was prepared using the
basic techniques described by Doronina et al. [41], and demonstrated potent antitumor activity in in
vivo xenograft models and exhibited no overt toxicities when delivered to cynomolgus monkeys [64].
Currently Pfizer is recruiting patients for a Phase I trial against advanced solid tumors according to
the NIH database.

3.4.14. DMOT-4039A (Phase I)

This ADC is a monoclonal antibody identified as MMOT-0530A that was raised against an
un-named antigen that is overexpressed in pancreatic and ovarian cancer, conjugated to
monomethylauristatin E. Currently the ADC is in two Phase I clinical trials with one in the USA
and The Netherlands recruiting patients with unresectable pancreatic or platinum-resistant cancers
(NCT01469793), whilst the other one (NCT01832116), also directed against the same cancers and
actively recruiting patients in The Netherlands, is designed to use PET imaging using 3Zr-linked to
the MMOT antibody as the imaging agent, followed by use of the ADC thus permitting an
assessment of the imaging and the subsequent response to therapy.

3.4.15. RG-7600 (Phase I)

This ADC, which from the comments on the Genentech web site [65], is in Phase I studies
against ovarian cancers, does not have any other information in the literature. However, since the
web site states that it is in collaboration with Seattle Genetics, the warhead may be an auristatin
derivative. No details as to current trials can be found in the NIH database.

3.4.16. DEDN-6526A (RG-7636; Phase I)

As with RG-7600, the only information is from the Genentech web site where this ADC is listed
as being in Phase I against unresectable melanoma. Since Seattle Genetics is also involved, the
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warhead may be an auristatin derivative, and the antibody may well be directed against endothelin
ETB receptors. One trial that is recruiting patients is shown in the NIH database (NCT01522664).

3.4.17. DSTP-3086S (RG-7450; thio-antiSTEAP1-MC-vc-PAB-MMAE; Phase I)

This is another of Genentech (Roche) ADCs using, in this case, an antibody against a
humanized anti-STEAP1 IgG1 antibody modified via determination/modification of reactive thiols
according to the patent application by Bhakta and Junutula [66], and coupled to
monomethylauristatin E. The antibody is directed against the six-transmembrane epithelial antigen
of prostate 1, hence the STEAP1 acronym, and was evaluated as both the basic ADC with
monomethylauristatin E and the thio-modified antibody, with the decision being to go with the thio
modified version from the PK determinations [67,68]. Currently there is one Phase I study
recruiting patients with metastatic castration-resistant prostate cancer (NCT01283373) with a
preliminary report showing some clinical responses given at the 2013 ASCO Meeting [69].

3.4.18. MLN-0264 (Phase I)

This is an ADC composed of a fully human monoclonal IgG antibody (5F9) directed against
guanylyl cyclase C (GCC) and is conjugated to monomethylauristatin E via a cleavable linker
(licenced from Seattle Genetics). The antibody is directed against gastrointestinal tumors that
express GCC. This is a first in class drug candidate with the initial report of the rationale being
given in November 2012 at the 14th EORTC-NCI-AACR meeting in Dublin, Ireland [70]. A report
at the next conference in the series was given in 2013, demonstrating activity both alone and in
conjunction with gemcitabine in xenograft models of pancreatic cancer [71]. The compound is in a
Phase I trial (NCTO01577758) and is currently recruiting patients with GI cancers expressing the
required antigen.

3.4.19. RG-7598 (Phase I)

As with RG-7600 (Section 3.4.15), the only information is from the Genentech web site where
this ADC is listed as being in Phase I against multiple myeloma. Since Seattle Genetics is also
involved, the warhead is probably an auristatin derivative. No trials can be found in the NIH
database as of early November 2013.

3.4.20. SGN-LIV1A (Phase I)

This ADC is being developed by Seattle Genetics and is an anti-LIV-1 humanized monoclonal
antibody linked to monomethylauristatin E. The LIV-1 epitope is also known as SLC39A6 or ZIP6,
and is a member of the zinc transporter family. It was first identified as an estrogen-inducible gene
in breast cancer derived cell lines. It is a downstream target of STAT3, and promotes the epithelial
to mesenchymal transition important in the malignant progression of breast cancer to the metastatic
form. It is expressed in subtypes of metastatic breast cancers (ER+/HER2—; HER2+ and triple
negative). However, in healthy human tissues, its expression is limited to four hormonally-regulated
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organs. Both in vitro and in vivo models demonstrated significant delay of tumor growth on
treatment with the ADC [72]. This ADC is in a Phase I study that is currently recruiting patients
(NCT01969643) with metastatic breast cancer to determine safety and any antitumor activity
during the trial.

3.4.21. AGS-15E (AGS-15ME; Phase I)

This is an ADC with the fully human IgG2 monoclonal antibody (AGS15) whose target is
SLITRK®6, conjugated to monomethylauristatin E (MMAE) through the maleimidocaproyl-valine-
citrulline linker from Seattle Genetics. The target of this antibody, SLITRK6, is a member of the
SLITRK family of neuronal transmembrane proteins, and was discovered by Agensys using
suppressive subtractive hybridization on biopsies from bladder cancer patients [73].

Immunohistochemical (IHC) analysis of SLITRK6 expression was evaluated in various human
cancers including bladder, using a SLITRKG6-specific antibody M15-68(2)22. This mouse
monoclonal antibody demonstrated that 90% of 452 human bladder transitional cell carcinomas
from in situ, advanced primary and metastatic tumors express this epitope. In addition, the same
expression was seen in some lung, breast and glioblastomas as well. In normal tissues, expression
is significantly restricted [73]. Currently a Phase I trial (NCT01963052) is actively recruiting
patients with metastatic urothelial cancer.

3.5. Preclinical Auristatin-Linked ADCs

The following ADCs are currently in advanced preclinical trials but the current information that
is available is minimal.

3.5.1. CDX-014 (CR-014-vcMMAE)

From the code name, this is a valine-citrulline-linked monomethylauristatin E linked to a fully
human anti-TIM1 monoclonal antibody CR-014. This antibody was developed to selectively target
TIM 1 (Kd = 2.7 nM), a type I transmembrane protein expressed on the surface of ovarian and

renal carcinoma cells with poor expression in normal tissues.
3.5.2. HuMax-CD74

This auristatin-linked ADC in preclinical development uses HuMax-CD74, an antibody that
targets HLA class II histocompatibility antigen gamma chain (CD74). This epitope is expressed in
a wide range of hematological malignancies and solid tumors, and is being developed by a
collaboration between Genmab (city, state, country) and Seattle Genetics [74].

3.5.3. HuMab-TF-011-veMMAE (HuMax-TF-ADC; TF-011-MMAE IND Filed)

TF-011-veMMAE is an ADC under development for the treatment of solid tumors. It is
composed of a human tissue factor (TF) specific antibody (TF-011), linked to a protease cleavable
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valine-citrulline (vc) linker and monomethylauristatin E (MMAE). TF is aberrantly expressed in
many solid tumors, and its expression has been associated with poor prognosis [75].

4. Other Marine-Derived Compounds in Clinical Trials against Cancer (Phases I-11I)
4.1. Aplidine (Ptilidepsin, Aplidin®; Phase II-1II; Figure 3, 12)

This compound is currently the only non-approved marine-derived agent in Phase III clinical
trials for cancer. Its history is quite convoluted as it was originally identified from an extract of the
Mediterranean tunicate Aplidium albicans. It was first reported in a patent from the Rinehart
laboratory at the University of Illinois in Champaign-Urbana during the time that that laboratory
was working on the synthesis of didemnin B (the first direct from the sea compound to go into
human clinical trials against cancer) [76]. Subsequently, with the withdrawal of didemnin B due to
toxicity and immunosuppressive effects which may have been exacerbated by the then current drug
regimens (a bolus at the MTD), PharmaMar began developing aplidine.

Figure 3. Other marine-derived compounds in phase I-1II trials.
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This time the agent was made by total synthesis using data from the Rinehart patents [77,78],
and then further developed by Jou et al. [79]. The compound could also be made by modification
of didemnin A with a patent covering this process being published in 1995 [80]. Further
information as to synthetic methodologies of aplidine and other related compounds can be found in
the excellent publication from the Joullie group published in 2012 [81].

The mechanism of action of this agent is still not fully identified but involves multiple
regulatory pathways as can be seen in the discussion in the review by the PharmaMar group in
2012 [82], but the compound does demonstrate activity in a variety of cancers. These include a
recent report of activity in pediatric medulloblastomas, with demonstrable partial responses and
disease stabilization but the small patient number did not allow an efficacy determination [83].

Currently, this agent is shown as being in one Phase III trial in the NIH clinical trials database and
in five Phase II trials covering a variety of leukemias and liposarcomas. What is also of interest is the
recent report that didemnin B has been produced by fermentation of a free-living marine-sourced
microbe, with the complete genomic cluster identified and production of didemnin B confirmed by
“MALDI-TOF interrogation” of the metabolites in real time [84]. To date, no report of aplidine from
this source has been published but it is highly likely that a microbe is the producer of either aplidine
or that there is a simple oxidation of didemnin B to produce aplidine, since the only difference is the
presence of a carbonyl in the side chain of aplidine instead of a C—OH in the same position in
didemnin B.

4.2. Kahalalide F (PM-92102, Phase II; Figure 3, 13)

This compound, a depsipeptide originally isolated from the sacoglossan mollusk Elysia
rufescens and then subsequently isolated from the alga Bryopsis pennata upon which it feeds, was
also found in an Indian Ocean Elysia but from a different species [85]. There is a possibility that
the material is actually produced by a commensal microbe on the alga but this has not yet been
definitively proven. The compound was licensed to PharmaMar by the University of Hawaii at
Manoa (Honolulu, HI, USA) and then PharmaMar developed synthetic methods to produce the
compound in bulk using peptide chemistry techniques.

It entered clinical trials against prostate cancer, malignant melanoma and non-small cell lung
cancer, with a mechanism of action that involved oncosis (ischemic cell death) [86]. At this
moment in time, it appears that PharmaMar does not have any current clinical trials underway from
inspection of the NIH database, but in the EU Clinical Trials Register, a Phase II trial on non-small
cell lung cancer is still ongoing in Spain under the EudraCT number 2004-001253-39. The
compound was “out-licensed” for the treatment of psoriasis (a proliferative disease) to Medimetriks
Pharmaceuticals (Fairfield, NJ, USA) in 2009 for other than oncology and neurology indications.

The original discoverer of this group of compounds published an interesting paper on
selected kahalalide F analogs with antitumor and antifungal activities in 2011 [87], and
recently in the middle of 2012, PharmaMar stopped development of the kahalalide derivative
1-[N-[(4S)-4-methyl-1-oxohexyl]-D-valine]-kahalalide F which they were developing as an
antitumor agent under the generic name elisidepsin and trade name of Irvalec® [82], even though it
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had activity in gastroesophageal tumors. This appeared to be a business decision due to the very
low numbers of potential patients.

4.3. Plinabulin (NPI-2358, Phase II; Figure 3, 14)

This compound, a simple modification of the terrestrial and also marine fungal metabolite
halimide [88], entered Phase II clinical trials under Nereus Pharmaceuticals (San Diego, CA,
USA). Two completed trials under that sponsor are shown in the NIH database, one at Phase I and
the other at Phase I/Il. However, no work/reports have appeared recently and with reports that
Nereus Pharmaceuticals is no longer operative the fate of this compound is uncertain [89].

4.4. Marizomib® (Salinosporamide A; NPI-0052; Phase I, Figure 3, 15)

The story of this compound from its discovery from the marine actinomycete, Salinispora
tropica and its identification as a proteasome inhibitor has been covered extensively in the
scientific literature. The reports include work-up to give cGMP product from the first marine-
medium based large-scale fermentation, through synthesis by a variety of chemists both in
academia and companies, and identification of the biosynthetic cluster in the producing
organism(s) [90-94].

