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Antarctic marine benthic invertebrates are an underexplored source of natural products for biodiscovery. Bioactive marine natural products from Antarctica are reviewed here for their potential use as drugs, considering the main examples in Porifera (15 species), Cnidaria (eight species), Mollusca (one species), Bryozoa (one species), Nemertea (one species), Echinodermata (six species), and Tunicata (five species). A wide variety of bioactivities are reported here, from antitumoral to antimicrobial activities, as well as against neurodegenerative diseases and others. If we aim to use their chemodiversity for human benefits we must maintain the biodiversity, solving the supply problem, speeding up the process, and decreasing research costs to fully exploit the benefits of biodiscovery in Antarctic Marine Natural Products in a near future in a sustainable way.
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INTRODUCTION

Humans have used nature for obtaining food and bioactive compounds to treat diseases or as poisons for centuries. A paradigmatic example are medicinal plants. Indeed, nature has provided humankind with a wide array of bioactive compounds potentially useful as drugs against deadly diseases or as lead structures for novel synthetic drugs (Newman and Cragg, 2016). Currently, the combination of preserving biodiversity while bioprospecting natural products (chemodiversity) for human uses is a global challenge. Marine habitats comprise 71% of our planet including tropical to polar waters, and shallow to abyssal depths. This huge environment is inhabited by many different organisms adapted to the diverse physico-chemical conditions found in there. Marine ecosystems include many unique habitats hosting species and chemicals still vastly unknown (including novel compounds’ classes and chemical skeletons), as well as unique phyla that never evolved to colonize land. The variety of chemicals found in these organisms constitutes what we call chemodiversity. These marine natural products (MNPs) are likely the result of evolutionary pressures, such as predation or competition (Avila et al., 2008), and have been shaped into structurally diverse compounds with specific biological and ecological activities rarely found in terrestrial organisms (Höller et al., 2000; Carroll et al., 2020). Chances of finding new drug candidates or relevant bioactive compounds in the ocean are especially high. However, marine sources are much less explored than terrestrial organisms and only 1% of recorded marine species have had their chemical composition analyzed, even if ca. 10% of the 145,000 natural substances described to date come from marine organisms (Núñez-Pons and Avila, 2015). Therefore, the discovery potentialities of novel MNPs and their putative applications remain wide open. Currently, more than 35,000 MNPs are known from macro- and microorganisms (MarinLit database1), some of them being in advanced clinical development as anticancer drugs, and many more being tested for the treatment of pain, neurodegenerative disorders, tuberculosis, AIDS, malaria, and many other diseases, as well as for their use in cosmetics, nutriceuticals and food industries (Kim and Wijesekara, 2010; Suarez-Jimenez et al., 2012; Fan et al., 2014; Martins et al., 2014; Tripathi et al., 2014).

Research on MNPs is based on multidisciplinary collaboration between scientists from different fields, such as chemical ecology, chemistry, biosynthesis, pharmacology, molecular biology, genomics, metabolomics, and others. Furthermore, the new techniques and methodologies used in the isolation and chemical characterization of compounds are rapidly improving the biodiscovery path. Over the years, bioactive MNPs from different oceans have found many pharmaceutical applications, as said above, ranging from antitumoral to antimicrobials. Some drug examples include the nucleosides isolated in the 1950s from a Caribbean sponge, later used as scaffolds for commercial antiviral drugs [Ara-A (Acyclovir®) or Ara-C], the analgesic ω-conotoxin analog ziconotide (Prialt®) from a Conus mollusc used for chronic pain, ecteinascidin 743 (Yondelis®) from a tunicate for cancer chemotherapy (sarcoma), and eribulin mesylate (Halaven®), a derivative of halichondrin B from the cold-water sponge Halichondria okadai as an anticancer drug (Gerwick and Moore, 2012; Jaspars et al., 2016; Giordano et al., 2018). Many MNPs are commonly used in food industry as stabilizers and food additives, like the carrageenans from red seaweeds (Carragelose®), also employed in antiviral sprays, or carotenoids, used as food colorants, additives, and nutraceuticals (Jaspars et al., 2016). The use of new enzymes is also of great interest for many industrial processes, like the proteases, amylases, cellulases, carboxymethylcellulases, xylanases,…, for their use in the production of pharmaceuticals, foods, beverages, confectionery, paper, textile and leather processing, and waste-water treatment (Jaspars et al., 2016; Giordano et al., 2018). Cosmetics, on the other hand, include MNPs used as sun protectors, face, skin, and hair care products, such as Abyssine®, Depollutine®, Grevilline®, RefirMAR®, Resilience®, SeaCode®, XCELL-30®, and others (Martins et al., 2014; Reen et al., 2015). In fact, the cosmetic industry, like Elemis (The Steiner Group, London, United Kingdom), La Prairie (Beiersdorf, Montreux, Switzerland), Crème de la Mer (Estée Lauder, New York, NY, United States), Blue Therapy (Biotherm, Tours, France), is constantly innovating using marine-derived bioactive compounds (Martins et al., 2014).

