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    I am delighted to write this foreword, not only because Prof. Ramasamy Santhanam, one of the authors, has been my teacher and colleague for more than 30 years, but also because I believe deeply in the educative value of the contents of this book for all the stakeholders in Fisheries and pharmaceutical Education.




    Nature is considered to be an ancient pharmacy serving as the solitary source of therapeutics for thousands of years. Almost all of the current natural product-derived therapeutics have their terrestrial origins. The marine environment has also become a promising source of bioactive molecules and drugs of therapeutic use. Recent research findings have shown that marine organisms possess a higher incidence of significant bioactivity compared with terrestrial organisms. In a National Cancer Institute preclinical cytotoxicity screening, 1% of the examined marine samples exhibited anti-cancer potential versus 0.1% of the tested terrestrial samples. The number of new marine bioactive compounds reported each year is also increasing considerably, and more than 1000 new such compounds have been reported each year. However, the path to drug discovery from marine organisms faces several challenges. Lack of advancements in sampling techniques, taxonomic identification of therapeutically important marine species, compound structure determination strategies, etc. represent crucial steps in marine drug discovery.




    The present volume titled “Marine Biopharmaceuticals: Scope and Prospects” the first of its kind is written by both the experts of pharmaceutical and fisheries disciplines and it deals with the pharmaceutically important marine organisms; and their bioactive compounds, chemical classes and modes of action. It also deals with the techniques in the development of marine biota-derived drugs; and the constraints and remedial measures. The chapter on the introduction of an inter-disciplinary PG degree program on the hitherto unknown but productivity course viz. Marine Bio-Pharmacy will help drug companies acquire trained personnel in the development of new marine drugs.




    I congratulate the authors for their timely publication for the benefit of the Fisheries and Pharmaceutical sector.




    

      Dr. G. Sugumar


      Vice-Chancellor, Tamil Nadu Dr. J. Jayalalithaa Fisheries University


      Tamil Nadu


      India
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    Our marine ecosystems including the seas and oceans cover about 70% of the earth’s surface and contain over 80% of the world’s biodiversity. Unfortunately, only 5% of these ecosystems have so far been explored and only 9% (about 200,000) of the total species have been adequately researched. The marine biodiversity is an exceptional reservoir of natural products (bioactive compounds or secondary metabolites) owing to their different structural features from those of terrestrial natural products. During the last 50 years, about 15,000 bioactive compounds with potential applications as medical drugs have been isolated from these species. However, only less than 1% of these compounds have so far been examined for their pharmacological activities. The study of marine organisms for their bioactive potential has therefore increased in recent years. As there is a great demand for the discovery of new medicines, researchers are nowadays increasingly looking towards these marine ecosystems




    for the isolation and development of novel compounds, treatments, and solutions to combat human disease.




    Though some books are presently available on marine natural products, a comprehensive book on marine biopharmaceuticals and their scope and prospects is still needed. Further, a book dealing with the most promising pharmaceutical compounds derived from the major groups of marine organisms with an aim of utilizing them in the development of new drugs is the need of the hour. Keeping these in consideration, this publication is being brought out for the first time by bringing together the experts in Pharmaceutical Sciences, Marine Biology, and Marine Biochemistry disciplines. Aspects relating to Marine Bioprospecting; Promising Pharmaceutical Compounds of Marine Biota with their Therapeutic Applications; Marine Biopharmaceuticals in the Pipeline; and Scope and Career Prospects of Marine Bio-Pharmacy (= Marine Biopharmaceutical Sciences) and Pharmaceutical Marine Biology courses are dealt with .It is strongly hoped that this title would largely help the researchers and students of disciplines like Marine Bio-Pharmacy, Marine Biology, Marine Microbiology, Marine Biochemistry and Marine Biotechnology; as a standard Reference for all Libraries of Colleges and Universities; and as a guide for the drug companies involved in the development of new drugs from marine biopharmaceuticals.
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      Abstract




      This chapter deals with the role of seas and oceans in human life; marine biodiversity; marine drugs and their origin; groups of marine biota as sources of drugs; importance and advantages of the production of marine drugs; pharmaceutical marine biodiversity in the development of marine drugs; existing problems in the development of new marine drugs; and remedial measures for the adequate supply of bioactive compounds for the production of cost-effective new drugs for various diseases.
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      Introduction




      Although 71% of the earth’s surface is covered in water, 97% of this is found in our seas and oceans. But, only 5% of our oceans have so far been explored. Further, the first marine organisms appeared about 3500 million years ago and even after 250 years of active marine research, only 9% of the species present have been adequately researched and the remaining 91% of the species present in the seas and oceans still lack a detailed description. The marine environment is the richest biosphere on earth and its living conditions differ significantly from those on the earth. The temperature range of this environment is huge as it varies from −1.5°C in ice sea to 350°C in deep hydrothermal systems; pressure from 1 to over 1,000 atmospheres; light from complete darkness to extensive photic zones; and nutritional conditions from nutrient-rich to nutrient-sparse.