Currently one clinical trial is shown in the NIH database as recruiting patients for a study in
multiple myeloma (NCT00461045). What is of note is that the site now lists the sponsor as
Triphase Research and Development Corporation, a CRO rather than Nereus Pharmaceuticals, and
the other three completed Phase I trials in the NIH database no longer show Nereus but TriPhase.
This may well confirm information about the current status of Nereus Pharmaceuticals [89].

4.5. PM-060184 (Phase I; Figure 3, 16)

Recently, workers at PharmaMar reported the isolation and then total synthesis of two novel
polyketides from the Madagascan sponge Lithoplocamia lithistoides [95]. These two novel agents
PMO050489 and PM060184 demonstrated sub-nanomolar in vitro activity in human cancer cell
lines, also potent antimitotic activity, and specifically, demonstrated a new biochemical mechanism
when interacting with tubulin [96]. The compounds also demonstrated potent in vivo activity in
different animal models and one of the two, PM-060184 is currently in Phase I clinical trials
(NCTO01299636). Thus, even today, more than 25 years after the identification of the MOA of
Taxol® novel tubulin interaction mechanisms are still being discovered.

5. Conclusions

In an entirely different aspect of marine pharmacology, the work described in the first section of
this review, with “toxins” controlling cancer-related pain, is a beautiful example of where agents
considered to be deadly poisons to humans, tetrodotoxin and the Conus peptides, are now leading
to potential drugs for use in humans.
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In a considerable number of papers covering the topic of natural product-based antitumor drugs
(irrespective of the natural source), compounds are quoted as being in clinical trials, even though
no new trial has been reported in the previous four-plus years, and earlier trials are listed as
completed. From this perspective, there are two papers, one in this journal in 2010 [97], and a very
recent and truly comprehensive compilation of clinical trials of a large number of marine-related
drugs and drug candidates [98], that could be considered to have partially covered the topic from a
marine source perspective. In these two papers, however, a significant number of the agents
discussed are no longer in clinical trials.

In contrast to this approach, we have checked for current or recent antitumor trials in all of the
compounds above (except for the three listed as preclinical) and have demonstrated that, although
the number of marine-derived agents in active clinical studies en route to approval is small
compared to earlier years, all listed have current or recent clinical trials shown in either the NIH or
the corresponding EU clinical trials databases.

We used the qualifier “small” above even though there are 24 ADCs (5 ADCs at Phase II, 16
ADCs at Phase I and 3 ADCs in advanced preclinical status) that are using either auristatin E or
auristatin F as their warheads. If one is being conservative, then these are composed of only two
different basal structures with the other differences being in the monoclonal antibody and the
method of linkage. We would also be remiss in not pointing out that none of these ADCs would
have been made except for the discovery of the dolastatins and subsequent syntheses in the middle
to late 1970s [99].

With the number of marine-sourced compounds in the literature now over 25,000, there are
many other agents just “waiting in the wings” for their chance of stardom; it is our task as marine
natural product chemists to find them and, ultimately, to develop them as either drugs or leads
thereto. We would be remiss in not mentioning that nowadays it is recognized that the probable
source of most of the agents that we have described are single celled organisms, ranging from
eubacteria through to eukaryotes such as fungi and protists. As yet, we are not aware of any
published compounds from the archaea that have antitumor activity, but they may well occur in
due course.
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Abstract: The prevailing paradigm states that cancer cells acquire multiple genetic mutations in
oncogenes or tumor suppressor genes whose respective activation/up-regulation or loss of function
serve to impart aberrant properties, such as hyperproliferation or inhibition of cell death. However,
a tumor is now considered as an organ-like structure, a complex system composed of multiple cell
types (e.g., tumor cells, inflammatory cells, endothelial cells, fibroblasts, etc.) all embedded in an
inflammatory stroma. All these components influence each other in a complex and dynamic
cross-talk, leading to tumor cell survival and progression. As the microenvironment has such a
crucial role in tumor pathophysiology, it represents an attractive target for cancer therapy. In this
review, we describe the mechanism of action of trabectedin and plitidepsin as an example of how
these specific drugs of marine origin elicit their antitumor activity not only by targeting tumor cells
but also the tumor microenvironment.
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1. Introduction

According to the prevailing paradigm of carcinogenesis, normal cells become cancer cells by
acquiring multiple genetic mutations in oncogenes or tumor suppressor genes in which respective
activation/up-regulation or loss of function served to impart aberrant properties, such as
hyperproliferation, blockade of differentiation or inhibition of cell death [1-3]. However, a tumor
is now considered as an organ-like structure, a complex system composed of multiple cell types
(e.g., tumor cells, inflammatory cells, endothelial cells, fibroblasts, ezc.) all embedded in an
inflammatory stroma. All these components influence each other in a complex and dynamic
cross-talk, leading to tumor survival and progression [4]. For example, growth factors and
cytokines released by non-tumor cells support malignant cell progression and contribute to
suppress the immune system inside tumors. Therefore, the microenvironment of a tumor is an
integral part of its anatomy and physiology, and functionally, one cannot dissociate this
microenvironment from what have traditionally been called “cancer cells” [5,6].

As the microenvironment has such a crucial role in tumor pathophysiology, it represents an
attractive target for cancer therapy. There is already a wealth of information about specific cells
and molecules in the tumor microenvironment that can be used as targets for cancer therapy at
present [7,8]. For this reason, new molecules with antitumor features are looked at with new eyes.
Anti-angiogenic therapies, for example, have been shown to improve clinical outcome in patients
with different tumor types; similarly, signaling by the extracellular matrix (ECM) and its receptors
are also becoming attractive targets of therapy, especially, as it is clear that ECM receptors and
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growth factor receptors cooperate to maintain tissue specificity. In this review, we describe the
mechanism of action of trabectedin and plitidepsin as an example of how drugs of marine origin
elicit their antitumor activity by targeting tumor cells but also the tumor microenvironment.

2. The Tumor Microenvironment

Organs are composed of parenchymal cells that perform the main organ function and the stroma
that gives the supportive framework. In normal tissues, the parenchyma is formed by cells
inter-connected by cell-cell junctions that define cell morphology, proliferation, migration,
adhesion, differentiation, and cell death [9]. On the other hand, the stroma includes the ECM,
fibroblasts, migratory immune cells, and neural elements supported by a vascular network, all
within a milieu of cytokines and growth factors. The interstitial matrix is an intricate and highly
dynamic network of fibers composed of glycosaminoglycan (GAG)-containing glycoproteins.
Different types of fibrous collagen together with fibronectin, hyaluronan, and proteoglycans confer
mechanical strength, elasticity and a precise spatial organization to tissues. Organ architecture and
function are maintained by dynamic interactions between parenchymal cells and their
microenvironment [10]. Both components, cells and stroma, communicate via complex autocrine,
juxtacrine, and paracrine mechanisms consisting of soluble molecules, including growth factors,
cytokines, hormones, and proteases, insoluble factors, such as ECM components, and direct cell-
cell interactions. For example, the ECM contains a wide range of growth factors that are bound in
an inactive form to matricellular proteins, but can be rapidly released and activated in case of need,
for example during tissue repair.

As any organ, tumors are also composed of cells and stroma. However, both these components
are altered. Tumor cells are characterized by the presence of mutations that alter their normal
functioning but also their relationship with the surrounding microenvironment. For example, as
cancer cells begin to expand, they produce factors that activate myofibroblasts and recruit
tumor-associated fibroblasts. These mesenchymal cells, as well as adipocytes, are responsible for
many of the tumor-associated changes in the extracellular matrix that promote and foster tumor
progression [11]. Normal cells are also active participants that shape the features of tumors.
Inflammatory cells, including neutrophils, and macrophages, are frequently the first immune cells
recruited to the tumor, and may be either tumor-promoting or tumor-inhibiting depending on their
degree of activation and polarization [5,12]. Another inflammatory cell type, the mast cell, is also
recruited early and promotes tumor progression by releasing proteases that activate angiogenesis [13].
Myeloid-derived suppressor cells inhibit T-cell activation and promote angiogenesis, cancer cell
invasion, and metastasis [ 14]. Natural killer cells and different types of T cells may have either pro-
or antitumor functions, depending on their mode of activation. Immunoglobulins released by B
cells promote tumor growth by initiating the inflammatory response. Finally, cytokines and
chemokines produced by tumor cells, leukocytes and other cell types are key orchestrators of the
cancer-related inflammation and have long been associated with the recruitment of leukocytes in
tumors and therefore with the sustained presence of inflammatory cells [15—-17]. These molecules
are involved in important biological processes that govern proliferation and migration of different
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cells, regulation of innate and adaptive immune responses, and angiogenic and repair programs of
the tissues.

On the other hand, the nature of the ECM in the tumor is different from that of the host tissue.
The tumor stroma is characterized by a remarkable subversion of the tissue architecture and by a
different composition of some ECM components. For instance, whereas the host organ may have
been relatively soft and pliable, tumors are often tough and fibrotic. It has recently been shown that
these alterations in the mechanical properties of the tissue contribute to the malignant
phenotype [18-20]. Ultrastructural and immunohistochemical analyses also revealed the
up-regulation of several proteins, such as tenascin, decorin, byglican, a-smooth muscle actin,
osteopontin, fibulin-1, fibronectin, and the appearance of spliced protein isoforms that are not
normally expressed [21,22]. This changed architecture may promote cell invasion by enabling cells
to migrate along the collagen fibers or by enhancing integrin signaling [19,23]. Moreover, these
matricellular proteins are degraded by specific proteases, such as matrix metalloproteases (MMPs),
cathepsins, hyaluronidases, heparanase, elastase, urokinase-type plasminogen activator (uPA),
plasmin and others in which activity is generally increased in tumors [24,25]. Finally, tumor blood
vessels are also different from those of the normal vasculature as they are irregular and dilated.
Furthermore, perivascular cells in tumors are loosely associated with endothelial cells [26,27].
These changes result in abnormal blood flow and leaky blood vessels with extravasation of excess
fluid and proteins from the capillaries. The increase in the interstitial fluid pressure generates areas
of hypoxia and acidosis inside tumors.

In summary, both normal (fibroblasts, endothelial cells, lymphocytes, macrophages, mast cells,
and other cell types) and cancer cells inhabit a complex cellular and matrix ecosystem all of which
may interact via juxtacrine and paracrine mechanisms. The constant disruption of homeostasis by
proliferating tumor cells produces a chronic inflammatory reaction [28]. However, the classic
players in acute inflammation (granulocytes, macrophages, endothelial cells, and fibroblasts) that
ordinarily lead to the resolution of a wound through an orderly series of events, instead react
paradoxically to the presence of dysfunctional epithelial cells by promoting their survival and
replication [28]. This process also includes inflammatory angiogenesis and tissue remodeling. Thus,
from this perspective, the microenvironment becomes an integral, essential part of a tumor [29,30].

3. Trabectedin Targets Tumor-Associated Macrophages (TAMs)

Trabectedin is an anticancer drug that was originally isolated from the marine Caribbean
tunicate Ecteinascidia turbinata and now is produced synthetically (Figure 1) [31]. Trabectedin is
used for the treatment of soft tissue sarcoma patients and, in combination with pegylated liposomal
doxorubicin, for relapsed platinum-sensitive ovarian cancer patients [32,33]. It is a well-tolerated
drug; the most common adverse effects observed after administration are reversible neutropenia
and reversible AST/ALT elevation. The mechanism of action of trabectedin on tumor cells has
been reviewed elsewhere [31]. Of note, the drug shows unique and high-specific inhibition of
the transcription process. Transcription inhibition, that affects both the transcribing and the
non-transcribing strands, occurs by different mechanisms such as the displacement of specific
transcription factors from their promoters, the stabilization of the DNA duplex structure, a direct
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interaction with RNA Pol II or the induction of the massive degradation of transcribing Pol I [34-37].
For example, through transcription inhibition, trabectedin modulates the expression of downstream
targets, alters tumor biology, and induces the resumption of natural cellular differentiation in
sarcomas resulting from the dysregulation of transcription factors, such as EWS-Flil fusion protein
and FUS-CHOP [31,38-40].