Antarctic waters harbor about 4% approximately of the currently known marine invertebrate species, while a huge amount of species are considered to be still unknown (Arrieta et al., 2010; Griffiths, 2010; Ronowicz et al., 2019). The environmental conditions there are extreme, with cold, constant temperatures and a seasonal light regime, with many species being endemic to these habitats, representing a huge, still unexplored biodiversity. The South Ocean therefore holds a huge potential for MNPs biodiscovery, based on both their untapped bio- and chemodiversity. In part, the scarce current knowledge on the topic is due to the well-known difficulties in sampling and studying Antarctic organisms (Avila et al., 2008). Nevertheless, Antarctic bioprospecting is being developed currently by different groups using different methods and strategies (e.g., Avila, 2016a,b; Soldatou and Baker, 2017) although the topic has not been reported sufficiently in the general literature (e.g., Thomas et al., 2008). Some of the MNPs found so far in Antarctica are potentially useful for humans, as precursors of active molecules to design new drugs with a pharmacologic potential, as antimicrobials, or as antifouling, or have been tested within extracts but are not identified yet (e.g., Moles et al., 2014; Angulo-Preckler et al., 2017; Sacristán-Soriano et al., 2017). We review here the current status of biodiscovery in Antarctic marine benthic invertebrates.



THE CONCEPT OF BIOPROSPECTING

“Bioprospecting” (or biodiversity prospecting) is the exploitation of natural richness by searching for unknown or not studied organisms holding singular small molecules, macromolecules, and biochemical and genetic heritage, which may possess biological activities (Eisner, 1990; Jabour-Green and Nicol, 2003). These biological activities may be further developed into commercially valuable products for the agriculture (Beattie et al., 2011; Pandey and Yarzábal, 2019), aquaculture (Mazarrasa et al., 2014; Pascoal et al., 2020), bioremediation (Abida et al., 2013; Mazarrasa et al., 2014), cosmetic (Upadhyay et al., 2016; Gupta et al., 2019), nanotechnology (Mazarrasa et al., 2014; Cushnie et al., 2020), and/or pharmaceutical markets (Newman and Cragg, 2016; Pandey and Yarzábal, 2019). Usually biodiscovery starts with the collection of biological samples, targeting a reduced amount of biomass, followed by a bioactivity screening in order to select and further purify and identify the bioactive molecules, as well as to further synthesize them, when possible. The next steps include the in vitro, in vivo, and clinical assays, and the eventual progress to the market according to the pertinent regulatory issues. In the pharmaceutical industry, for example, almost one third of all small-molecule drugs approved by the U.S. Food and Drug Administration (FDA) between 1981 and 2014 were either NPs or compounds directly derived from natural products (Newman and Cragg, 2016).

When bioprospecting marine benthic invertebrates, we look for bioactive NPs. NPs are a small organic secondary metabolites (<3000 Da) synthetized by all organisms in response to different external stimuli. Because MNPs are produced under unique environmental conditions in the oceans, they are characterized by uncommon functional groups (isonitrile, dichloramine, isocyanate, and halogenated functional groups, among others) and peculiar structures, often with no analogs in terrestrial NPs (Imhoff et al., 2011; Rocha-Martin et al., 2014). NPs present many advantages over non-natural compounds, like a huge chemical diversity, biochemical specificity, binding efficiency and a strong ability to interact with biological targets. Therefore, NPs are considered more suitable for biological applications (such as anti-tumor, anti-proliferative, antibiotic, anti-infective, antifungal, antiviral, antiparasitic, antihelmintic, photoprotective) and potentially relevant lead structures (Kayser et al., 2003; Nishimura et al., 2010; Waters et al., 2010; Mayer et al., 2010, 2013; Martins et al., 2014; Buenz et al., 2018). In fact, NPs account for most of the clinically approved drugs (Newman and Cragg, 2012; Patridge et al., 2016) and were mainly described from bacteria, fungi, and plants, while marine organisms were investigated only in recent decades (Bérdy, 2012; Gerwick and Fenner, 2013). Currently, the number of MNPs described has rised to more than 35000 (MarinLit database2). Among them, a part of the examples cited above, ca. 30 MNPs are in clinical trials, with more than 20 being classified as anticancer, and a few more for schizophrenia and Alzheimer’s diseases, as well as for chronic pain treatment3 and therefore, the number of MNPs is expected to increase soon (Jaspars et al., 2016). Regarding Antarctic organisms, the bioactivity levels of MNPs have been reported to be comparable to those recorded in temperate marine environments, although only about 3% of the discovered MNPs originate from the polar regions (Lebar et al., 2007; Avila et al., 2008; Leal et al., 2012; Soldatou and Baker, 2017), and thus, more data are needed to draw general conclusions. According to the biodiversity data, a hidden treasure of bioactive MNPs is still waiting to be discovered in Antarctica, and considering the peculiar characteristics of the organisms living there, expectations are high.



