8

Bioactive Compounds from
Marine Sponges and Their
Symbiotic Microbes: A Potential
Source of Nutraceuticals

Se-Kwon Kim*™' and Pradeep Dewapriya*

Contents . Introduction 138
Il.  Marine Sponges and Their Symbiotic Microbes 140

lll. Bioactive Compounds 141

A. Anti-inflammatory compounds 141

B. Novel antioxidants 144

C. Hypocholesterolemic compounds 144

D. Sponge collagen 146

E. Natural pigments 146

IV.  Sustainable Production of Sponge Metabolite 147

References 148

Abstract Sponges are considered as the chemical factory in marine environ-

ment because of its immense production of chemically diverse
compounds. Other than the chemical diversity, these compounds
possess remarkable bioactivities. This great potential has aroused
applications of sponge-derived compounds as therapeutics and at
present, a number of promising compounds are in clinical and
preclinical trials. Recently, nutraceuticals have received consider-
able interest among the health conscious community because of its
multiple therapeutic effects. Natural health-promoting substances
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gain continuous popularity as nutraceuticals due to its reduced
risk of side effects. This overview discusses the potentials of
marine sponge-derived bioactivities as natural health-promoting
compounds.

I. INTRODUCTION

Marine sponges are one the most prolific and important source of new
bioactive compounds. Hundreds of interesting new compounds have
been discovered from sponges. Hence, marine sponges have been consid-
ered as a gold mine to scientists (Baby and Sujatha, 2010). Chemical and
physical conditions in the marine environment and intensive pressure
from competitors, predators, and pathogens have resulted in producing
wide array of chemically diverse secondary metabolites. There have been
several reviews which discuss different classes of secondary metabolites
of marine sponges and their bioactivities (John et al., 2010; Keyzers and
Coleman, 2005; Taylor et al., 2007; Webster and Taylor, 2011). Medicinal
applications of sponges go back to ancient times, and sponges saturated
with solutions had been used for various diseases such as heartaches,
detoxifications of bites of poisonous animals, and wound healing
(Sipkema et al., 2005a). Discovery of an unusual nucleoside and develop-
ment of commercially important anticancer drug Ara-C (Fig. 8.1) and
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FIGURE 8.2 Ara-A (spongothymidine).

antiviral drug Ara-A (Fig. 8.2) aroused pharmaceutical interest of marine
sponge (Proksch et al., 2002). A number of secondary metabolites that
have been isolated from sponges are in clinical trials for use as drugs.
Further, health-promoting abilities of many more compounds have been
proved (David and Gordon, 2004).

There have been continuous search for new substances that can improve
biological functions and possibility of applying these compounds to pro-
mote well-being of human. This has resulted in development of products
such as vitamins, dietary supplements, functional foods, nutraceuticals,
phytochemicals, bio-chemopreventatives, and designer foods (Zeisel,
1999). Nutraceuticals, accounted for an estimated 5% market growth annu-
ally, are the fastest growing segment. The popularity has gained through
the belief that nutraceuticals prevent chronic diseases, promote human
health, and delay the onset of aging (Le and Pathak, 2011). The term
nutraceutical is a hybrid of two terms “nutrition”” and ““pharmaceutical.”
A number of definitions have been given based on countries” regulations.
Barrow and Shahidi (2008) define marine nutraceuticals as marine-derived
substances that can be used as dietary supplements or food ingredients
that provide medicinal or health benefits beyond nutrition. Among the
commercially available nutraceuticals, products derived from marine
sources are considered as a rich source of health-promoting substances
(Shahidi, 2009). Long-chain ©-3 fatty acids and glucosamine are well-
established marine-derived nutraceuticals. However, other than common
health benefits of nutraceuticals, innovative developments are required
to combat with emerging “lifestyle diseases”” (Dharti et al., 2010).
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Thousands of bioactive compounds that have fascinating potentials
to develop as nutraceuticals have been identified from marine sources.
This chapter investigates the possibility of developing nutraceuticals from
bioactive compounds, identified from marine sponges and symbiotic
microorganisms.

Il. MARINE SPONGES AND THEIR SYMBIOTIC MICROBES

Sponges, sessile metazoans consist of a gelatinous material—mesophyl,
are the simplest form of multicellular animals. The hollow pitcher-like
body is reinforced by spicules (a needle-like silica or calcium structure)
and spongia (collagen fibers) (Uriz et al., 2003). This efficient filter feeder
obtained microbes and microparticles in the water as nutrients through
the unique water circulation system (Lafi et al., 2005). Basically, marine
sponges consist of three sublineages such as Hexactinellida, Calcarea,
and Demospongiae. True sponging is found in the class of demospon-
giae and is considered as the most economically important group of
sponges. Wide range of chemically diverse compounds, alkaloids,
terpenoids, polyketides, macrolides, polyphenolic compounds, peptides,
and sterols, exhibit the potential of marine sponge (Thoms and
Schupp, 2007).