Figure 1. Trabectedin targets tumor-associated macrophages (TAMs). (A) Chemical
structure. (B) Trabectedin acts on the tumor microenvironment by directly affecting
monocytes and TAMs or indirectly by inhibiting the secretion of inflammatory
mediators involved in different pathophysiological processes, such as inflammatory cell
recruitment or tumor angiogenesis.
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In addition to its activity on tumor cells, trabectedin also targets key processes in the biology of
tumors, indicating that the drug is more versatile than currently available chemotherapeutic agents.
First evidence came from the finding that, among all leukocytes, blood human monocytes and
macrophages were hypersensitive to the drug [41]. This finding prompted a series of experiments
to understand the exquisite selectivity of trabectedin for mononuclear phagocytes. It was
demonstrated that the drug rapidly triggered the activation of caspase 8, downstream of membrane
TRAIL receptors (TRAIL-R) [42]. Leukocyte subsets have different sets of TRAIL-R. Monocytes
and macrophages mainly express the signaling TRAIL-Rs and are sensitive to trabectedin. In
contrast, neutrophils and T lymphocytes preferentially express the non-signaling TRAIL-R (which
prevents caspase 8 activation) and are therefore non-susceptible to trabectedin. On the other hand,
low, non-cytotoxic concentrations of trabectedin not only inhibit monocyte differentiation into
TAMs, but also the production of specific inflammatory mediators, such as CCL2, IL-6, VEGF,
and CXC chemokine ligand-8 (CXCLS). This effect was observed particularly in monocytes,
TAMs, myxoid liposarcoma cells and ovarian cancer cells [12,31,41]. Other chemokines involved
in monocyte recruitment are also transcriptionally affected by trabectedin treatment (e.g., CCL7,
CCL3, and CCL14). Importantly, all these effects are not reported for chemotherapeutic agents
other than trabectedin (e.g., cisplatin, doxorubicin) [31,41]. Trabectedin also affected the
expression of ECM-related genes produced by TAMs and fibroblast, such as fibronectin,
osteopontin and matrix-metallo protease-2 (MMP2) or collagen type 1 [43,44]. These results
indicate that trabectedin may reduce the high turnover of the tumor stroma.

As described previously, macrophages are a major cellular component of human tumors, where
they are commonly termed tumor-associated macrophages (TAMs). These TAMs are derived from
monocytes recruited into tumors by chemokines secreted by both malignant and stromal cells [45].
As macrophages, TAMs are versatile cells that are capable of displaying different functional
activities. Based on their plasticity, macrophages can be classified in two extreme types: “classical”
(or M1) and “alternative” (or M2) [46,47]. After stimulation with interferon gamma (IFN-y),
granulocyte-monocyte-colony stimulating factor (GM-CSF) and tumor necrotic factor-o. (TNF-a),
M1 macrophages secrete high levels of pro-inflammatory cytokines, such as interleukin-12 (IL-12),
interleukin-1 (IL-1), and interleukin-6 (IL-6) and have potent antitumor efficacy [48].
Alternatively, monocytes exposed to interleukin-4 (IL-4) and interleukin-13 (IL-13) become
polarized toward the M2-type. This is characterized by higher production of the anti-inflammatory
cytokine interleukin-10 (IL-10) and low expression of pro-inflammatory cytokines and
amplification of metabolic pathways that can suppress adaptive immune responses [47,49,50].
M2-related activities favor disease progression [51-53]. For instance, M2-type TAMs promote
tumor angiogenesis by releasing several angiogenic factors, such as vascular endothelial growth
factor (VEGF) or platelet-derived growth factor (PDGF) [54]. TAMs also release chemokines (e.g.,
CCL17, CCL18, CCL22), which increase intratumoral recruitment of lymphoid cells without
cytotoxic activity (T-helper 2 lymphocytes; Th2) or with suppressive activity (regulatory T cells;
Treg) [55]. The impressive array of tumor-promoting functions is consistent with clinical studies
showing high macrophage density in many human cancer types to be associated with increased
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tumor angiogenesis and metastasis, and/or a poor prognosis [56—64]. Thus, TAMs are key players
of the tumor microenvironment that promote disease progression [12,53,65,66].

The above-mentioned inhibitory activity of trabectedin on TAMs is not only observed in vitro
but also in various animal tumor models [42,67]. In those models, trabectedin significantly
decreased the number of blood monocytes and of tumor-associated macrophages but not of other
leukocyte subsets (e.g., neutrophils or lymphocytes) [42]. To prove that the cytotoxic activity on
mononuclear phagocytes is an important mechanism of its anti-tumor efficacy, tumor cells resistant
to trabectedin in vitro were injected into mice [42]. Interestingly, in the in vivo setting, trabectedin
still showed anti-tumor activity, in spite of the confirmed tumor cell resistance to the drug when
exposed in vitro. Tumor growth was significantly restored after administration of myeloid cells
from tumor-bearing untreated mice after each drug treatment cycle. Therefore, macrophage
targeting in vivo appear to be a key component of the anti-tumor activity of trabectedin. Effects
other than macrophage depletion also account for its antitumor efficacy. Using human liposarcoma
xenografts grown in nude mice, Trabectedin induces a significant decrease in the expression of
relevant tumor mediators such as the chemokines CCL2 and CXCLS, IL-6 or the angiogenic factor
VEGF, and an overall effect on the angiogenic network [42,67]. Thus, in addition to direct activity
on mononuclear phagocytes, trabectedin reduces the secretion of inflammatory mediators affecting
main tumor pathophysiological processes such as the recruitment of circulating monocytes into
tumors or angiogenesis [41,42].

The key evidence that trabectedin presents selective activity against monocytes and TAMs
finally came from experiments conducted on human samples from patients receiving the drug as
part of their therapy. Firstly, a decrease in monocytes was observed within few days after injection
of trabectedin in most patients with soft tissue sarcoma [42]. Furthermore, by comparing tumor
sections collected before and after neo-adjuvant therapy, a dramatic decrease of macrophage
infiltration and vessel network was evidenced, reinforcing the concept that this compound strikes
both the neoplastic compartment and the tumor micro-environment. Similarly, monocytes and
TAMSs from ovarian cancer biopsies were sensitive to trabectedin at low nM concentrations and
were much more sensitive than lymphocytes. Moreover, at those concentrations, trabectedin
significantly inhibited chemokine (CCL2), inflammatory cytokine (IL-6), and angiogenic factor
(e.g., angiopoietin-2, VEGF) production by monocytes, macrophages, and TAMs [31,41].

4. Plitidepsin Targets Monocytes and Nurse-Like Cells (NLCs)

Plitidepsin (Aplidin) is a synthetic depsipeptide originally isolated from the tunicate Aplidium
albicans and now obtained by total synthesis (Figure 2). The compound is currently being
evaluated in a Phase III trial for the treatment of refractory/relapsed multiple myeloma patients
(clinicaltrial.gov code: NCT01102426). Plitidepsin is a well-tolerated drug. The most common
plitidepsin-related adverse events are nausea, fatigue, and myalgia. The mechanism of action of
plitidepsin on tumor cells was reviewed elsewhere [68]. Briefly, after interacting with a moderately
high-affinity binding site in the cell membrane, plitidepsin led to the rapid activation of Racl and
the sustained activation of JNK and p38/MAPK that will finally provoke the appearance of a
caspase-dependent apoptosis [68—71]. Results of several studies associated the activation of JINK
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by plitidepsin with an increased oxidative stress characterized by a rise in the levels of reactive
oxygen species (ROS) and a fall in reduced glutathion GSH [71,72]. The oxidative stress induced
by Plitidepsin also provokes an endoplasmic reticulum (ER) stress associated to cell death [73].
After cell treatment, plitidepsin triggers the activation of several key molecular components of the
classical ER stress-induced unfolded protein response (UPR). These include the proteolytic
processing of ATF6 and the alternative splicing of XBP1, as well as the phosphorylation of elF2a
and JNK. Plitidepsin also induces the decrease of CHOP protein levels, due to its rapid degradation
by the ubiquitin/proteasome machinery.

Figure 2. Plitidepsin (Aplidin) targets tumor-associated Nurse-Like cells (NLCs).
(A) Chemical structure. (B) Besides inducing apoptosis of Chronic Lymphocytic
Leukemia (CLL) cells, Plitidepsin also acts on monocytes and NLCs. NLCs promote
survival of CLL cells by releasing pro-survival factors such as CXCL12.
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In addition to the previously mentioned effects, plitidepsin is also acting on the tumor
microenvironment. This is clearly observed on chronic lymphocytic leukemia models (CLL). It
was recently published that besides its direct effects on CLL cells, plitidepsin exhibits a potent
activity against monocytes and NLCs, a subset of cells derived from peripheral monocytes of CLL
patients [74]. The high sensitivity of monocyte and monocytic-derived cells to plitidepsin indirectly
affects leukemic cell survival by impairing the delivery of pro-survival signals from these cell
populations. As with TAMs in solid tumors, NLCs promote survival of CLL cells and play a
crucial role for CLL cell progression. Among other pro-survival factors, NLCs secrete CXCL12, a
chemokine that not only induces the migration of CLL cells to lymphoid tissues but also protects
them from spontaneous and drug-induced apoptosis in a contact-dependent fashion [75,76]. NLCs
can be found in the spleen and secondary lymphoid tissue of patients with CLL [77]. In line with
the protective function of NLCs on CLL cells, it was also observed that the previous treatment of
isolated NLCs with Plitidepsin impairs the survival of CLL cells. Plitidepsin induced monocyte and
NLCs death by triggering apoptosis, as evidenced by early exposure of phosphatidylserine in the
outer leaflet of plasma membrane, the activation of caspase-3 and subsequent cleavage of
PARP [74]. The production of ROS induced by plitidepsin plays a central role in monocyte death,
as drug-induced apoptosis was blocked when preincubating monocytes with ebselen, a compound
that increases intracellular GSH levels. It is currently known that ROS and reactive nitrogen
species (RNS) regulate the molecular and biochemical pathways responsible for human monocyte
survival and that any disbalance in this strict regulation (e.g., induction of oxidative stress), can be
detrimental for these cells [78]. In this regard, it was reported that monocytes are more susceptible
than lymphocytes to cell death triggered by oxidative stress [79]. These data indicate that, besides
its direct antitumor activity on CLL cells, plitidepsin also affects other main drivers of CLL
biology, such as monocytic-derived cells.

5. Conclusions

In the last decades the concept that the tumor microenvironment is simply a supporting structure
for the preservation of tissue architecture has dramatically changed. Indeed, microenvironmental
components provide signals affecting cell adhesion, migration, proliferation, differentiation, and
death. Monocytic-derived cells are key players of the cancer-related inflammation present at tumor
sites. Such a reactive milieu eventually supports tumor cell proliferation and the full-blown
development of neo-angiogenesis. There is increasing evidence that successful anti-cancer
therapies are not only dependent on the cancer phenotype but also on the normalization of the
tumor stroma. In this view, the findings showing that trabectedin and plitidepsin have wider
mechanisms of action acting not only on tumor cells but also modifying the whole
microenvironment is of great interest and may contribute to the development of new drugs from
marine origin as anticancer therapies.

The opportunity to combine direct antiproliferative activity on tumor cells with the capacity to
counteract the pro-tumoral properties of the tumor microenvironment is emerging as an especially
appealing therapeutic effect of some drugs of marine origin. As reviewed above, the antitumor
activity of trabectedin and plitidepsin is not only related to their effects on tumor cells, but also on



137

their ability to affect the tumor microenvironment, in particular monocytic-derived cell (TAMs and
NLCs, respectively) and their pro-tumoral functions. Of note, the effects of trabectedin on tumor
microenvironment are in line with response patterns evident in several patients, such as tumor
shrinkage or delayed response and prolonged stabilization even in the absence of evident tumor
shrinkage [80]. Trabectedin can therefore be considered a particularly important antitumor agent
with mechanisms of action that make it especially appropriate for targeting key processes in the
biology of cancer. Similar considerations can be taken into account for plitidepsin.