PORIFERA

Sponges comprise some of the most abundant macroinvertebrates of Antarctic benthic communities, serving both as substrates for colonizing epibionts and endobionts, and as food sources for predators (McClintock et al., 2005). Antarctic sponges are a valuable source of biologically active compounds with drug potential, accounting for almost half of the pharmacologically active compounds of marine origin (Hu et al., 2011; Leal et al., 2012). Several Antarctic sponge species possess extracts with a wide range of bioactivities, such as cytotoxicity, hemolytic activity, antialgal activity, a-amylase activity, cholinesterase activities, antibacterial activity, and antifungal activity (Turk et al., 2013) (Table 1). One of the most prominent is the genus Latrunculia, showing hemolysis, inhibition of acetylcholinesterase, cytotoxicity toward normal and transformed cells, and growth inhibition of laboratory, commensal, and clinically and ecologically relevant bacteria (Turk et al., 2013). The brominated pyrroloiminoquinone alkaloids isolated from methanol extracts of two specimens of Latrunculia sp. demonstrated for the first time to be reversible competitive inhibitors of cholinesterases, with Ki for electric eel acetylcholinesterase of 1.6–15.0 μM, for recombinant human acetylcholinesterase of 22.8–98.0 μM, and for horse serum butyrylcholinesterase of 5.0–76.0 μM. The most active compound, discorhabdin G (Figure 1), had no detectable undesirable effects on neuromuscular transmission and skeletal muscle function (Botić et al., 2017). The pigment epinardin C (Figure 1), proved strongly active, albeit with poor resistant index against L1210 and doxorubicin-resistant L1210/DX murine lymphocytic leukemia cells in vitro (D’Ambrosio et al., 1996). Epinardin C was isolated from an undetermined demosponge and it differs from members of the discorhabdin/prianosin family in having an allylic alcohol functionality in place of the enone system, being compatible with the genus Latrunculia. Similarly, the extracts of L. biformis showed potent in vitro anticancer activity (Li et al., 2020b), with two discorhabdin-type alkaloids, tridiscorhabdin (Figure 1) and didiscorhabdin isolated from it. Only tridiscorhabdin exhibited strong cytotoxic activity against the human colon cancer cell line HCT-116 (IC50 value 0.31 μM) (Li et al., 2020b). Further, (-)-(1R,2R,6R,8S,6′S)-discorhabdin B dimer and (-)-(1S,2R,6R,8S,6′S)-discorhabdin B dimer showed significant in vitro anticancer activity against the same cell line (HCT-116), with IC50 values of 0.16 and 2.01 μM, respectively (Li et al., 2020a). Compared to monomeric discorhabdins, dimeric discorhabdins are very rare in nature. Moreover, a molecular networking approach combined with a bioactivity-guided isolation led to the targeted isolation of the pyrroloiminoquinone, tsitsikammamine A (Figure 1) and its analog 16,17-dehydrotsitsikammamine A (Li et al., 2018). Both tsitsikammamines and discorhabdins show potent anticancer activities in vitro and further potential anticancer activity was assessed with a virtual approach by molecular modeling for the tsitsikammamines (Li et al., 2018). L. biformis is an excellent source of chemically diverse discorhabdin alkaloids. (-)-discorhabdin L (Figure 1), (-)-1-acetyl-discorhabdin L, and (+)-1-octacosatrienoyl-discorhabdin L, showed promising anticancer activity with IC50 values of 0.94, 2.71, and 34.0 μM, respectively (Li et al., 2019). These compounds were docked to the active sites of two anticancer targets, topoisomerase I-II and indoleamine 2,3-dioxygenase (IDO1), revealing the binding potential of discorhabdins to these proteins (Li et al., 2019). Furthermore, Latrunculia sp. yielded a new antibacterial pyrroloiminoquinone, discorhabdin R (Figure 1) with antibacterial activity against Gram + (Staphylococcus aureus, Micrococcus luteus) and Gram – (Serratia marcescens, Escherichia coli) bacteria (Ford and Capon, 2000).


TABLE 1. Brief summary of bioactive natural products from Antarctic marine benthic invertebrates.
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FIGURE 1. Chemical structure of the main bioactive compounds described in Antarctic marine benthic invertebrates.


Membranolides C and D (Figure 1) from the sponge Dendrilla membranosa possess carboxylic acid functional groups and display Gram – antibiotic and antifungal activities (Ankisetty et al., 2004). The 9,11-dihydrogracilin A (DHG) and membranolide (Figure 1) from D. membranosa both inhibited the growth of Bacillus subtilis at 100 μg/disk and membranolide was also mildly active against S. aureus (Molinski and Faulkner, 1987). DHG induced apoptosis in human peripheral blood mononuclear cells (PBMC) (Ciaglia et al., 2017). In addition, DHG possesses promising anti-inflammatory properties both in vitro and in vivo. These effects are accompanied by DHG down-regulation of NF-kB, STAT, and ERK phosphorylation at further stages (Ciaglia et al., 2017). The antimicrobial activity of the extracts of this sponge against S. aureus, Vibrio anguillarum, and Beneckea harveyi (100 μg/disk), was due to 4,5,8-trihydroxyquinoline-2-carboxylic acid (Molinski and Faulkner, 1988). Darwinolide A (Figure 1), a diterpenoid from Dendrilla antarctica (previously D. membranosa) showed potential as a scaffold for methicillin-resistant S. aureus (MRSA) (von Salm et al., 2016). This is a chemically rich sponge, being a prolific source of highly oxidized diterpenoids with moderate antibiotic and antifungal activities against S. aureus, E. coli, and Candida albicans (Molinski and Faulkner, 1987). Bioactivities against infectious disease models including pathogens that cause leishmaniasis, malaria, and MRSA infections were also found (Bory et al., 2020). Four more diterpenes, tetrahydroaplysulphurin-1 (Figure 1), as well as membranoids B (Figure 1), D, and G, displayed low micromolar activity against Leishmania donovani with no discernible cytotoxicity against uninfected J774A.1 cells (Shilling et al., 2020).