Association of sponges and microbes has been highlighted in several
reviews (Hentschel et al., 2006; Taylor et al., 2007; Thomas et al., 2010;
Webster and Taylor, 2011). Mesophyl matrix is a good shelter of extracel-
lular heterotrophic and autotrophic microbes while the outer layer is
occupied by photosynthetic microbes. Novel molecular biological techni-
ques such as 165 rRNA gene library, fluorescence in situ hybridization,
denaturing gradient gel electrophoresis, and lipid biomarkers enable
identification of microbial community associated with marine sponges
(Hentschel et al., 2006). Interestingly, microbial density in some marine
sponges may account up to 60% of sponge biomass. Microbial association
of sponge spans a wide range of microbial groups starting from prokary-
otic archaea to filamentous fungi. The symbiotic microbial community
contributes to a number of physiological processes such as photosynthe-
sis, nitrogen and carbon cycles, and dehalogenation. Bright colors of
sponges are usually a result of symbiotic cyanobacteria. Despite the fact
that sponge harbors large number of microorganism, it has been proved
that symbiotic microbes are responsible for production of biologically
important chemical compounds (Table 8.1). This has given a hope of
producing active metabolites in large scale to address the so-called supply
problem (Taylor et al., 2007).
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TABLE 8.1 Secondary metabolites of marine sponges associated microorganisms.
Group of
organisms Compound class Bioactivity Reference
Fungi Polyketides, Cytotoxic, antioxidant, Li ef al. (2011);
cyclohexane, antimicrobial, kinase Bugni and
terpenes, amino inhibitors Ireland (2004)
acid derivatives
Bacteria Proteins, peptides,  Antimicrobial Boobathy et al.
propionic acid, (2009); Taylor
indole, PAFA et al. (2007);
Devi et al.
(2010);
Patnayak and
Sree (2005)
Cyanobacteria Ether, chlorinated Hentschel et al.
metabolites, (2006)
pigments
Actinobacteria Amino acid, Anti-inflammation, Schneemann et al.
polyketides, antimicrobial, (2010)
glycosides, antioxidant,
methyl esters hypocholesterolemic
Actinomycetes Carotenoids Antioxidant Dharmaraj et al.
(2009a)
Yeast Indole derivatives ~ Radical scavengers Sugiyama ef al.
(2009)

lll. BIOACTIVE COMPOUNDS

A. Anti-inflammatory compounds

Classically, inflammation is a protective reaction of the body in response
to some physical, chemical, or microbial injury and insult of the cells.
Acute inflammation, rapid onset and shorter duration, is considered as a
healthy response. However, when inflammation continues for prolonged
period of time, it becomes detrimental and may raise the first step of a
chronic disease (Medzhitov, 2008). Arachidonic acid/COX and nuclear
factor-xB (NF-«xB) are well known inflammatory pathways which induce
production of inflammatory mediators such as prostaglandins, thrombox-
anes, leukotrienes, and cytokines. Most commonly accepted mechanism
of anti-inflammation is inhibition of cyclooxygenase (COX) activity. There
are two kinds of cyclooxygenases: COX-1 is natural protective enzyme of
intestinal mucosa while COX-2 is induced by tissue damage as an inflam-
matory mediator (Maroon et al., 2006). NF-xB is a recently identified
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complex inflammatory pathway which produces inflammatory cytokines
and proinflammatory enzymes. Curcumin, y-linolenic acid, epigallocate-
chin gallate, eugenol, [6]-gingerol, and many more flavanoids are well
known natural anti-inflammatory agents (Aggarwal et al., 2009). How-
ever, commonly used non-steroidal anti-inflammatory drugs (NSAIDs)
have been creating some complications like gastrointestinal hemorrhage,
myocardial infarction, and stroke due to lack of selectivity (Maroon et al.,
2006). Thus, natural and selective inhibitors of the inflammatory cascade
have gained much attention.