To our knowledge, there are no other reports showing this specific activity with other
marine-derived drugs. Therefore, whether this is a common feature of marine natural products or a
specific mechanism for trabectedin and plitidepsin remains to be elucidated.

6. Future Directions

Several questions need to be further addressed concerning the activity of drugs of marine origin
on tumor microenvironment. We first need to understand if the activities observed for trabectedin
or plitidepsin on the tumor microenvironment can be observed for other marine-derived drugs. A
second question is whether these drugs are also affecting other stromal components besides the
myeloid-derived compartment. We also need to understand whether the depletion of monocytic-derived
cells is similar in all treated patients or if individual variability may result in different therapeutic
efficacy. Another important question is whether, by affecting myeloid cells, marine-derived drugs
independently influence main pathophysiological pathways of a given tumor. For example, it
would be of interest to know if the anti-angiogenic activity of trabectedin is due to a direct effect
on the vessel network or is mediated via the reduction of pro-angiogenic cytokines released by
TAMs. While it is clear that marine-derived drugs have favorable mechanisms on tumor cells and
the tumor microenvironment, additional research into the following actions would be beneficial.
All these questions need to be addressed in order to improve the drug discovery and developmental
process that would translate into more effective treatments with drugs of marine origin.
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Trabectedin in Soft Tissue Sarcomas
Bradley J. Petek, Elizabeth T. Loggers, Seth M. Pollack and Robin L. Jones

Abstract: Soft tissue sarcomas are a group of rare tumors derived from mesenchymal tissue,
accounting for about 1% of adult cancers. There are over 60 different histological subtypes, each
with their own unique biological behavior and response to systemic therapy. The outcome for patients
with metastatic soft tissue sarcoma is poor with few available systemic treatment options. For
decades, the mainstay of management has consisted of doxorubicin with or without ifosfamide.
Trabectedin is a synthetic agent derived from the Caribbean tunicate, Ecteinascidia turbinata. This
drug has a number of potential mechanisms of action, including binding the DNA minor groove,
interfering with DNA repair pathways and the cell cycle, as well as interacting with transcription
factors. Several phase 11 trials have shown that trabectedin has activity in anthracycline and alkylating
agent-resistant soft tissue sarcoma and suggest use in the second- and third-line setting. More
recently, trabectedin has shown similar progression-free survival to doxorubicin in the first-line
setting and significant activity in liposarcoma and leiomyosarcoma subtypes. Trabectedin has
shown a favorable toxicity profile and has been approved in over 70 countries for the treatment of
metastatic soft tissue sarcoma. This manuscript will review the development of trabectedin in soft
tissue sarcomas.

Reprinted from Mar. Drugs. Cite as: Petek, B.J.; Loggers, E.T.; Pollack, S.M.; Jones, R.L.
Trabectedin in Soft Tissue Sarcomas. Mar. Drugs 2015, 13, 974-983.

1. Introduction

Soft tissue sarcomas are a group of rare solid tumors of mesenchymal origin. Surgical resection
with or without radiation is the mainstay of management for localized disease. However,
approximately 50% of patients with high-grade tumors will develop recurrent disease. Systemic
therapy may additionally be considered in the localized setting, but its role in management remains
controversial. The outcome of patients with metastatic soft tissue sarcoma is poor with a median
overall survival (OS) of about 12 months. Systemic therapy is at the core of management for patients
with metastatic disease; however, there are few effective agents available. Doxorubicin and
ifosfamide have shown consistent activity, and recently, the anti-angiogenic agent, pazopanib, has
been approved based on the results of a randomized, placebo-controlled phase III trial showing a
significant, but modest, benefit in progression-free survival (PFS) for patients treated with
pazopanib [1].

Trabectedin is a synthetic, marine-derived alkylating agent derived from the Caribbean tunicate,
Ecteinascidia turbinata [2]. The success of trabectedin in preliminary clinical trials for soft tissue
sarcomas has led to the approval of the drug in many countries and a large, randomized phase III
trial. With limited systemic therapy options available for sarcomas as a whole, trabectedin has the
opportunity to be significantly beneficial for patients with metastatic disease.
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2. Mechanism of Action

Trabectedin is a natural alkaloid composed of three tetrahydroisoquinolone rings (Figure 1). The
unique structure of trabectedin allows it to bind to the N2 amino group of guanine residues in the
minor groove of the DNA double helix and can lead to double-strand breaks [3.,4]. Studies have
suggested that the nucleotide excision repair mechanism may be essential for the antitumor activity
of trabectedin and that the resulting double-strand breaks are more persistent if there is loss of
homologous repair [5,6]. Evidence shows that disruption of DNA by trabectedin ultimately causes
apoptosis and sensitization of cancer cells to Fas-mediated cell death [7]. Multiple studies,
including specific experiments in soft tissue sarcomas, have also validated that trabectedin works at
the tumor microenvironment with selective activity against monocytes and tumor-associated
macrophages [8,9]. The inhibition of these immune factors allows for the prevention of
angiogenesis and further disease progression [10,11]. Deprivation of inflammatory-mediated
support in the tumor microenvironment may be one of the most important aspects of trabectedin’s
mechanism of action, making the drug efficacious as a cancer treatment. Other mechanisms for the
chemotherapeutic actions of trabectedin may include modulation of the cell cycle and interaction
with transcription factors [12,13].

OCHj,

Figure 1. Chemical structure of trabectedin.

Recent studies have also proposed specific mechanisms of action for trabectedin in
myxoid/round cell liposarcoma. The most common translocation in the disease is
t(12;16)(q13;p11), creating a FUS-CHOP fusion gene, and rarely, a t(12;22)(q13;q12) translocation
takes place resulting in a EWS-CHOP fusion gene. These fusion-encoded proteins are believed to
function as abnormal transcription factors [14]. Notably, an in vivo study showed that mesenchymal
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stem cells expressing the FUS-CHOP protein were committed to adipocytic differentiation, but
were unable to terminally differentiate [15]. Trabectedin administration in this experiment
downregulated FUS:CHOP expression, which promoted terminal adipocytic differentiation. Others
have hypothesized that trabectedin prevents the binding of the FUS-CHOP oncogenic chimera protein
to its target promoters, which may modulate the transcription of genes that are essential for
adipocytic differentiation [14,16]. Recent studies have also characterized regulatory networks
leading to trabectedin resistance, as well as have uncovered the antiangiogenic activity of trabectedin
in myxoid/round cell liposarcoma [17,18].

3. Phase I Trials

A number of phase I trials have assessed differential dosing and infusion schedules for the
administration of trabectedin [19-25]. Results from these studies have established the optimal
regimen of administration to be a 1.5-mg/m? infusion over 24 h every three weeks [26]. Notably,
Taamma and colleagues performed a phase I trial of trabectedin in 52 patients with treatment
refractory tumors that recommended the current optimal dosing schedule of 1.5 mg/m?* for a 24-h
continuous infusion [22]. The most prevalent dose limiting toxicities in the study were hematological
in nature. At the recommended dose, severe neutropenia was reported in 33% of cycles, severe
thrombocytopenia in 10% of cycles and reversible, but severe, elevations in transaminase levels in
38% of cycles. The investigators also observed that patients with baseline hepatobiliary function
abnormalities had a higher likelihood of severe hematological toxicity, indicating the need for dose
reduction in such patients.

Combination therapies of trabectedin with other chemotherapeutic agents, including
gemcitabine, doxorubicin, Doxil and cisplatin, have also been assessed in phase I trials [27-32].
The most promising results from these studies in sarcoma patients have been from the trials
administering trabectedin in combination with doxorubicin. One of the trials showed a response
rate (RR) of 18% and stable disease in 56% of soft tissue sarcoma patients (n = 29) [31]. Another
study assessing combination therapy with doxorubicin reported a RR of 12% with median PFS of 9.2
months for 41 patients with solid tumors [27]. Of the 41 patients, 20 had liposarcoma and 11 had
leiomyosarcoma. With success in phase I trials, the efficacy of combination therapy with
doxorubicin and trabectedin is currently under investigation in larger studies.

4. Phase II Trials

Two phase II trials in 2004 provided the initial analysis of trabectedin in soft tissue sarcomas.
The first of these studies was run on 54 pretreated soft tissue sarcoma patients and reported a low
response rate of 4%, but a high disease control rate at six months of 24% [33]. Trabectedin was
administered at a dose of 1.5 mg/m? over 24 h every three weeks. Approximately half of the
patients in the study eventually developed grade 3/4 aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels. Another common adverse event was neutropenia, being grade 3/4
in 61% of patients. In this trial, four patients (7.4%) discontinued trabectedin due to adverse events.
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In addition, there were two treatment-related deaths, and both were patients who developed acute
renal failure.

The second phase II trial, published in 2004, again reported a low response rate of 8% and
a one-year overall survival rate of 53% in 36 previously treated sarcoma patients [34]. This study
also utilized the same dosing schedule of trabectedin (1.5 mg/m?, over 24 h every three weeks).
The toxicity profile of the drug was similar to previous trials with patients experiencing elevations
in transaminases, fatigue and hematological toxicity. Growth factors, such as, granulocyte-colony
stimulating factor (G-CSF), can be administered to help prevent hematological toxicity; however,
a recent retrospective study showed that G-CSF administration has only been used in about 10% of
phase II trials on trabectedin in solid tumors [35].

Early promising results in these phase II studies led the European Organization for the Research
and Treatment of Cancer (EORTC) to initiate a phase II trial of trabectedin in 104 patients treated
in the second- and third-line setting [36]. This trial also reported a low response rate of 8%. The
six-month PFS was 29%, and the median overall survival (OS) was reported as 9.2 months.
Subsequently, a further phase II trial in 36 patients was run to evaluate the activity of trabectedin in
the first-line setting. The overall response rate was reported as 17%, and the one-year PFS and OS
rates were 21% and 72%, respectively [37]. This study also importantly concluded that trabectedin
has similar ranges of objective responses and overall survival rates in the first-line setting to the two
most active drugs in soft tissue sarcomas: doxorubicin and ifosfamide.

Demetri and colleagues performed a phase II trial randomizing 270 patients with
leiomyosarcoma and liposarcoma to receive either 1.5 mg/m? of trabectedin over 24 h every three
weeks, or 0.58 mg/m? over 3 h every week for three out of four weeks [38]. Patients were required
to have experienced documented disease progression while on doxorubicin and ifosfamide prior to
trial entry. The 24-h infusion schedule showed a significantly longer median time to progression
(TTP) (3.7 vs. 2.3 months) and PFS (3.3 vs. 2.3 months), as compared to the 3-h infusion schedule.
No significant difference in overall survival was observed between the two arms of the trial;
however, there was a strong trend favoring the 24-h infusion schedule (13.9 months vs. 11.8 months).
Trabectedin was generally well tolerated in this study, with the most frequently reported grade 3/4
adverse events being neutropenia and elevated transaminases. Febrile neutropenia occurred in 1%
of patients, and the majority of adverse events were mild to moderate. There was also no
documentation of cumulative toxicities. Another phase II trial recommended the use of trabectedin
as a neoadjuvant therapy for patients with advanced myxoid liposarcoma [39].

The results of these phase II trials led to licensing approval of trabectedin by the European
Union for advanced soft tissue sarcoma in 2007, and the drug is now approved in over 70 countries.