Friomaramide (Figure 1), a highly modified hexapeptide isolated from the sponge Inflatella coelosphaeroides blocks > 90% of Plasmodium falciparum liver-stage parasite development at 6.1 μM (Knestrick et al., 2019). The Antarctic red sponge Kirkpatrickia variolosa presents a resveratrol triacetate (3,4′,5-triacetoxystilbene) (Jayatilake et al., 1995). Stilbenes exhibit a variety of biological and pharmacological activities including protein tyrosine kinase (PTK) and protein kinase C (PKC) inhibitory effects (Jayatilake et al., 1995), but this compound has not yet been tested. Also in K. variolosa, variolins display cytotoxic, antiviral, and antifungal properties (Perry et al., 1994; Trimurtulu et al., 1994). Variolin A (Figure 1) showed weak in vitro activity against the P388 cell line (IC50 = 3.8 μg/mL). N(3′)-Methyl tetrahydrovariolin B inhibited the growth of Saccharomyces cerevisiae (2 mg/mL), showed in vitro activity against the HCT 116 cell line (IC50 = 0.48 μg/mL), and modest in vivo activity against P388 leukemia (at 10 mg/Kg) (Trimurtulu et al., 1994). Variolin B, with an IC50 of 210 ng/mL against P388, was also effective against Herpes simplex Type I (Perry et al., 1994). Variolin B is a pyridopyrrolopyrimidine alkaloid with antitumor and antiviral properties.

All of the norselic acids (A-E) from the encrusting, bright red sponge Crella sp. display activity against the Leishmania parasite at low micromolar concentration. Norselic acid A (Figure 1) displays antibiotic activity against methicillin-resistant S. aureus (MRSA), methicillin-sensitive S. aureus (MSSA), vancomycin-resistant Enterococcus faecium (VRE), and C. albicans, and it is also active against the Leishmania parasite with modest anti-infective properties (Ma et al., 2009).

Suberitenone B (Figure 1) inhibits the cholesteryl ester transfer protein (CETP), which mediates the transfer of cholesteryl ester and triglyceride between high-density lipoproteins and low-density lipoproteins (Shin et al., 1995). CETP inhibition is considered to be a good target for the development of an effective agent for atherosclerotic diseases. Three suberitane derivatives, isosuberitenone B, 19-episuberitenone B, and isoxaspirosuberitenone are found in the sponge Phorbas areolatus, together with suberitenones A and B, and oxaspirosuberitenone (Figure 1) (Solanki et al., 2018). Oxaspirosuberitenone displayed significant antimicrobial activity against MRSA at the highest concentration tested (160 μM). While all five compounds displayed moderate cytotoxicity against the HepG2, HT-29, and MCF-7 cell lines, only isosuberitenone B and 19-suberitenone B showed significant activity against the A549, HepG2, HT-29, and MCF-7 tumor cell lines (Solanki et al., 2018).

Erebusinone (Figure 1) and erinacine are found in Isodictya erinacea. Erinacine has shown cytotoxicity (LD50 50 μg/mL) against L5178Y mouse lymphoblastoid cells (Moon et al., 2000), while erebusinone together with a ceramide and erebusinonamine from Isodictya antarctica showed modest antimicrobial activity against S. aureus, methicillin-resistant S. aureus (MRSA), E. faecium, and C. albicans (Park, 2004). Further, an unidentified sponge yielded a sesquiterpene alcohol, a non-nitrogenous eudesmane with antibiotic activity against the Gram + bacteria S. aureus (Urban et al., 1995). Finally, rhapsamine (Figure 1), a linear C28 polyene from the only calcareous sponge studied, Leucetta leptorhapsis, displays a LC50 of 1.8 μM in the KB nasopharyngeal cell line, while in the NCI 60 cell-line panel displays a similar level of cytotoxicity with little selectivity (Jayatilake et al., 1997).



CNIDARIA

NPs from Antarctic cnidarians are only known from octocorals so far, including a series of sesquiterpenes and polyoxygenated steroids isolated from Alcyonium paessleri (Palermo et al., 2000; Rodriguez-Brasco et al., 2001), Ainigmaptilon antarcticus (Iken and Baker, 2003), and Dasystenella acanthina (Gavagnin et al., 2003) (Table 1). Of the latter, all steroids show significant activities as growth inhibitors of several human tumor cell lines (Mellado et al., 2004). Higher levels of activity were observed against the cell lines LN-caP (prostate carcinoma), and K-562 (chronic myelogenous leukemia), with most compounds displaying GI50 values < 2μg/mL (Mellado et al., 2004). In addition, these steroids showed cytostatic effects and are cytotoxic against one or two cell lines, except 3α,11α-diacetoxy-25-hydroxycholest-4-en-6-one, that was active against seven of the assayed cell lines, including DU-145 (prostate carcinoma), IGROV (ovarian adenocarcinoma), SK-MEL-28 (melanoma), PANC1 (pancreas carcinoma), and LOVO (colon adenocarcinoma) (Mellado et al., 2004).