Sponge-derived sesterterpenoids are potent anti-inflammatory meta-
bolites which inhibit phospholipase A, (Sipkema et al., 2005a). In arachi-
donic acid pathway of inflammatory response (Fig. 8.3), phospholipase
A, catalyzes the release of membrane-bound phospholipids to produce
inflammatory mediators once stimulated by tissue injury. Manoalide
(Fig. 8.4) is a best known sponge-derived anti-inflammatory sesterterpe-
noid. Dysidotronic acid (Fig. 8.5), non-complex manoalide analogue, has
been identified as an anti-inflammatory metabolite of the sponge Dysidea
sp. The mechanism by which dysidotronic acid inhibit inflammation is
much more selective and potent than manoalide. This sesquiterpenoid

Sponge metabolites 7l l -——— Phospholipase A, --—— Injury or insult

Arachidonic acid

5-Lipoxygenase
/\ Nonselective COX
inhibitors

5-HPETE Cyclooxygenase
Cyclooxygenase-2 (COX-2) Cyclooxygenase-1 (COX-1)
Inflammatory Protective
Leukotrienes Thromboxanes Prostacyclins prostaglandins prostaglandins

FIGURE 8.3 Schematic diagram of arachidonic acid pathway of inflammatory response.
In tissue damage or insult, inflammatory mediators leukotrienes, thromboxanes, and
prostaglandins are produced as a result of releasing membrane-bound arachidonic acid
by phospholipase A,. 5-Lipoxygenase and cyclooxygenase-2 (COX-2) mediate the con-
version of free arachidonic acid into inflammatory mediates. Sponge metabolites inhibit
phospholipase A, and 5-lipoxygenase followed by inhibition of production of
inflammatory mediators.



Bioactive Compounds from Marine Sponges and their Symbiotic Microbes 143

FIGURE 8.4 Manoalide.

OH

FIGURE 8.5 Dysidotronic acid.

inhibits cytokine production, consequently decreasing the production of
inducible nitric oxide synthase and prostaglandin E, (Posadas et al., 2001).
Carroll et al. (2001) revealed that bioactive metabolites of Jaspis splendens
and Suberea sp. inhibit lipoxygenase, a group of enzymes that oxygenate
polyenoic fatty acids followed by production of inflammatory mediators
leukotrienes, lipoxins, and hepoxilins. In contrast to the NSAIDs, sponge-
derived anti-inflammatory metabolites are selective inhibitors of
enzymes. Therefore, these metabolites have a clear potential of overcom-
ing complication associated with non-selective inhibitors.
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B. Novel antioxidants

Environmental as well as lifestyle changes are responsible for increasing
reactive oxygen species in the body. Overproduction of oxidative free
radicals, when cell’s natural controlling mechanism (superoxide dismu-
tase and catalase) is not effective or enough, creates an oxidative stress
due to imbalance of pro-oxidants and antioxidants (Kelsey et al., 2010).
The chronic oxidative stress leads to various kinds of degenerative dis-
eases and aging process. In this scenario, antioxidant-rich sources and
supplements are under spotlight to offer extra protection. Although many
chemical substances have been proved for their antioxidant activity, there
has been continuous search for new antioxidants due to poor bioavail-
ability, cumulative effects inside the body, and adverse side effects of
synthetic antioxidants (Jorge et al., 2011). Among novel antioxidants,
marine sponges are highly ranked source. A number of metabolites
derived from marine sponges, indole derivatives, aromatic alkaloids,
aromatic polyketides, and phenolic compounds have exhibited strong
antioxidant effect compared to vitamin E, ascorbic acid, and butylated
hydroxyanisole (Longeon et al., 2011; Utkina, 2009; Utkina et al., 2004).
Aromatic polyketides isolated from marine sponge-derived fungus Asper-
gillus versicolor have shown significantly higher antioxidant capacity than
that of butylated hydroxytoluene (Li ef al., 2011). Sugiyama et al. (2009)
reported that marine-derived yeasts are capable of producing antioxida-
tive indole derivatives. These findings were very attractive since these
microbes are culturable, and there is a possibility of reproducing the
compound in large scale.