5. Phase III Trials

Trabectedin has yet to be approved by the FDA in the United States, and consequently a phase
III trial has been performed randomizing over 500 patients with leiomyosarcoma and liposarcoma to
receive either trabectedin or dacarbazine (2:1 ratio). The primary end point of the trial is overall
survival. This trial has closed to enrollment, and the results are eagerly awaited (NCT01343277).
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In addition, there is an ongoing worldwide, expanded access program (NCT00210665). A recent
analysis from this study reported that of the 1,895 soft tissue sarcoma patients entered into the
program, patients with leiomyosarcoma and liposarcoma had significantly longer OS compared to all
other histological subtypes (16.2 vs. 8.4 months, respectively), as well as a higher objective
response rate (6.9% vs. 4%, respectively) [40].

Another phase III trial randomized 121 patients with translocation-related sarcomas to receive
trabectedin or doxorubicin in the first-line setting with progression-free survival as the primary end
point [41]. There was no significant difference in PFS between the two arms of the trial. At the
time of analysis, 63.9% and 58.3% of patients were alive in the trabectedin and doxorubicin arms,
respectively (with no statistically significant difference in overall survival). The response rate
according to RECIST 1.0 was significantly higher in the doxorubicin (27%) compared to the
trabectedin (5.9%) arm of the trial. In contrast, the response according to Choi criteria showed
fewer differences between the doxorubicin (45.9%) and trabectedin (37.3%) arms, in terms of
response rate.

6. Retrospective Studies

Trabectedin has shown particular activity in myxoid/round cell liposarcoma. In a retrospective
analysis of 51 patients treated at five referral centers, a median overall response rate of 51% was
reported, and the median PFS was 14 months [42]. Progression-free survival at six months was also
reported as 88%. In another retrospective study assessing the efficacy of trabectedin in specific
translocation-related sarcomas, the rate of PFS at six months was documented as 64% in
myxoid/round cell liposarcoma (n = 27) and 22% in synovial sarcoma (n = 45) [43]. These results
suggest that trabectedin may have significant activity in these two histological subtypes and should
be further analyzed in larger randomized clinical trials.

Other retrospective studies have shown that trabectedin may also be effective in uterine
leiomyosarcoma. In a study assessing 66 patients with metastatic uterine leiomyosarcoma, PFS for
the entire cohort was 3.3 months with 16% of patients achieving a partial response and 35%
showing stable disease [44]. Furthermore, a prospective phase II trial of trabectedin in uterine
leiomyosarcoma reported a median PFS of 5.8 months and OS of 26.1 months [45]. Two patients in
the study also had a partial response to trabectedin administration (10%).

Retrospective analysis was also used to assess the effect of age on the efficacy and safety of
trabectedin administration in the treatment of soft tissue sarcomas [46]. Patients under the age of 60
were part of the younger cohort, and patients 60 or older were a part of the older cohort. The
analysis pooled five prior phase II trials and showed similar response rates (younger 10.1% vs. older
9.6%), no significant difference in median progression-free survival (younger 2.5 vs. older 3.7 months)
and similar overall survival rates between cohorts (younger 13.0 vs. older 14.0 months). However,
older patients did show a higher incidence of grade 3/4 neutropenia (43.6% vs. 60.2%) and fatigue
(6.3% vs. 14.4%). A small subset of patients 70 or older were also included in the analysis and
showed no significant differences in efficacy or safety outcomes. This study therefore indicates that
trabectedin can have meaningful benefits and an acceptable safety profile in young and elderly patients.
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7. Conclusions

Trabectedin has shown consistent activity in patients with previously treated soft tissue sarcoma.
The results of a number of phase II trials have led to the drug being approved in over 70 countries
worldwide. The results of a phase III trial randomizing leiomyosarcoma and liposarcoma patients to
receive trabectedin or dacarbazine are awaited and could lead to the drug being approved by
the FDA.

Further evaluation is required for combination strategies of trabectedin, particularly with
doxorubicin [27,31]. Investigation of this agent in the neoadjuvant and adjuvant setting may also be
warranted in certain histological subtypes.
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Marine Low Molecular Weight Natural Products as Potential
Cancer Preventive Compounds
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Abstract: Due to taxonomic positions and special living environments, marine organisms produce
secondary metabolites that possess unique structures and biological activities. This review is
devoted to recently isolated and/or earlier described marine compounds with potential or
established cancer preventive activities, their biological sources, molecular mechanisms of their
action, and their associations with human health and nutrition. The review covers literature
published in 2003-2013 years and focuses on findings of the last 2 years.
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1. Introduction

The outstanding biological/biochemical diversity of marine environment serves as a source of
inspiration and attracts great interest of chemists and pharmacologists. Some new secondary
metabolites of marine origin, produced by diverse marine organisms are important leads for the
development of anti-cancer pharmaceuticals. Recent research has also included previously known
physiologically active marine natural products, which themselves or their synthetic derivatives are
applicable in cancer therapy or cancer prevention [ 1-8].

The latter involves the employment of natural or synthetic compounds for prevention,
suppression or reversion of the process of carcinogenesis [9]. This area is a fast growing scientific
field, because cancer prevention is suggested to be a promising way to decrease the number of
human cancer cases. Increasing attention is also being paid to the possibility of application of
natural products with cancer preventive properties for individuals at the high risk of neoplastic
development [10].

The carcinogenic process consists of three phases: initiation, promotion, and progression [11,12].
Initiation and progression are relatively fulminant and irreversible, so promotion is the most
appropriate phase for chemoprevention [13,14]. Anti-promotional agents selectively inhibit the
process of preneoplastic changes. It often requires the continuous presence of chemopreventive
agents [15]. Showing, as a rule, low cytotoxic activities against tumor cells, cancer preventive
compounds inhibit the malignant transformation of normal cells into tumor cells, or influence other
stages of carcinogenesis [15-18]. Some of them are known antagonists of cancer promoters and
oncogenes, others stimulate anticancer immunity, induce apoptosis, or arrest the cell cycle, inhibit
tumor invasion, angiogenesis, or inflammation [19-22].

Recent progress in the research of marine anticancer compounds resulted in identification of
various molecular targets for chemopreventive drugs, such as indoleamine 2,3-dioxygenase, histone
deacetylases and methyl-transferases, matrix metalloproteinases (MMPs), hypoxia-inducible factor-1
(HIF-1), retinoic acid receptor, peroxisome proliferator-activated receptor (PPAR) isoforms,
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ubiquitin-proteasome pathway, oncogenic nuclear factors activator protein-1 (AP-1) and nuclear
factor-kB (NF-kB), tumor suppressor protein p53-mouse double minute 2 protein (Mdm?2)
interaction, different tumor-related kinases, efc. [23-32].

Natural products are particularly useful as cancer preventive or anticarcinogenic agents if they
show good availability, low toxicity, suitability for oral application, and a vast variety of
mechanisms of their action. It is believed more and more that cancer may be prevented or at least
delayed and inhibited through the use of natural compounds [20]. In fact, there are clear links
between human cancer and diet, and seafood is considered to be exclusively useful with respect to
cancer prevention.

Herein, we review the studies, mainly published in recent years, on several groups of the marine
naturally occurring compounds, which are potentially useful for cancer prevention as can be judged
from in vitro and/or in vivo results. Mostly, these compounds are noncytotoxic, or at least show
their anticancer properties at nontoxic concentrations. Our review highlights biological sources,
structures and mechanisms of action of the marine lipids, carotenoids, glycosides, terpenoids,
alkaloids, and other marine natural products that are currently undergoing evaluation as cancer
preventive agents either in laboratories or in clinical trials.

2. Marine Lipids

Many marine edible organisms contain lipids enriched by polyunsaturated fatty acids (PUFAs).
Marine ®-3 fatty acids, mainly consisting of eicosapentaecnoic (EPA) (1, Figure 1) and
docosahexaenoic acids (DHA) (2, Figure 1), compete in various enzymatic processes with ®-6
polyunsaturated acids such as arachidonic acid. The role played by -3 (DHA and EPA) and the
ratio of ®-3/m-6 PUFAs needed to optimally suppress the development of most cancers, including
breast, colon, prostate, liver, and pancreatic tumors, were established in many experimental
studies [33-35]. The mechanisms by which ®©-3 PUFAs are thought to possess antineoplastic
activity, as well as preclinical and current clinical trials, investigating the potential therapeutic roles
of -3 PUFAs at different stages of colorectal carcinogenesis, have been reported [36].

Figure 1. Structures of the compounds 1 and 2.

Recently, in a large colonoscopy-based case-control study that involved 5307 Western
individuals, the association of diectary PUFA intake and the risk of colorectal polyps were
evaluated. It was found that the dietary intake of the marine-derived ®-3 PUFAs was associated
with a decreased risk of adenomatous polyps in women, but not in men. For women, higher intake
of the marine-derived o-3 PUFAs was associated with lower levels of prostaglandin E2, which may
suggest that the alteration of eicosanoid production is an important mechanism that underlies the
chemopreventive effects of the marine- derived o-3 PUFAs [37].
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Another recent study showed that marine ®-3 PUFA ameliorated inflammation, fibrosis, and
vascular abnormalities in fat tissue through a decrease in adipose tissue macrophages, an increase
in adipose capillaries, and a decrease in macrophage chemoattractant protein 1 (MCP-1) levels [38].

Numerous experiments on animals confirmed the cancer preventive properties of fish oils and
-3 fatty acids from the marine sources. The chemopreventive effect of @3 PUFA was evaluated in
rats with colorectal cancer, induced via the carcinogen 1,2-dimethylhydrazine (DMH). Lower
levels of aberrant crypt foci were found in rats fed with w3 PUFA. In addition, this group of
carcinogen-treated rats showed greater expression of transforming growth factor f and lower
interleukin-8 expression, resulting in a protective effect on the colonic precancerous mucosa and a
beneficial effect on inflammatory modulation [39]. Using the Fat-1 mice, a genetic model that
synthesizes long-chain -3 PUFAs de novo, it was shown that ©-3 PUFAs can modulate the
colonic mucosal microenvironment to suppress Th17 cell accumulation and inflammatory damage
following the induction of chronic colitis [40]. The anti-inflammatory properties of ®-6
docosapentaenoic acid derivatives in vitro and in vivo were demonstrated using murine macrophage
RAW 264.7 cells and mice with dextran sodium sulfate (DSS)-induced colitis. Intake of the
compounds modulated macrophage function and alleviated the experimental colitis [41]. The
regulation of the cellular anti-apoptotic glucose related protein of 78 kDa (GRP78) expression and
location have been demonstrated to be a possible route through which DHA can exert pro-apoptotic
and antitumoral effects in colon cancer cells [42].

Some other marine lipids also showed potential cancer preventive properties.
Monogalactosyldiacylglycerols (MGDGs) 3 and 4 (Figure 2) isolated from the marine
microalgae Tetraselmis chui were tested for their nitric oxide (NO) inhibitory activity on
lipopolysaccharide-induced NO production in RAW264.7 macrophage cells. The compounds
showed strong NO inhibitory activity compared to NG-methyl-L-arginine acetate salt, a well known
NO inhibitor used as a positive control. Isolated MGDGs suppressed NO production through
down-regulation of inducible NO synthase protein [43].

Figure 2. Structures of the compounds 3 and 4.
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Leucettamol A (5, Figure 3), a bipolar lipid that inhibits the formation of the complex composed
of the ubiquitin-conjugated E2 enzyme (Ubcl3) and ubiquitin-conjugated enzyme variant 1A
(UevlA), was isolated from the marine sponge Leucetta aff. microrhaphis. Its inhibition of
Ubc13-Uevl A interaction was tested by the enzyme-linked immunosorbent assay (ELISA),
revealing ICso value of 50 ug/mL. Such inhibitors are presumed to be leads for anti-cancer agents
that upregulate activity of the tumor suppressor p53 protein [44]. They may therefore be interesting
as the cancer preventive agents.

Figure 3. Structure of the compound 5.