The first illudalane sesquiterpenoids isolated from the marine environment were those from the soft coral A. paessleri. Alcyopterosins A-O (Figure 1) are also the first nitrate esters reported as MNPs (Palermo et al., 2000). Alcyopterosin E show mild cytotoxicity toward Hep-2 (human larynx carcinoma) cell line with IC50 of 13.5 μM, while alcyopterosin A, C, and H were cytotoxic toward HT-29 (human colon carcinoma) at 10 μg/mL (Palermo et al., 2000). The minor metabolites paesslerins A (Figure 1) and B show moderate cytotoxicity against human tumor cell lines (Rodriguez-Brasco et al., 2001). The paesslerane and illudalane carbocyclic skeletons could be biogenetically related by a protoilludane cation as a common precursor. On the other hand, the gorgonian coral Ainigmaptilon antarcticus possesses ainigmaptilone A (Figure 1), displaying antibiotic activity toward three sympatric Antarctic bacteria at as low as 5mg/mL and being lethal to fouling sympatric diatoms at natural concentration (0.275 mg/mL) (De Marino et al., 1997a; Amsler et al., 2000).

Keikipukalides A–E (Figure 1), furanocembranoid diterpenes, along with pukalide aldehyde and the norditerpenoid ineleganolide are found in the deep-sea octocoral Plumarella delicatissima (Thomas et al., 2018). This family of diterpenes displays activity against the leishmaniasis parasite, L. donovani, from 1.9 to 12 μM, with no corresponding mammalian cytotoxicity below 50 μM. Most of these compounds contain the neurotoxic pharmacophore of lophotoxin which may be a liability for this specificity (Abramson et al., 1991). On the other hand, blue alcyonaceans present characteristic pigments contributing to the amazing colors of the benthic communities and displaying also several bioactivities (Patiño-Cano et al., 2018). The gorgonian Acanthogorgia laxa presents linderazulene and a ketolactone, both displaying good antifouling properties against a wide array of organisms. Although, the ketolactone can be produced from linderazulene by oxidation, there is some controversy regarding its possible origin as an artifact (Li and Scheuer, 1984). A compound closely related to linderazulene, 8,9-dihydrolinderazulene (Figure 1), displays cytotoxicity against several tumor cell lines, like PC-3, HCT-116 and MCF-7/ADR with IC50 values of 9.46, 14.49 and 16.06 mg/mL, respectively (Chen et al., 2014). Antifouling assays show that azulenoid sesquiterpenoids are also involved in the control of biofouling by marine invertebrates (Patiño-Cano et al., 2018).

Three briarane diterpenes, bathyptilone A-C (Figure 1) isolated from the sea pen, Anthoptilum grandiflorum have been screened against four cancer cell lines. Bathyptilone A is highly toxic to a pluripotent embryonal carcinoma cell line, NTera-2 (NT2), effectively killing tNT2 cells at an IC50 of 29 nM (Thomas et al., 2019). Due to their similarity with developing neuronal cells, this cell line is considered valid for assessing neurotoxicity (Stern et al., 2014). Moreover, seven steroids from Anthomastus bathyproctus were tested against the human tumor cell lines MDA-MB-231 (breast adenocarcinoma), A-549 (lung carcinoma), and HT-29 (colon adenocarcinoma). Four of them displayed weak activity as inhibitors of cell growth, only one of them being a potent inhibitor with GI50 values of 21.2 μM for MDA-MB-231, 16.5 μM for A-549, and 15.3 μM for HT-29 (Mellado et al., 2005). Finally, two new terpenoids, shagene A (Figure 1) and B were isolated from an undescribed genus of octocoral. Shagene A has an IC50 value of 5 μM on the infected macrophage stage of the leishmaniasis parasite, L. donovani, showing a 10-fold increase in activity with no cytotoxicity up to 100 μg/mL. Shagene B showed no activity (> 20 μg/mL) indicating the relevance of the methoxy substituent at C-8 (von Salm et al., 2014).



MOLLUSCA

Molluscs, and particularly gastropods, are a very important source of bioactive compounds, with some drugs already in the market (see Avila et al., 2008; Avila and Angulo-Preckler, 2020). Antarctic molluscs are also rich in natural products with potentially relevant bioactivities (Avila and Angulo-Preckler, 2020 and references therein) (Table 1). Here, gastropod nudibranchs are among the most interesting, as for example the compounds of the slug Doris kerguelenensis, displaying a wide arsenal of NPs, including different skeletons (Avila and Angulo-Preckler, 2020), among which the diterpenoids palmadorins (Figure 1) inhibit human erythroleukemia (HEL) cells at low micromolar IC50’s and also inhibit Jak2, STAT5, and Erk1/2 activation in HEL cells, causing apoptosis at 5 mM (Maschek et al., 2012). The structure-activity profile of the cytotoxicity of palmadorin indicates that the cis-fused labdane diterpene system may be conformable to develop potent chemotherapy tools based on the inhibition of several key enzymes implicated in the JAK/STAT pathway (Maschek et al., 2012). Several other compounds have been described in Antarctic molluscs and, for some of them, their ecological activities are described but their potential pharmacological activities remain yet to be discovered.