      

        Role of Seas and Oceans in Human Life




        The seas and oceans play an important role in the human life. As per available reports, about one billion people depend on seafood as their primary source of animal protein. These water bodies are known to produce over half of the oxygen we breathe besides storing 50 times more carbon than the atmosphere. The coastal habitats adjoining the seas such as coral reefs and mangrove swamps provide protection from tsunamis and storms, while the ocean currents regulate largely our




        climate and weather systems. The seas and oceans also provide humans with several unique recreational activities which include fishing, boating, and whale watching. These water bodies are also known to help largely in transportation and 76% of all US trade is done involving some form of marine transportation. Recent research on marine organisms has shown that these organisms are the reservoirs of several drug-producing natural products especially for the treatment of cancer, arthritis, Alzheimer’s disease, and heart disease [1].


      




      

        Marine Biodiversity




        Only a fraction of the types of organisms that live in the sea are known today. As per the World Register of Marine Species, there are 240,000 known species (2016, http://www.marinespecies.org/) of which the highest number of species (about 33000) was found in the seas around Australia and Japan. Of the 36 animal phyla so far reported, about half are exclusive to the sea and among the marine animals, 60% belongs to the invertebrates [2].


      




      

        Origin of Marine Drugs




        Throughout history, nature and medicine have shown a strong relation, as highlighted by the wide use of therapeutic biomolecules in traditional medicines for thousands of years. During the ancient Greece and early Byzantium periods, the therapeutic applications of marine invertebrate organisms were deeply rooted in Mediterranean populations. Amazingly these invertebrates were used therapeutically in the forms of beverages, pulverized products, juices, broth, unguent, or eaten as fresh or dry flesh. The use of marine herbs and their formulas belongs to a thousand-year tradition. The Chinese Marine Materia Medica, a kind of encyclopedia is considered to be the best compendium about blue-green algae (cyanobacteria), seaweeds and marine animals. This encyclopedia is also considered the starting point in the development of new marketed drugs. This long tradition amply testifies that the interest in marine natural products developed in the ancient world, though the current research has been emphasizing the beneficial effects of these natural products and their molecules [3].


      




      

        Marine Organisms as Sources of Drugs




        Nowadays, most drugs in use come from nature. For example, while aspirin was first discovered from the willow tree, penicillin was isolated from the common bread mold. Further, the majority of drugs derived from natural sources have their origin from land-dwelling organisms. However, as there is a great demand for the discovery of new medicines, researchers are nowadays increasingly looking towards the ocean. Systematic and continuous searches for new drugs have shown that marine invertebrate organisms are capable of producing several anticancer, antibiotic, and anti-inflammatory substances than any group of terrestrial organisms. Such promising invertebrates include sponges (Porifera), corals and jellies (Cnidaria), flatworms (Platyhelminthes), polychaetes (Annelida), moss animals (Bryozoa), lamp shells (Brachiopoda), crustaceans (Arthropoda), mollusks (Mollusca), sea stars and other echinoderms, (Echinodermata), acorn worms and relatives (Hemichordata), tunicates, (Urochordata) and elasmobranchs and teleost fishes (Chordata). Across these animals, the marine sponges (Porifera) account for almost half of new natural products since 1990. An interesting feature of the habitats of these drug-producing organisms (except the cone snail) is more or less sessile (non-moving) invertebrates. The possible reasons for this phenomenon are: these sessile invertebrates use these chemicals to repel predators because they cannot escape from their habitat easily; and since many of these sessile species are filter feeders, they may use these powerful chemicals to repel parasites or as antibiotics against disease-causing organisms. [2, 4].