Chemical investigation of polar lipids from the marine eustigmatophyte microalga
Nannochloropsis ~ granulata led to the isolation  of  six  betaine lipid
diacylglyceryltrimethylhomoserines (611, Figure 4). The isolated betaine lipids showed dose-
dependent nitric oxide (NO) inhibitory activity against lipopolysaccharide-induced nitric oxide
production in RAW?264.7 macrophage cells. Further study suggested that this activity is exerted by
the compounds through downregulation of inducible nitric oxide synthase expression, indicating a
possible value as anti-inflammatory agents [45].

Figure 4. Structures of the compounds 6-11.
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3. Marine Carotenoids

Marine carotenoids are fat-soluble pigments that provide bright coloration to animals and
seaweeds. The most common marine carotenoids are: Astaxanthin (12, Figure 5), fucoxanthin (13,
Figure 5), canthaxanthin and related carotenoids (xanthophylls) from salmon, shrimp, mollusks,
B-carotene from microalgae and some other marine organisms. All these carotenoids showed
anticarcinogenic activities in vitro and in vivo by interrupting several stages of carcinogenesis
including initiation, promotion, progression, and metastasis [46—53]. Astaxanthin demonstrated
strong antioxidant properties in the variety of in vitro and in vivo studies and has a great potential
for reducing the burden of human diseases related to oxidative damage. Being the effective radical
quencher [54], astaxanthin forms radical cations, which are converted into the stable compound
very easily via electron transfer from vitamin E [55]. Peroxynitrite (ONOO™), the reactive nitrogen
species, was found to induce various forms of cell oxidative damage such as low-density
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lipoprotein oxidation, lipid peroxidation, deoxyribonucleic acid (DNA) strand breakage, and
nitration of protein tyrosine residues that may lead to tumor-promotion [56]. It was reported that
astaxanthin and lutein, a major carotenoid in green algae, could take up peroxynitrite through the
formation of 15-nitroastaxanthin and 15-nitrolutein, respectively, thus inhibiting oxidative damage
to cells, eventually leading to carcinogenesis [57]. The antioxidant activities of fucoxanthin and its
two metabolites, fucoxanthinol and halocynthiaxanthin, were assessed in vitro with respect to
radical scavenging and singlet oxygen quenching abilities. The 1,1-diphenyl-2-picrylhydrazyl
radical scavenging activity of fucoxanthin and fucoxanthinol was higher than that of
halocynthiaxanthin, with the effective concentration for 50% scavenging (ECso) being 164, 153,
and 826 uM, respectively. Hydroxyl radical scavenging activity as measured by the chemiluminescence
technique showed that the scavenging activity of fucoxanthin was 7.9 times higher than that of
fucoxanthinol and 16.3 times higher than that of halocynthiaxanthin [58]. Fucoxanthin protection
against oxidative stress induced by ultraviolet B (UVB) radiation in human fibroblasts might be
applicable in the cosmetic industry [59]. The role of the both major marine carotenoids as dietary
antioxidants has been suggested to be one of the main mechanisms underlying their preventive
effect against cancer and inflammatory diseases. In addition, it has been demonstrated that
fucoxanthin improves insulin resistance and decreases blood glucose level, at least in part,
through the downregulation of tumor necrosis factor-o. (TNF-a) in white adipose tissue (WAT) of
animals [60].

Figure 5. Structures of the compounds 12 and 13.
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All xanthophylls studied so far are active as inhibitors of cancer cell proliferation in vitro and
in vivo. The inhibitory effect of astaxanthin against inflammation-related mouse colon
carcinogenesis and dextran sulfate sodium (DSS)-induced colitis in male imprinting control region
(ICR) mice was investigated. Dietary astaxanthin suppressed colitis and colitis-related colon
carcinogenesis, partly through inhibition of NF-xB, and downregulation of the messenger
ribonucleic acid (mRNA) expression of inflammatory cytokines, including interleukin-1§ (IL-18),
interleukin-6 (IL)-6, and cyclooxygenase (COX)-2 [61]. Astaxanthin from the alga Haematococcus
pluvialis inhibited growth of HCT-116 and HT-29 human colon cancer cells in a dose- and
time-dependent manner by arresting cell cycle progression and promoting apoptosis [62].
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Fucoxanthin induced apoptosis and cell cycle arrest in human leukemia HL-60, gastric
adenocarcinoma MGC-803, LNCap prostate cancer cells, and primary effusion lymphomas [63—66].
Another marine carotenoid, siphonaxanthin from the green algae Codium fragile potently induced
apoptosis in HL-60 cells. The effective apoptotic activity of siphonaxanthin was observed by
increased numbers of terminal deoxynucleotidy! transferase dUTP nick end labeling (TUNEL)-positive
cells, and by increased chromatin condensation. This induction of apoptosis was associated with a
decreased expression of B-cell lymphoma-2 (Bcl-2) protein and a subsequently increased activation
of cysteine-aspartic acid protease-3 (caspase-3) [67].

All the properties of astaxanthin and the related marine carotenoids confirm the potential role
for these dietary constituents in cancer prevention or inhibition of carcinogenesis and make
astaxanthin and fucoxanthin candidates for further investigation as anticancer agents in humans.

4. Glycosides

Various marine invertebrates such as echinoderms, octocorals and sponges contain steroid and
triterpene glycosides. These compounds demonstrate a wide spectrum of biological activities
including antitumor and cancer preventive effects both in vitro and in vivo [68-70]. All the studied
sea cucumbers, including edible species, contain physiologically active triterpene glycosides. These
substances are ingested as a part of traditional seafood diet all over the world, especially in Asian
countries. Although triterpene glycosides are cytotoxic in vitro, uptake via the peroral application
reduces their toxicity and induces a rather stimulatory action, mainly on the immune system.
Immunostimulatory effects of these natural products are observed when very small noncytotoxic
doses of the glycosides are used in in vitro and in vivo experiments. That is why these compounds
are considered to be both anticancer and cancer preventive agents, depending on both the dose and
the route of administration. Glycosides from distinctive biological sources differ from each other in
their structures and activities, although some similarity in their action has also been indicated [69—71].

The patented pharmaceutical lead, named cumaside, was created on the basis of monosulfated
cucumariosides from the edible sea cucumber Cucumaria japonica. This preparation demonstrates
potent immunostimulatory properties and activates the cellular immunity, in particular lysosomal,
phagocytic and bactericide activities of macrophages. Being less toxic than glycosides themselves,
it retains immunostimulatory activity and showed inhibition of Ehrlich carcinoma cells
in vivo [72,73]. When cumaside was injected intraperitoneally in mice at a dose of 200 ng/mouse
(days—4 and —1 before tumor inoculation), about 40% of animals were without tumor on day 15
after inoculation. Prophylactic treatment with cumaside (using peroral administration) and
subsequent application of 5-fluorouracil suppressed tumor growth by 43% [74]. Recently, it was
shown that cucumarioside A2-2 (14, Figure 6), one of the main components of cumaside, exhibited
a cytostatic effect against Ehrlich carcinoma cells at a subcytotoxic range of concentrations by
blocking cell proliferation and DNA biosynthesis in the S phase. It also induced apoptosis in tumor
cells in a caspase-dependent way, by-passing the activation of the p53-dependent pathway [75].
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Figure 6. Structures of the compounds 14 and 15.

Cucumariosides 12, B2, and A5 isolated from the sea cucumber Eupentacta fraudatrix
(Djakonov et Baranova) stimulated an increase of the lysosomal activity of mouse peritoneal
macrophages of 15%-16% at doses of 1-5 pg/mL. It was demonstrated that this
immunostimulatory activity depended on structures of both the aglycone and carbohydrate chains
and was not directly correlated to cytotoxic activities of the glycosides [76]. The structures,
antitumor and cytotoxic activities against mouse Ehrlich carcinoma cells and mouse splenic
lymphocytes, along with hemolytic activities against mouse erythrocytes, and antifungal activities
of twenty eight new triterpene glycosides from three species of holothurians, namely Fupentacta
fraudatrix, Cladolabes schmeltzii, and Actinocucumis typical, were recently investigated. The
structure-activity relationships of these compounds were also studied [77-82].

As it was recently demonstrated, frondoside A (15, Figure 6) from the sea cucumber Cucumaria
okhotensis and cucumarioside A2-2 from C. japonica, as well as their complexes with cholesterol
can be considered as potential inhibitors of multidrug resistance of tumor cells. These substances in
non-cytotoxic concentrations blocked the activity of the transmembrane transporter P-glycoprotein
of mouse Ehrlich carcinoma cells and prevented an efflux of the fluorescent probe Calcein from the
cells [83].

Stichoposide C (STC) isolated from Thelenota anax induced apoptosis in human leukemia and
colorectal cancer cells in a dose-dependent manner and led to the activation of Fas and caspase-8,
cleavage of BH3 interacting-domain death agonist (Bid), mitochondrial damage, and activation of
caspase-3. Furthermore, STC activated acid sphingomyelinase (SMase) and neutral SMase, that
resulted in the generation of ceramide. Specific inhibition of acidic SMase or neutral SMase and
siRNA knockdown experiments partially blocked STC-induced apoptosis. Moreover, STC
markedly reduced tumor growth of HL-60 xenograft and mouse colon adenocarcinoma CT-26
subcutaneous tumors and increased ceramide generation in vivo. It was therefore concluded that
STC may have therapeutic relevance for human leukemia and colorectal cancer [84].
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5. Terpenoids

Cembrane diterpenoids and their semisynthetic derivatives attracted attention as the potential
anticarcinogenic agents. The most intensively investigated cembrane diterpenoid sarcophytol A
(Sarc A) (16, Figure 7) with the 14-membered ring from the soft coral Sarcophyton glaucum
inhibited tumor promotion induced by okadaic acid [85], teleocidin [86], and 12-O-
tetradecanoylphorbol-13-acetate (TPA) [87]. Sarc A inhibited TPA-induced invasion of neutrophils,
their levels of myeloperoxidase, and DNA oxidation in the epidermis of sensitive to carcinogenesis
(SENCAR) mice exposed to TPA [88]. Inhibition of oxidative stress induced by TPA in human
cervix adenocarcinoma HeLa cells led to a 50% decrease in H20:2 levels when Sarc A was used at a
concentration of 75 uM [89]. Nude mice with transplanted human pancreatic cancer cells were fed
with a diet containing 0.01% Sarc A. On day 29 after transplantation, tumor volume was
significantly smaller in the Sarc A group than in the control group [90]. Sarc A also inhibited
methylnitrosourea-induced large bowel-cancer in rats and the development of spontaneous
hepatomas in mice [91,92].

Recently, a chemical investigation of an ethyl acetate extract of the Red Sea soft coral
Sarcophyton glaucum has led to the isolation of five cembranoids 17-21 (Figure 7). These
compounds were found to be the inhibitors of cytochrome P450 1A activity as well as the inducers
of glutathione S-transferases (GST), quinone reductase (QR), and epoxide hydrolase (mEH),
establishing potential modes of action with regards to cancerpreventive activity of these agents [93].

Figure 7. Structures of the compounds 16-21.

Sesterterpenoid luffariellolide (22, Figure 8) isolated earlier from the marine sponge
Luffariella sp. [94], was uncovered as a novel agonist for retinoic acid receptors by inducing
co-activator binding to these receptors in vitro, further inhibiting cell growth and regulating RAR
target genes in various cancer cells [95]. Triterpenoid stellettin A (23, Figure 8), obtained from the
marine sponge Geodia japonica, inhibited the growth of B16 murine melanoma cells by the
induction of endoplasmic reticulum stress, abnormal protein glycosylation and autophagy [96].
Cadinane-type sesquiterpene 24 (Figure 8), isolated from the marine-derived fungus Hypocreales sp.
strain HLS-104, associated with the sponge Gelliodes carnosa, showed moderate anti-inflammatory
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activity in lipopolysaccharide (LPS)-treated RAW264.7 cells with an average maximum inhibition
(Emax) value of 10.22% at the concentration of 1 uM [97].

Figure 8. Structures of the compounds 22-24.