C. Hypocholesterolemic compounds

Cholesterol, an essential steroid which is produced by human body, acts
as a cell membrane modulator and facilitator of absorption in the intes-
tine. In addition, it serves as a substrate for hormones, bile acid, and
vitamin D (Chen et al., 2008). Water-insoluble cholesterol is transported
throughout the body by four lipoproteins in the blood. Among them,
cholesterol carrier lipoprotein, low-density lipoprotein (LDL), and high-
density lipoprotein are strictly regulated to maintain cholesterol hemosta-
sis in blood (Deng, 2009). High total serum cholesterol level has been
recognized as a highly ranked risk factor of world biggest killer, cardio-
vascular disease (Roth et al., 2011). Inhibition of cholesterol biosynthesis to
control serum cholesterol is a widely accepted hypothesis, and various
natural and synthetic products have been employed at different steps of
the biosynthesis pathway. Cholesterol biosynthesis enzyme HMG-CoA
reductase is the target of most of the hypocholesterolemic drugs since it is
the rate-limiting enzyme. However, myositis, gastrointestinal symptoms,
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pharyngitis, and pain are commonly associated side effects with these
types of drugs. In this regard, recent studies have focused on identifying
more specific inhibitors, especially later stage of the biosynthesis pathway
(Korosec et al., 2008).

Marine sponge Spirastrella abata-derived Lyso-PAF analogues and
lysophosphatidylcholines have been reported as successful inhibitors of
cholesterol biosynthesis (Fig. 8.6). An in vitro study shows that active
compounds specifically blocked the conversion of lanosterol into choles-
terol in the liver cells with more specific inhibition (Shin ef al., 1999). Zhao
et al. (2003) have reported that marine sponges are a source of novel
lysophosphatidylcholines and thereby aroused an interest of hypocholes-
terolemic compounds from marine sponge due to short lifespan of con-
ventional lysophosphatidylcholines in vivo. Another interesting target of
hypocholesterolemia is increasing bile acid biosynthesis in liver, as bile
acids are the major metabolites of cholesterol (Chen et al., 2008). Farnesoid
X-activated receptor (FXR) antagonists from a marine sponge Spongia sp.
have been discovered as an interesting molecular target of hypocholester-
olemia. The FXR suppresses the production of cholesterol 7a-hydroxylase
(CYP7A1), which is the rate-limiting enzyme of the bile acid biosynthetic
pathway. This novel compound increases the biosynthesis of bile acid and

Acetyl CoA gndAacetoacetyI —_— HMG CoA  —— Ml Isopgr';tenyl
O HMG CoA HMG CoA
synthase reductase
Conventional hypocholesterolomic Geranyl PP
compounds
Sponge
metabolites
/ \ Farnesyl PP
Upregulate Inhibit CYP51 l
Bile acid - Cholesterol - Lanosterol | - Sequalene

In liver

FIGURE 8.6 Cholesterol biosynthesis pathway. 3-Hydroxy-3-methyl-glutaryl coenzyme
A (HMG-CoA) reductase is considered as the rate-limiting step of the pathway. Even
though HMG-CoA is the main target of common hypocholesterolemic drugs, more
specific inhibitors which act on later stages of the pathway claim lesser number of
adverse side effects. Lyso-PAF analogues isolated from marine sponge inhibit lanosterol
14a-demethylase (CYP51) followed by inhibiting conversion of lanosterol into choles-
terol. Farnesoid X-activated receptor (FXR) antagonists upregulate the cholesterol
metabolism in the liver and lower the serum cholesterol.
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lower the hepatic cholesterol followed by removal of cholesterol from the
circulation and decreases LDL level in the blood (Nam et al., 2006).

D. Sponge collagen

Collagen is the most abundant structural protein in animals, accounts up
to 25-35% of total protein content. Unique triple-strand helical polypep-
tide chains are rich in proline and glycine. This natural polymer is widely
used in pharmaceutics and cosmetics because of its biodegradability,
biocompatibility, low toxicity, and immunogenicity. Biomaterials as a
coating or a carrier of drugs, moisturizers, and health supplements are
known applications of collagen (Olsen et al., 2003; Swatschek et al., 2002).
Even though animal-derived collagen is the main source of collagen,
transmissible diseases (bovine spongiform encephalopathy), antigenic
response and its variations, and issues related to food laws limit its
applicability and create a demand for alternative sources (Pallela et al.,
2011).

Biochemical similarity of amino acid composition and structural simi-
larities to bovine collagen fibrils observed under TEM, SEM, X-ray dif-
fraction, and atomic force microscopy have proved the possibility of
substituting conventional collagen for sponge collagen (Heinemann
et al., 2007). Overcoming the difficulties associated with isolation and
purification of marine sponge collagen, Swatschek et al. (2002) suggested
a modified method yielding 30% of collagen. Among natural polymers
which have been approved for drug coatings for sustained delivery of a
dosage, sponge collagen shows distinguish characteristics owing to its
stability against pepsin, trypsin, collagenases, and acid media. Nicklas
et al. (2009) used these properties and developed delayed-release enteric
coating from marine sponge Chondrosia reniformis Nardo (Demospongiae:
Hadromerida: Chondrosiidae) with good mechanical properties and stor-
age stability. In addition, collagen possesses a promising ability of deliv-
ering drugs into specific target sites overcoming undesirable interactions
(Ruszczak and Friess, 2003). Improved ability of sponge microparticles
can be used to deliver anti-inflammatory compounds as they have a
tendency of accumulation on inflamed tissues. Moreover, sponge colla-
gen is the best solution for susceptibility of degradation of calf collagen by
intestinal pepsin (Berthold ef al., 1998; Swatschek et al., 2002).