      




      

        Need for the Production of Marine Drugs




        Of late, diseases, such as Alzheimer’s and Arthritis have been reported to create greater threats to the quality of human life. Heart disease, on the other hand, has become a major threat, while cures for cancer and AIDS continue to be challenging. Unfortunately, many of the drugs formulated over the past several decades have now become less useful due to the development of drug resistance. Some forms of cancer have evolved multiple drug resistance which has made all drug treatments ineffective. In this context, the organisms of the seas and oceans could be a new source of biodiversity and novel drugs. Unlike the terrestrial environment, ethnomedicinal information to guide marine research is very much limited. It is interesting to know that about one-half of all cancer drug discovery focuses now on marine organisms. It was only after the 1950s, scientists began to explore the seas and oceans for useful therapeutics and this was largely due to the advent of scuba diving and new sampling technologies. Marine drug discovery, however, began in the late 1970s, and programs were formulated in the 1980s in the USA, Japan, and Australia. These programs have led to the development of novel new drug leads. Significant progress in the clinical development of marine-derived drugs has been achieved during the last 20 years and during this period, six out of nine currently used drugs of marine origin have been approved [5].


      




      

        Pharmaceutical Marine Biodiversity and Drug Development




        The high diversity of marine species and associated high competition for survival make their compounds unique in chemical structures and biological activities compared to terrestrial natural products. The marine life yielding bioactive compounds includes mainly microorganisms such as microalgae, cyanobacteria, bacteria, fungi, and other protists; seaweeds (green, brown, and red algae); sponges, cnidarians, bryozoans, molluscs, tunicates and echinoderms; and mangrove plants and other intertidal plants. The number of marine bioactive compounds isolated has increased considerably over the last two decades. As of December 2020, about 36,000 bioactive compounds have been isolated from about 3,400 species. The compounds marketed as drugs or are under drug development are, however, relatively few. It is also worth mentioning here that intensive research has always been focused on the cytotoxic and anticancer activities of these compounds and this is largely due to the fact that the main source of funds for Marine Natural Product Drug Discovery Research in the US was the National Institutes of Health (NIH) / National Cancer Institute (NCI) [5]. It is also reported that only 9,000 marine biopharmaceutical compounds have so far been screened for potential therapeutic value and of these, only 16 have been marketed (11 of them for cancer indications). According to the marine pharmacology/pharmaceutical pipeline website, as of August 2021, there were 30 marine biopharmaceutical compounds in the clinical pipeline, 5 in phase III, 9 in phase II and 16 in phase I [6].


      




      

        Problems in the Development of New Marine Drugs





        

          	Bottleneck in the permanent availability of sufficient amounts of organisms.




          	Difficulties in harvesting the organism.




          	Difficulties in the identification of marine species.




          	Limited quantities of bioactive compounds from original source organisms.




          	Complex chemical structures of bioactive compounds.




          	Difficulties in isolation and purification procedures.




          	Difficulties in synthesizing bioactive compounds.




          	Enormous time it takes to reach the market (i.e. about 12 years to develop one approved drug from about 5,000-10,000 bioactive compounds) and the cost of drug production.


        


      




      

        Remedial Measures for the Supply of Bioactive Compounds





        

          	In order to ensure a sustainable supply of drug candidates, marine biotechnology processes viz. aquaculture/mariculture/ fermenter cultivation, genetic engineering, enzymatic synthesis, chemical synthesis or semi-synthesis need to be encouraged.




          	Sufficient investment by pharmaceutical companies.




          	Enhancing the research in pharmaceutical companies with staff with adequate expertise.


        


      




      

        



        Present Status of Marine Drug Discovery





        

          	The concept of Marine Bio-pharmacy, Marine Pharmacology, or Marine Pharmacognosy is either new to India or in an infant stage.




          	Although the pharmaceutically important marine species diversity is enormous in India, no intensive research has been done on this aspect due to the absence of an interdisciplinary approach.




          	Although few research papers are presently available on the bioactivities of marine organisms from their extracts, no new bioactive compounds have been isolated from the marine organisms in our country.




          	The existing course viz. ‘Fish Pharmacology’ in the different institutes of India deals with only ‘Drugs for fish diseases in Aquaculture systems’ and not on the pharmaceutical potential of fish.


        


      




      

        Scope for Active Research on the Development of Marine Drugs




        The exploration of the marine environment is increasing in developed countries and this is largely due to the adoption of new techniques for sample collection, and improved spectrometric techniques and separation methods.




        

          	Starting of an inter-disciplinary course viz. Marine Bio-Pharmacy \




          	Collaborative research between academic marine scientists with biomedical researchers in the pharmaceutical industries.