A chemical study on the alga Cystoseira usneoides has led to the isolation of twelve
meroterpenoids. In antioxidant assays, meroterpenes 25-32 (Figure 9) exhibited radical-scavenging
activity. In anti-inflammatory assays, usneoidone Z (31) and its 6F isomer (32) showed significant
activities as inhibitors of the production of the proinflammatory cytokine tumor necrosis factor-o
(TNF-a) in LPS-stimulated THP-1 human macrophages [98].

Figure 9. Structures of the compounds 25-34.
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Ansellone B (35) and phorbasone A acetate (36) (Figure 10), isolated from the Korean marine
sponge Phorbas sp., exhibited potent inhibitory activity on nitric oxide production in RAW 264.7
LPS-activated mouse macrophage cells with ICso values of 4.5 and 2.8 pM, respectively. In
particular, ansellone B showed a favorable selectivity index (SI) of 3.8, which is indicative of its
inducible isoform nitric oxide synthase (iNOS) inhibitory activity without significant cytotoxicity [99].

Metachromins are a series of sesquiterpenoid quinones with an amino acid residue isolated from
Okinawan marine sponges. Metachromins L—Q (37-42, Figure 11) showed inhibitory activities
against receptor tyrosine kinases HER2 with an ICso in the range from 18 to 190 pg/mL [100].
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Figure 10. Structures of the compounds 35 and 36.
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Nine unusual isomalabaricane-type triterpenoids with new skeletons in respect to the
unprecedented side chains, namely globostelletins J-R (43-51, Figure 12) were isolated from the
marine sponge Rhabdastrella globostellata. All compounds were tested for their inhibitory
activities against a profile of human tumor-related protein kinases and showed moderate inhibition
against the protein kinases ALK (anaplastic lymphoma kinase), FAK (focal adhesion kinase),
Aurora-B (serine/threonine kinase), IGF-1R (insulin-like growth factor receptor-1), SRC
(proto-oncogene tyrosine-protein kinase), and VEGF-R2 (vascular endothelial growth factor
receptor 2) [101].

6. Alkaloids

The known marine alkaloid aaptamine (52, Figure 13) and related compounds 53—60 (Figure 13)
from the sponge Aaptos sp. were shown to inhibit epidermal growth factor (EGF)-induced
malignant transformation of mouse epidermal JB6 P'Cl41 cells, to possess potent antioxidant
properties, and to induce apoptosis in human cancer cells. It was therefore suggested that these
agents possess cancer preventive properties [102—-104]. Recently, the mechanisms of anticancer
action of the aaptamine derivatives have become somewhat clearer. Dyshlovoy et al. analyzed the
effects of aaptamine and its derivatives on the proliferation and protein expression of the
pluripotent human embryonal carcinoma cell line NT2. Effects on cell cycle and induction of
apoptosis were also analyzed. At lower concentrations, including the ICso of 50 uM, aaptamine
treatment resulted in a G2/M arrest, whereas at higher concentrations, induction of apoptosis was
observed. Proteomic screening revealed that aaptamine treatment of NT2 cells at the ICso for 48 h
resulted in an alteration of 10 proteins. Interestingly, these studies identified the posttranslational
hypusine modification of the eukaryotic translation initiation factor SA-1 (eIFSA) as a prominent
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target of aaptamine action [105]. It was also shown that aaptamine and its derivatives 9-
demethyl(oxy)aaptamine (56, Figure 13) and isoaaptamine (53, Figure 13) were equally effective
as anti-cancer agents in cisplatin-sensitive and -resistant germ cell tumour cells [106]. Again,
proteomic profiling was performed, and identified several altered proteins when cisplatin-resistant
embryonal carcinoma cells NT2-R were treated with compounds 52, 53, and 56 at the

corresponding ICso.

Figure 12. Structures of the compounds 43-51.

46 15S, 23S
47 15R, 23R

Figure 13. Structures of the compounds 52—60.
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Treatment of lymphoma U937 cells with pentacyclic alkaloids, papuamine and haliclonadiamine
(61 and 62, Figure 14), isolated from an Indonesian marine sponge Haliclona sp., resulted in
accumulation of cells in the sub-G1 phase, and induced a condensation of chromatin and
fragmentation of nucleus [107]. Streptocarbazole A (63, Figure 14), isolated from the marine-derived
actinomycete strain Streptomyces sp., arrested the cell cycle of HeLa cells in the G2/M phase at the
noncytotoxic concentration of 10 pM [108].

Figure 14. Structures of the compounds 61-63.

Bengamides 6469 (Figure 15), isolated from two disparate sources, Myxococcus virescens
(bacterium) and Jaspis coriacea (sponge) was shown to be a new class of immune modulators
exerting their activity through the inhibition of NF-kB without exerting cytotoxicity in RAW264.7
macrophage immune cells. Western blot and qPCR analysis indicated that bengamides A and B
reduce the phosphorylation of nuclear factor of x light polypeptide gene enhancer in B-cells
inhibitor a (IkBa) and the LPS-induced expression of the proinflammatory cytokines/chemokines
TNFa, IL-6 and monocyte chemoattractant protein-1 (MCP-1), but do not affect NO production or
the expression of iNOS [109].

Figure 15. Structures of bengamides 64—69 and their effects on the NF-«B activity.
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New macrocyclic pyrrole alkaloids densanins A and B (70 and 71, Figure 16) were isolated
from the sponge Haliclona densaspicula. The compounds showed relatively potent inhibitory
effects on lipopolysaccharide-induced nitric oxide production in BV2 microglial cells, with ICso
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values of 1.05 and 2.14 uM, respectively [110]. B-Carboline alkaloid, variabine B (72, Figure 16),
was isolated from the Indonesian marine sponge Luffariella variabilis. The compound inhibited
chymotrypsin-like activity of the proteasome and Ubc13 (E2)-UevlA interaction with 1Cso values
of 4 and 5 pg/mL, respectively [111].

The components of the ubiquitin—proteasome system like ubiquitin-specific-processing protease
7 (USP7) have become attractive structures for the development of anticancer agents. USP7, a
deubiquitylating enzyme hydrolyzing the isopeptide bond at the C-terminus of ubiquitin, is an
emerging cancer target. USP7 inhibitors stabilize p53 in cells through degradation of Hdm?2 (also
known as MDM2), which subsequently results in the suppression of cancer. Spongiacidin C (73,
Figure 16) isolated from the marine sponge Stylissa massa is the first USP7 inhibitor obtained from
a natural source. This compound inhibited USP7 with an ICso of 3.8 uM [112].

Figure 16. Structures of the compounds 70-73.
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7. Other Low Molecular Weight Marine Natural Compounds

Some other marine natural products, isolated from invertebrates, algae and microorganisms
showed cancer preventive activities, mainly in vitro. For example, Cii cyclopentenone,
5-hydroxy-7-prop-2-en-(E)-ylidene-7,7a-dihydro-2 H-cyclopenta[b]-pyran-6-one (74, Figure 17),
isolated from a sponge and ascidians, inhibited EGF-induced neoplastic JB6 Cl41 P* cell transformation
in soft agar, and induced apoptosis of HL-60 and THP-1 human leukemia cells [113].

Figure 17. Structures of the compounds 74-76.
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The highly hydroxylated polyketide nahuoic acid A (75, Figure 17), produced in culture by a
Streptomyces sp. obtained from a marine sediment, is a selective S-adenosylmethionine (SAM)
competitive inhibitor of the histone methyltransferase SETD8 in vitro [114]. SETDS8 is
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overexpressed in various types of cancer, and aberrant monomethylation by SETD8 may lead to
human carcinogenesis [115]. A new oxepin-containing diketopiperazine-type compound
protuboxepin A (76, Figure 17), binds to o, PB-tubulin heterodimers, and accelerates tubulin
polymerization in vitro, resulting in chromosome misalignment and metaphase arrest which leads
to apoptosis in tumor cells [116].

Mycalamide A (77, Figure 18), isolated from sponges and known as a protein synthesis inhibitor
at nanomolar concentrations, inhibits EGF-induced neoplastic transformation and induces
caspase-3-dependent apoptosis of mouse JB6 Cl41 P* cells. The compound also inhibits
transcriptional activity of oncogenic AP-1 and NF-kB nuclear factors [117].

Figure 18. Structures of the compounds 77-80.
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Two enantiomeric C-20 bisacetylenic alcohols 78; 79 (Figure 18) were isolated from a marine
sponge Callyspongia sp. as a result of screening of antilymphangiogenic agents from marine
invertebrates. Both compounds showed inhibition of the capillary-like tube formation of
temperature-sensitive rat lymphatic endothelial from thoracic duct (TR-LE) cells [118].

Toluquinol (80, Figure 18), a methylhydroquinone produced by a marine fungus, was selected in
the course of an unselected screening for new potential inhibitors of angiogenesis. The compound
demonstrated antiangiogenic effects both in vitro and in vivo that were exerted partly by
suppression of the VEGF and FGF-induced cytosolic protein kinase Akt activation of endothelial
cells [119].

The tricyclic peptides neopetrosiamides A and B, isolated from the marine sponge Neopetrosia
sp., differ in the stereochemistry of the methionine sulfoxide. They are potential antimetastatic
agents that prevent tumour cell invasion by inhibition of both amoeboid and mesenchymal
migration pathways [120].

Pterocidin (81, Figure 19), a linear polyketide with a &-lactone terminus, was rediscovered from
a Streptomyces strain of a marine sediment-origin and was found to exhibit potent anti-invasive
activity at non-cytotoxic concentrations. The invasion of murine colon 26-L5 carcinoma cells
across a matrigel-fibronectin membrane was inhibited by pterocidin at an ICso value of 0.25 uM,
whereas the cytotoxicity was not apparent upon treatment with concentrations up to 7 uM [121].

Sungsanpin (82, Figure 19) from a Streptomyces species, isolated from deep-sea sediment,
displayed inhibitory activity in a cell invasion assay using the human lung cancer cell line A549 [122].
Agelasine B (83, Figure 19), a compound purified from the marine sponge Agelas clathrodes,
induced fragmentation of DNA, reduced the expression of Bcl-2, and was able to activate caspase 8



168

in MCF-7 human breast cancer cells [123]. Alterporriol L (84, Figure 19), a new bianthraquinone
derivative, was isolated from the marine fungus Alternaria sp. The reactive oxygen species,
mitochondrial membrane potential, and cytosolic free calcium level in MCF-7 breast cancer cells
were changed after treatment with alterporriol L, suggesting that alterporriol L plays a vital role in
cancer cells through destroying the mitochondrial potential and inducing apoptosis [124].

Figure 19. Structures of the compounds 81-84.

Marine macrolides aplyronine A and mycalolide B (85 and 86, Figure 20) were shown to induce
apoptosis in human leukemia HL60 cells and human epithelial carcinoma HeLa S3 cells [125].

Figure 20. Structures of the compounds 85 and 86.
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Biselyngbyaside (87), biselyngbyolide A (88), and biselyngbyaside B (89) (Figure 21), isolated
from the marine cyanobacterium Lyngbya sp., induced apoptosis and increased cytosolic Ca>"
concentration in human cancer HeLa S3 and HL60 cells [126].

Dieckol (90, Figure 21), a nutrient polyphenol compound from the brown alga Ecklonia cava,
inhibited migration and invasion of human fibrosarcoma HT1080 cells by scavenging intracellular
reactive oxygen species (ROS). Dieckol treatment also decreases complex formation of focal
adhesion kinase (FAK)-proto-oncogene tyrosine-protein kinase Src-p130 Crk-associated substrate
(p130Cas) and expression of MMP2, 9, and 13 [127].

Figure 21. Structures of the compounds 87-90.
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Palmadorin M (91, Figure 22), isolated from the Antarctic nudibranch Austrodoris
kerguelenensis, inhibited Janus kinase 2 (Jak2), signal transducer and activator of transcription 5
(STATS), and extracellular signal-regulated kinase 1/2 (Erkl/2) activation in human
erythroleukemia HEL cells and caused apoptosis at a concentration of 5 uM [128].