E. Natural pigments

Appearance, particularly color, is an important characteristic of a food or
a supplement because the first impression is made on that. Thus, natural
or synthetic colorants play a vital role in food and pharmaceutical indus-
tries. Certain legal aspects related to biological effects, purity of synthetic
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colorants, and poor stability of natural colorants under processing condi-
tions demand alternatives (Mortensen, 2006).

Pigments from marine sponges have long been an interesting topic
because of their brilliant color range. Sponge colors are either their own
synthesis in pigment granules or a product of symbiotic microbes
(Bandaranayake, 2005). Drumm et al. (1945) have isolated and character-
ized carotenoid pigments of marine sponge Hymeniacidon sanguineum.
Carotenoid pigments are responsible for most bright color sponges, and
more than 20 characteristic aryl carotenoids have been identified in
sponges (Maoka, 2011). By contrast, carotenoid pigments are strong radi-
cal scavengers, are inhibitors of lipid peroxidation, and offer health ben-
efits and higher stability for food and pharmaceuticals than other
colorants (Hix et al., 2004). In recent years, the interest of carotenoid
production by microbial fermentation has increased instead of extracting
from plant tissues or chemical synthesis. Marine sponge-derived actino-
mycetes sp. (Dharmaraj et al., 2009a), Streptomyces sp. (Dharmaraj et al.,
2009b), and fungus Paecilomyces lilacinus (Elbandy et al., 2009) have been
proved for the production of carotenoid pigments and showed the poten-
tial as sources of natural colorants. In addition, mytiloxanthin derivatives,
red color pigments of bright orange sponge Phakellia stellidem, have been
identified as bioactive pigments (Higa et al., 1994).

IV. SUSTAINABLE PRODUCTION OF SPONGE METABOLITE

Despite the chemical diversity and biological activities of marine sponge
metabolites, large-scale commercial supply of these compounds remains
as a challenge. This seems to be a reason why only a few sponge metabo-
lites, out of thousands of novel compounds, are in clinical trials. Wild
harvest of sponges for bioactive compounds is not feasible as it threatens
the marine environment. Likewise, chemical synthesis of compounds is
much more difficult since they are structurally complex (Thakur and
Miiller, 2004). Therefore, production of bioactive compounds in a sustain-
able manner became an interesting focus of sponge’s research. Several
attempts including sponge cell culture, culturing of symbiotic microor-
ganism, or metagenomic approaches in which large gene fragments
responsible for production of the bioactive compounds are identified
and transferred into a suitable host and sponge aquaculture have been
performed to overcome this problem.

Discovery of medicinally important metabolites from marine sponges
renewed the interest of sponge aquaculture which has been studied early
in the twentieth century for commercial supply of sponge metabolites.
Sponge mariculture is considered to be the most cost-effective method
(Duckworth and Battershill, 2003). Several drawbacks associated with the
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mariculture turn the way of sponge culturing into ex situ cultivation with
controlled conditions. Optimal conditions for growth as well as metabo-
lite production and continuous growth could be achieved with ex situ
cultivation (Sipkema et al., 2005b). This is an economically feasible option
for the production of sponge metabolites, and optimal conditions close to
in situ double the production of metabolites (Kloppel et al., 2008). Sponge-
associated microbes are a promising hope to obtain bioactive metabolites.
In addition to culturing of symbiotic microbes, metagenomic approach
offers biotechnological solution for unculturable microbial species.
Sponge cell culture for production of bioactives was started a decade
ago. Muller et al. (2000) revealed that proliferative cells of Dysidea avara
can be used to produce avarol in vitro, and cell assemblies termed prim-
morphs are more capable of producing metabolites than single cells. With
these interesting findings, several studies were carried out to optimize the
condition of sponge cell culture (Caralt et al., 2007; Schippers et al., 2011;
Zhao et al., 2005). In recent future, sponge metabolites for therapeutic
applications would be produced in vitro instead of wild harvesting.
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