BRYOZOA

Bryozoans have emerged over the last decades as a source of biologically active and structurally diverse compounds, with several Antarctic species being bioactive, all of them within the Cheilostomata (Figuerola et al., 2013, 2014; Angulo-Preckler et al., 2015; Figuerola and Avila, 2019) (Table 1). The alkaloid tambjamine A is found in Bugula longissima (Lebar et al., 2007), although its bioactivity has not yet been investigated, tambjamine A was previously reported bioactive from the tropical bryozoan Sessibugula translucens (Carté and Faulkner, 1983). Several compounds are found in Aspidostoma giganteum, like aspidostomides A–H (Figure 1) and aspidazide A, but only aspidostomide E presented bioactivity, being moderately active against the 786-O renal carcinoma cell line with an IC50 of 7.8 μM (Patiño-Cano et al., 2014). Aspidostoma giganteum is found along the Magellanic and Antarctic regions, with records in Patagonia, Tierra del Fuego, Malvinas, and the South Shetland Islands. Since this bioactivity is reported in Patagonia (Argentina) specimens, it is unknown whether Antarctic specimens are also bioactive. Despite their huge potential, the scarce information available from this abundant and biodiverse phylum is an important gap, and at the same time a promising large source of pharmacologically interesting NPs.



NEMERTEA

Ribbon worms are known to be voracious predators or scavengers, provided with an eversible proboscis to capture prey and secreting a quite thick and copious mucus covering their bodies. Their mucus secretion is usually toxic to both potential predators and preys, presenting several identified compounds with potential pharmacological use, some of them being in clinical trials (Göransson et al., 2019). The mucus of the Antarctic species Parborlasia corrugatus presents cytotoxic peptide compounds and hemolytic activity toward erythrocytes, among its compounds, parbolysins are currently being investigated in detail (Göransson et al., 2019; Jacobsson et al., unpublished data) (Table 1).



ECHINODERMATA


Asteroidea

Starfish contain steroidal glycosides and saponins which are responsible for their general toxicity and antiviral activity against several human pathogenic viruses (McKee et al., 1994; Comin et al., 1999). Sulfated steroidal glycosides ubiquitously found in starfish can be classified into two major structural classes, asterosaponins and polyhydroxysteroid glycosides, displaying a wide range of biological activities, such as cytotoxic, hemolytic, ichthyotoxic, repellent, antineoplastic, antimicrobial, antifungal, antiviral, and anti-inflammatory activities (Minale et al., 1993) (Table 1). Henricia sp. presents thirty-four steroid constituents where seven asterosaponins are cytotoxic (Iorizzi et al., 1996). Antarcticoside C (Figure 1) displays the strongest cytotoxic activity with an IC50 value <3.3 μg/ml (Iorizzi et al., 1996). This is one of the best examples among the echinoderms of the structural variety of polyhydroxysteroid constituents co-occurring in the same organism. Similarly, a large variety of steroid glycosides are found in an unidentified sea star of the Asteriidae family. Some of these compounds are moderately cytotoxic against human non-small-cell lung carcinoma cells (NSCLC-L16), with the sulphated steroid asterasterol C showing a moderate activity with IC50 > 30 μg/ml (De Marino et al., 1997b). Also, asteriidoside C, D (Figure 1), and E, were the most active steroidal sulfates with IC50 values of 19.7 μg/mL, 11.4 μg/mL, and 18.1 μg/mL, respectively (De Marino et al., 1998). Some more asterosaponins, the diplasteriosides A (Figure 1) and B from Diplasterias brucei show potent cytotoxic activity against different human cancer cell lines (Ivanchina et al., 2011). For HCT-116 cells, only diplasterioside A was toxic. Both compounds show moderate toxicity toward T47D cells and are most toxic against RPMI-7951 cells with IC50 67 and 60 μM, respectively. Compounds with the ergostane skeleton are more hemolytically active than those with the cholestane one, and the presence of an additional methyl group at C24 in the side chain of diplasterioside B causes reduction of its cytotoxic properties compared to diplasterioside A (Ivanchina et al., 2011). These compounds have already been synthesized by using Fmoc carbonate as an orthogonal protecting group which can be removed and the product subsequently glycosylated to reduce the number of steps (Sangwan et al., 2020). Finally, 19 steroids, 13 steroidal oligoglycosides, and six polyhydroxylated steroids are found in Acodontaster conspicuous, where half of them were active against at least one Antarctic marine bacterium (De Marino et al., 1997a), suggesting that they may play an important role in deterring microbial fouling and could be further investigated for potential antibiotic and antifouling properties.