Thienodolin (92, Figure 22), isolated from a Streptomyces sp. derived from Chilean marine
sediment, inhibited nitric oxide production in LPS-stimulated RAW 264.7 cells (ICso = 17.2 + 1.2 uM).
At both the mRNA and protein levels, inducible nitric oxide synthase (iNOS) was suppressed in a
dose dependent manner. The compound blocked the degradation of IkBa, resulting in an inhibition
of NF-kB p65 nuclear translocation, and inhibited the phosphorylation of the signal transducer and
activator of transcription (STAT1) at Tyr701 [129].

Two new merohexaprenoids, halicloic acids A and B (93 and 94, Figure 22), have been isolated
from the marine sponge Haliclona (Halichoclona) sp., collected in the Philippine waters. The
compounds showed inhibition of indoleamine 2,3-dioxygenase (IDO) at 10 and 11 pM,
respectively [130].
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Figure 22. Structures of the compounds 91-94.

Polyketides coibacins 95-98 (Figure 23), isolated from a Panamanian marine cyanobacterium
cf. Oscillatoria sp., were tested for anti-inflammatory activity in a cell-based nitric oxide (NO)
inhibition assay. In this assay, coibacin B (96) was determined to be the most active of these
natural compounds. Coibacin A (95) significantly reduced gene transcription of four cytokines
(TNF-R, IL-6, IL-1PB, and iNOS), with especially notable effects on IL-1B and iNOS, at a
concentration of 10 pg/mL. Using ELISA, changes in protein expression for some of these
inflammatory cytokines were measured in murine RAW264.7 cells stimulated with
lipopolysaccharide (LPS) in the absence or presence of the coibacins. Coibacin A (95) at 10 pg/mL
was found to significantly reduce TNF-R and IL-6 secretion. Coibacins B-D (96-98) also affected
protein expression of TNF-R and IL-6, albeit to a lesser extend [131].

Figure 23. Structures of the compounds 95-98.
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Five new cyclopeptides, perthamides G-K (99-103, Figure 24), were isolated from the polar
extract of the marine sponge Theonella swinhoei. Pharmacological analysis demonstrated that these
natural cyclopeptides are endowed with anti-inflammatory potential, as assessed by their ability to
reduce carrageenan-induced mouse paw oedema [132].
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Figure 24. Structures of the compounds 99-103.
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New elastase inhibitors symplostatins 5-9 (104-109, Figure 25) were isolated from red
cyanobacterium collected from Cetti Bay, Guam. Symplostatin 5 (104) was shown to attenuate the
downstream cellular effects of elastase in an epithelial lung airway model system, alleviating
clinical hallmarks of chronic pulmonary diseases such as cell death, cell detachment, and
inflammation. This compound attenuated the effects of elastase on receptor activation, proteolytic
processing of the inter-cellular adhesion molecule-1 (ICAM-1), NF-xB activation, and
transcriptomic changes, including the expression of pro-inflammatory cytokines IL1A, IL1B, and

IL8 [133].

Symplostatin 5 (104)
Symplostatin 6 (105)
Symplostatin 7 (106)
Symplostatin 8 (107)
Symplostatin 9 (108)
Symplostatin 10 (109)

Figure 25. Structures of the compounds 104-109.
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Flexibilisquinone (110, Figure 26), isolated from the cultured soft coral Sinularia flexibilis,
originally distributed in the waters of Taiwan, was found to inhibit the accumulation of the
pro-inflammatory iNOS and cyclooxygenase-2 (COX-2) proteins of LPS-stimulated RAW264.7
macrophage cells [134]. Compound 111 (Figure 26), isolated from the marine-derived fungus
Hypocreales sp. strain HLS-104, isolated from a sponge Gelliodes carnosa, was effective against
the nitric oxide (NO) production in lipopolysaccharide (LPS)-treated RAW264.7 cells and showed
moderate inhibition with Emax values of 26.5% at a concentration of 1 pM [97].

Mycoepoxydiene (MED) (112, Figure 26) is a polyketide isolated from the marine fungal strain
Diaporthe sp. HLY-1. MED induced DNA damage through the production of reactive oxygen
species (ROS), which resulted in the phosphorylation of H2A histone family memeber X (H2AX)
and the activation of the Ataxia telangiectasia mutated kinase (ATM) and p53 signaling pathways.
In addition, MED increased the accumulation of IkBa and enhanced the association between IxB
kinase y (IKKy) and heat shock protein 27 (Hsp27) via the activation of Hsp27, which eventually
resulted in the inhibition of TNF-a-induced NF-«xB transactivation [135].

Figure 26. Structures of the compounds 110-113.
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Nocapyrone H (113, Figure 26) isolated from the marine actinomycete Nocardiopsis sp.
KMF-001 reduced the pro-inflammatory factors such as nitric oxide (NO), prostaglandin E-2
(PGE(2)) and interleukin-1 B (IL-1 B). Moreover, nocapyrone H showed a 5.8% stronger inhibitory
effect on NO production than chrysin at a concentration of 10 uM in lipopolysaccharide
(LPS)-stimulated BV-2 microglial cells [136].

Bis-N-norgliovictin (114, Figure 27), a small molecule, isolated during the screening of natural
products against inflammation from the culture broth of a marine derived fungus named S3-1-c,
significantly inhibited LPS (ligand of toll-like receptor 4 (TLR4))-induced TNF-a production in
RAW264.7 cells. In this cell line and in mouse peritoneal macrophages, bis-N-norgliovictin
inhibited LPS-induced production of TNF-0, IL-6, interferon-f (IFN-B) and monocyte
chemoattractant protein (MCP-1) in a dose-dependent manner, without suppressing cell viability.
The anti-inflammatory effect was attributed to the down-regulation of the TLR4-triggered myeloid
differentiation primary response protein 88 (MyD88) and TIR-containing adapter inducing
interferon-f (TRIF) signaling pathways, including p38 and c-Jun N-terminal kinase (JNK) of
mitogen-activated protein kinases (MAPKs), NF-«kB, and interferon regulatory factor 3 (IRF3)
cascades. Importantly, bis-N-norgliovictin also protected mice against LPS-induced endotoxic
shock [137].
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Biochemical characterization of a library of 13 oxygenated polyketides isolated from the marine
sponge Plakinastrella mamillaris led to the discovery of gracilioethers B and C, and plakilactone C
(115, 116, and 117, Figure 27) as selective PPARY ligands in transactivation assays [138]. PPAR
ligands activated PPAR signaling and exerted cancer-preventive and cytotoxic effects in vitro
and/or in vivo [31].

Figure 27. Structures of the compounds 114-117.

Isoindole pseudoalkaloid conioimide (118, Figure 28) and the polyketide cereoanhydride (119,
Figure 28) were isolated from the fungus Coniothyrium cereale isolated from the Baltic Sea alga
Enteromorpha sp. Conioimide has prominent and selective inhibitory activity towards the protease
human leukocyte elastase (HLE), an enzyme involved in many inflammatory diseases, with an ICso
value of 0.2 ng/mL, whereas cereoanhydride showed weaker inhibition (ICso = 16 ng/mL) [139].

Figure 28. Structures of the compounds 118-121.

A ubiquinone derivative, pseudoalteromone A (120, Figure 28), possessing a 9C nor-monoterpenoid
moiety, and a 15C compound, pseudoalteromone B (121, Figure 28), were obtained from the
marine bacterium Pseudoalteromonas sp. CGH2XX, originally isolated from a cultured-type
octocoral Lobophytum crassum. Pseudoalteromones A and B exhibited anti-inflammatory activity
through inhibitory effects (inhibition rates 45.1% and 20.7%, correspondingly) on the release of
elastase by human neutrophils at a concentration of 10 pg/mL [140,141].

Two dimeric sterols, manadosterols A and B (122 and 123, Figure 29), were isolated from the
marine sponge Lissodendryx fibrosa collected in Indonesia. The compounds inhibited the
Ubc13-UevlA interaction with ICso values of 0.09 and 0.13 pM, respectively [142] They are the
second and third natural compounds showing inhibitory activities against the Ubcl3—UevlA
interaction and are more potent than leucettamol A (ICso, 106 uM), the first such inhibitor, isolated
from another marine sponge [44].
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Figure 29. Structures of the compounds 122 and 123.

The symmetrical disulfide psammaplin A (124, Figure 30) was isolated from the marine sponge
Pseudoceratina sp. and could be interesting for treatment approaches targeting epigenetic alterations,
since it showed potent inhibition of histone deacetylases (HDAC, ICso 4.2 £+ 2.4 nM) [143]. The
psammaplin-derived thiol (125, Figure 30) exhibited potent activity against histone deacetylases in
a low nanomolar range, but showed low cytotoxicity [144]. Five HDACI inhibitors, trichostatin A
(126, Figure 30) and its analogues trichostatic acid, JBIR-109, JBIR-110, and JBIR-111 (127-130,
Figure 30) were isolated from the culture of the marine sponge-derived Streptomyces sp. strain
RM?72. The ICso values against HDAC1 of 126-130 were 0.012, 73, 48, 74, and 57 uM,
respectively [145].

Figure 30. Structures of the compounds 124-130.
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Ten extracts from various marine sponges were identified as containing inhibitors of the
transcription factor HIF-2a which has been shown to play a distinct role in tumorigenesis.
Chemical exploration of these sponge extracts led to isolation of seven specific HIF inhibitors,
compounds 131-136 (Figure 31) and haliclonadiamine (62) [146].
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Figure 31. Structures of the compounds 131-136.
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The organic extract of a marine sponge, Petrosia alfiani, selectively inhibited iron chelator-induced
hypoxia-inducible factor-1 (HIF-1) activation in a human breast tumor T47D cell-based reporter
assay. Bioassay-guided fractionation yielded seven xestoquinones 137-143 (Figure 32). Among
them, compounds 141 and 142, which possess a 3,4-dihydro-2H-1,4-thiazine-1,1-dioxide moiety,
potently and selectively inhibited HIF-1 activation in T47D cells, each with an ICso value of
0.2 uM, whereas other compounds showed ICso in the range of 1.2 to 30 uM [147].

Figure 32. Structures of the compounds 137-143.
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Gliotoxin-related compounds 144-147 (Figure 33), containing a disulfide or tetrasulfide bond,
were isolated from the fungus Penicillium sp. strain JMF034, obtained from deep sea sediments of
Suruga Bay, Japan. They showed inhibitory activity against histone methyltransferase (HMT)
G9a [148].

Figure 33. Structures of the compounds 144-147.
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A new proline-rich cyclic octapeptide named stylissamide X 148 (Figure 34) was isolated from
an Indonesian marine sponge Stylissa sp. as an inhibitor of cell migration using a wound-healing
assay. Compound 148 showed inhibitory activity against migration of HeLa cells in the
concentration range of 0.1-10 pM in both a wound-healing assay and a chemotaxicell chamber
assay, while cell viability was maintained at more than 75% at even the highest concentration of
10 uM [149].

The oligopeptide 149 (Figure 34) was isolated from the digests of abalone Haliotis discus
hannai intestine. This marine gastropod is an important fishery and food industrial resource that is
massively maricultured in Asia, Africa, Australia, and America. The purified abalone oligopeptide
149 (AOP) exhibited a specific inhibitory effect against MMP-2/-9 activity and attenuated protein
expression of pS0 and p65 in human fibrosarcoma (HT1080) cells via the nuclear factor-xB
(NF-«B) pathway. This data suggest that AOP may possess therapeutic and preventive potential for
the treatment of MMPs-related disorders such as angiogenesis and metastasis formation [150].

Figure 34. Structures of the compounds 148 and 149.
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Targeting Mdm2/Hdm?2 is a promising way to reactivate p53, inducing apoptosis in transformed
human cells. New sulfonated serinol derivatives, siladenoserinols A-L (150-161, Figure 35) were
isolated from a tunicate of the family Didemnidae as inhibitors of p53-Hdm2 i