        


      


    




    

      CONCLUSION




      The recent advances made in the development, approval, and therapeutic use of marine drugs amply reveal the enormous potential of the bioactive compounds derived from marine organisms. However, there are many challenges ahead to further exploit the potential of marine organisms for therapeutic purposes. In this regard, the following aspects need to be given more emphasis [2].




      Taxonomy: As the correct taxonomic identification of the bioactive compound-producing marine organism is essential for further processes, this aspect needs to be given top priority.




      Supply/cultivation: In order to ensure sustainable supply of marine organisms towards the development of drugs, advancement in sampling techniques needs to be discovered. Such techniques can allow access to marine samples not only near shore but also in the deep sea. Further, special fermentation technologies are to be devised to cultivate organisms living in marine environments under extreme conditions like high pressure.




      Market access: As for terrestrial drugs, the requirements to get access to the market are more or less the same for marine-derived drugs. Presently a long time (8-15 year period) is required for the approval of drugs and a significant amount of money (about US$900 million) is involved from the discovery of drugs to market. Further, there is a very high risk in the procedures in the development of new drugs and many drug candidates have failed during the development processes because of toxicity, lack of sustainable availability, etc.




      Collaborative venture: Intensive interdisciplinary collaboration between biologists, pharmacists, chemists, biotechnologists, medical doctors, etc., and between universities, hospitals, and companies is the need of the hour in order to make marine pharmaceutical development a great success.
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      Abstract




      This chapter deals with the types of marine ecosystems and their pharmaceutical biodiversity; the present status of marine bioactive compounds and their chemical classes; therapeutic activities of marine bioactive compounds; level of contribution of bioactive compounds by different groups of marine organisms; green processing methods of marine drug development; and measures to tackle supply problems of bioactive compounds.
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      INTRODUCTION




      Bioprospecting or biodiversity prospecting is defined as the “process of collecting or surveying of a large set of flora (or fauna) for the purpose of biological evaluation and isolation of lead compounds” [7]. Marine bioprospecting is a process involving the collection of microorganisms like bacteria and fungi and microalgae and larger organisms (marine plants, invertebrates, and fishes) from the sea; categorization into species through valid taxonomical identification; and analysis in research and development. The result of such bioprospecting may be a purified molecule that is produced biologically or synthetically or the entire organism. From a business perspective, the purpose of marine bioprospecting is to find components, and compounds that may be included as components in products or processes. In other words, marine bioprospecting is not an industry but it may procure different compounds that may be used in many different industries. Due to its importance, marine bioprospecting is now lying at the forefront of industrial production as it is also considered as doing something new in order to create future wealth. Companies possessing high profile in the field of marine bioprospecting in recent decades include Diverse and New England Biolabs. In regards to the development of new biopharmaceuticals, the marine bioprospecting (also known as Marine biodiversity prospecting) can be described as a targeted and systematic search for bioactive compounds (secondary metabolites/natural products/ ectocrines) from marine organisms. This unique venture in fact started




      in geographic territories with long coast-line with warm temperatures. Prominent countries where large-scale samplings were done for pharmaceutically important invertebrates (and probably also other groups of marine organisms) include Asia followed by Oceania, America, Africa, and Europe [2]. Further, the bioprospecting approach is not new, as more than 10,000 pharmaceutically important compounds have already been reported from marine sources, although very few of them have been put on the market.




      

        Marine Ecosystems and their Pharmaceutical Biodiversity




        The marine ecosystem is the largest ecosystem of our blue planet. Its biotic and abiotic components play an important role in maintaining proper balance in this ecosystem. Compared to other ecosystems of the planet, the marine ecosystem supports great biodiversity. The different types of marine ecosystems are open deep sea, salt water wetland, coral reefs, estuaries, mangroves, sandy beach, kelp forests, polar marine and rocky marine ecosystems [8]. The salient features of the different types of marine ecosystems are given below.




        

          Open Marine Ecosystem




          This is the upper layer of the ocean with adequate light penetration and the sun rays reach quite easily in this ecosystem. This open marine ecosystem which extends up to 150 m from the ocean surface provides habitat to a variety of sea creatures such as plankton, algae, whales, jellyfish, etc.


        




        

          Deep-Sea Ecosystem




          The deep-sea marine ecosystem inhabits various animal species up to its 1000 m depth. As there is poor light penetration at the seafloor of this ecosystem, its inhabiting species possess several adaptations. The important animals of this ecosystem include squids, fishes, elephant seals, sperm whales, crabs, worms, some sharks, etc.