Holothuroidea

Triterpene glycosides and saponins are secondary metabolites typically found in sea cucumbers. Two trisulfated triterpene glycosides, liouvillosides A (Figure 1) and B, are found in the sea cucumber Staurocucumis liouvillei (Maier et al., 2001). Both glycosides were found to be virucidal against herpes simplex virus type 1 (HSV-1) at concentrations below 10μg/ml, while little or no cytotoxicity was detected within 8 h of cell exposure (Maier et al., 2001). Other liouvillosides also found in S. liouvillei and S. turqueti have not been yet tested for bioactivity (Antonov et al., 2008, 2011; Silchenko et al., 2013). Similarly, achlioniceosides from the elasipod Achlionice violaecuspidata are not studied yet for their bioactivity (Antonov et al., 2009).



Ophiuroidea

Also saponins and steroids are responsible here for the antiviral activity against several human pathogenic viruses (McKee et al., 1994; Comin et al., 1999). Three steroids from the brittle star Ophiosparte gigas are characterized by the hydroxylation at C-3a and C-21 and the cis- Ah3 ring fusion. One of them is extremely cytotoxic even at the lowest concentration of 0.12 μg/ml, whereas the other two are active against HIV-1 with EC50 values of ca. 50-100μg/ml (D’Auria et al., 1993).




TUNICATA

Antarctic ascidians display high levels of endemism, reaching 25–51% of endemic species (Primo and Vázquez, 2009). While most ascidian metabolites are amino acid derived (Wang and Namikoshi, 2007), ascidians of the genus Aplidium are noted for possessing terpene derivatives (Zubía et al., 2005). Examples of NPs from Antarctic ascidians include palmerolide A, ecdysteroids, meridianins, aplicyanins, and rossinones (Figure 1; Table 1) (Diyabalanage et al., 2006; Miyata et al., 2007; Seldes et al., 2007; Reyes et al., 2008; Appleton et al., 2009; Núñez-Pons et al., 2010, 2012, 2015; Núñez-Pons and Avila, 2015). However, it is often unclear whether tunicates are the true producers of the molecules or whether associated microbes may play a role in their synthesis and chemical ecology (Núñez-Pons et al., 2012). Aplidium species are the source of numerous nitrogen-containing metabolites belonging to unprecedented structural families of NPs (Zubía et al., 2005). Six bromoindole derivatives, aplicyanins A–F (Figure 1) from A. cyaneum are cytotoxic against human tumor cell lines A-549, HT-29, and MDA-MB-231, and show antimitotic properties (for aplicyanins B, D, E, and F), thus suggesting a key role for the acetyl group at N-16 in their biological activity (Reyes et al., 2008). These compounds are reduced forms of the structurally related meridianins isolated from A. meridianum and can therefore be considered their biogenetic precursors. Meridianins are a family of indole alkaloids consisting of an indole framework linked to an aminopyrimidine ring. Meridianins A-E (Figure 1) from A. meridianum present cytotoxicity toward LMM3 (murine mammarian adenocarcinoma cell line) at IC50 values of 11.4 μM for meridianin B, 9.3 μM for meridianin C, 33.9 μM for meridianin D, and 11.1 μM for meridianin E (Franco et al., 1998). Aiming to find possible molecular targets for a set of MNPs, it was reported that some meridianins can interact with proteins involved in neurodegenerative diseases (Llorach-Parés et al., 2017, 2018). In fact, meridianins are found particularly interesting as potential therapeutic agents against Alzheimer disease (AD) (Llorach-Parés et al., 2017) and computational chemistry and in vitro assays have recently shown promising results (Llorach-Parés et al., 2020). Currently there is no treatment that cures or even slows AD progression, and therefore, there is a need for new and improved therapeutic molecules for these diseases, as their impact is expected to increase due to the shift in world demography. Although we are far from having solutions, potential benefits of a treatment for AD are huge and would clearly result in improving patients health and reducing societal costs.

Furthermore, rossinones A (Figure 1) and B are biologically active meroterpene derivatives from Aplidium species (Appleton et al., 2009; Núñez-Pons et al., 2012). Rossinones possess anti-inflammatory, antiviral, and antiproliferative activities (Appleton et al., 2009). In an in vitro anti-inflammatory assay with activated human peripheral blood neutrophils, rossinones inhibited superoxide production when either N-formyl-methionyl-leucyl-phenylalanine (fMLP) (IC50 1.9 and 2.5 μM, respectively) or phorbol myristate acetate (PMA) (IC50 0.8 and 0.7 μM, respectively) were used to activate the respiratory burst (Tan and Berridge, 2000). Also a selective antiviral activity toward DNAvirus HSV-1, versus the RNAvirus PV-1 is described for both compounds, with antiviral activity at 2μg/disk. Both compounds also present antimicrobial activity against the Gram + bacterium B. subtilis and the fungi Trichophyton mentagrophytes at 60 μg/disk (Appleton et al., 2009).

An enamide-bearing polyketide, the palmerolide A (Figure 1) from the common tunicate Synoicum adareanum targets melanoma (UACC-62, LC50 = 18 nM), colon cancer cell line (HCC-2998, LC50 = 6.5 μM) and renal cancer cell lines (RXF 393, LC50 = 6.5 μM) (Diyabalanage et al., 2006; Riesenfeld et al., 2008; Murray et al., 2020). Palmerolide A is stable for extended time periods and does not readily yield a single hydrolysis product. Later studies isolated palmerolides A (0.002 μM), D (0.025 μM), and G (0.007 μM). All palmerolides containing the C-2′/C-3′ olefin are very potent V-ATPase inhibitors, whereas palmerolide F (0.063 μM) which lacks the above mentioned olefin is significantly less potent (Noguez et al., 2011). Palmerolide E, lacking the entire carboxamide functionality, appears to retain inhibitory activity (IC50 5 μM) toward melanoma while losing effectiveness against V-ATPase (IC50 > 10 μM). This suggests that different parts of the side chain are responsible for the activities exhibited against UACC-62 and V-ATPase (Noguez et al., 2011). Most of these palmerolides are potent V-ATPase inhibitors and have sub-micromolar activity against melanoma but palmerolides are less neurotoxic than other V-ATPase inhibitors. Palmerolide C is a congeneric macrolide of palmerolide A exhibiting similar bioactivity toward the UACC-62 human melanoma cell line (IC50 = 110 nM) (Sayyad et al., 2020). S. adareanum also presents the known ecdysteroid diaulusterol B, as well as five more ecdysteroids, hyousterones A–D (Miyata et al., 2007). These ecdysteroids were evaluated for solid tumor selective cytotoxicity using colon (colon 38, HCT-116), lung (H-125M), leukemia (L1210, CCRF-CEM), and normal (CFU-GM) cell lines. Abeohyousterone (Figure 1) possesses moderate cytotoxicity toward several cancer cell lines while hyousterones A and C, bearing the 14R-hydroxy group, were weakly cytotoxic (Miyata et al., 2007).

Finally, 21 fatty acids and some sterols are found in the pelagic Salpa thompsoni, with the total fatty acids fraction being strongly hemolytic, and the polyunsaturated acids DHA: 6ω3 and EPA: 5ω3 as the most potent compounds (Mimura et al., 1986). Slight changes in the position and the geometry of the double bond seem to affect the potency of hemolytic activity of these compounds.



MANAGING BIODISCOVERY IN ANTARCTICA

Studying and using bioactive MNPs while conserving biodiversity is crucial, and further synthesizing the useful bioactive compounds in the laboratory is a must. The tenth Conference of the Parties (CoP10) to the Convention on Biological Diversity (CBD) held in Nagoya (2010) led to the adoption of a global Strategic Plan for biodiversity 2011-2020, the Nagoya Protocol on Access to Genetic Resources, and the Fair and Equitable Sharing of Benefits Arising from their Utilization (ABS Protocol), as well as a strategy to mobilize resources for global biodiversity. European policies defend that all these protocols shall indeed include marine biotechnology. In fact, the new resources obtained from marine research and the so-called blue biotechnologies are currently considered an emerging sector, with a promising growth of 10% per year and a global market of €2.4 billion estimated in 20084. Biodiversity, and all the services it provides, has a significant economic value that is seldom captured in markets, as recognized by the European Union, 2020 biodiversity target. In the short term, economic impacts have to be considered in terms of research activities and involved SMEs. In a medium to long term period, commercialization of bioactive products discovered would generate economic impacts in anticancer, against neurodegenerative diseases, antimicrobial, antiviral, antifungal, antiparasitic, enzymes (protease inhibitors, etc.), antioxidant (skin protection), and potentially many other applications. Antarctic MNPs may be an important source of new drugs for the future, and therefore should be explored according to the mentioned regulations. Furthermore, Antarctic studies are regulated by the Antarctic Treaty system (ATS) and the Madrid Protocol, establishing what we can and what we cannot do for research there. Sustainable Development Goals (SDGs), moreover, have to be considered here too. In fact, all regulations try to protect biodiversity (and thus, chemodiversity) while carrying out biodiscovery research.



CONCLUDING REMARKS

In this minireview we showcase the diverse bioactivities described in Antarctic MNPs, their original chemical structures, and the huge potential they possess. A total of 37 species have been reported, including 15 Porifera, eight Cnidaria, one Mollusca, one Bryozoa, one Nemertea, six Echinodermata, and five Tunicata. The amazing biodiversity the Antarctic benthos holds, as well as their inherent chemodiversity, must be protected by all means to avoid their disappearance according to the established regulations. In fact, the current popularity of MNPs in cosmetic, food, pharmaceutical industries, etc. is rising concerns about sustainability all over the planet. If we aim to use this chemodiversity for human benefits we must keep the biological diversity, solving the supply problem, using synthesis, targeting biosynthetic gene clusters (BGCs), and using all the omics, informatic tools and databases currently available to move forward without damaging the ecosystems. When MNPs are obtained by cultures these concerns diminish considerably. The current research gaps and the potential future developments have been indicated here, and even if the interest on bioprospecting MNPs is exponentially growing, still new techniques and approaches have to improve to overcome the common bottlenecks in MNPs pipelines, speeding the process and decreasing research costs to fully exploit the benefits of biodiscovery in Antarctic MNPs in a near future in a sustainable way.
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