        




        

          Sandy Beach Ecosystem




          Compared to other marine ecosystems, the biodiversity is quite poor in this ecosystem. However, the species of this sandy beach ecosystem such as mollusks, crustaceans, and polychaetes are very much adapted to a constantly variable environment.


        




        

          Rocky Marine Ecosystem




          The rock shores, rock cliffs, boulders, tide pools, etc. are the different constituents of this rocky marine ecosystem. The biodiversity of this ecosystem includes lichens, birds, and invertebrates such as lobsters, urchins, barnacles, sea stars, sea squirts, etc.


        




        

          Coral Reef Ecosystem




          It is a special type of marine ecosystem and is mostly found in tropical waters forming the most productive ecosystem of the earth. This ecosystem has been reported to provide food and shelter to about ¼ of marine species. Further, this ecosystem attracts exotic color fishes like sponges, snails, and seahorses; and occasionally large animals like sharks, dolphins, etc.


        




        

          Kelp Forest Ecosystem




          Kelp forests are underwater areas with a high density of kelp, (large brown algae) which has been reported to cover a large part of the world's coastlines. This ecosystem supports various animal species such as seabirds, shorebirds, invertebrates (like crabs, sea stars, snails, etc.), fishes, and mammals (like sea lions, seals, whales, sea otters, etc.).


        




        

          Estuarine Ecosystem




          The region around the river mouth where it connects with the sea is usually termed an estuarine ecosystem. The characteristic feature of this ecosystem is its salinity which largely depends on the influence of tides and it varies between 0 and 35 ppt. This ecosystem does not normally support a variety of species and it plays an important role as nurseries for various kinds of fishes, shrimps, etc.


        




        

          Saltwater Wetland Ecosystem




          The coastal regions of oceans and seas are commonly known as the saltwater wetland ecosystem which is classified into two types viz. saltwater swamps and salt marshes. While the saltwater swamps are dominated by trees, salt marshes are often covered with grasses. The most common animals of this ecosystem are shellfish, fishes, amphibians, reptiles, migratory birds, etc.


        




        

          Mangrove Ecosystem




          It is a special type of saltwater swamp found in some tropical and sub-tropical coastal regions. These mangrove swamps are home to special types of plants such as Avicennia and Rhizophora. This mangrove ecosystem provides shelter to various species such as shrimps, jellyfish, birds, sponges, crabs, fish, crocodiles, etc.


        




        

          Polar Marine Ecosystem




          As the climate of these ecosystems is extremely cold, its species have adapted to the adverse climatic conditions of this region. The most common species found in this ecosystem include planktons, algae, birds (like penguins,) polar bears, seals, walruses, etc.




          Although all these marine ecosystems possess therapeutically important species, the continental shelves – the shallow waters (0-200m) of the seas have been reported to possess the majority of marine life due to the abundant penetration of sunlight and nutrient upwellings. Such favorable conditions create an ideal environment for the rich production of microalgae (phytoplankton), seaweeds (macroalgae and seagrass which in turn support vast food chains from microzooplankton to the blue whale, the largest animal of the Earth. However, our marine environment is under great threat due to several factors including overfishing, habitat destruction, pollution, climate change, and ocean acidification. This calls for strict measures to protect marine biodiversity and some of the recommendations to protect marine biodiversity are: safeguarding marine ecosystems and their species diversity through effective protection and management; tackling the major threats to marine ecosystems and their species diversity through improved policy and practice; and addressing the different stakeholders viz the people and organizations to protect their local marine environments through awareness programs [1].


        


      




      

        Marine Bioactive Compounds




        The bioactive compounds (natural products, secondary metabolites, pharmaceu-tical compounds, therapeutic compounds, biomedical compounds, or ectocrines) are derived from marine organisms and are quite diverse in their chemical structure. The different chemical classes of these metabolites are steroids, terpenoids, alkaloids, polyketides, phenolic metabolites, some carbohydrates, lipids, and peptides. Further, these secondary metabolites can also be classified on the basis of their biological functions as antibiotics, pheromones, hormones, toxins, etc. The soil microorganisms and higher terrestrial (land) plants were only considered for a long time to be the major biological sources of these natural products. However, when scuba diving in the deep sea became popular, the study of marine organisms significantly increased and this has led to the development of marine natural products. It is also known that the total number of studied marine natural products may exceed 120,000-150,000 though about 20,000 natural substances have so far been segregated. It is also worth mentioning here that marine organisms contain very rarely already-known compounds. Therefore, the


        


        biochemistry of the marine secondary metabolism differs substantially from that of terrestrial organisms [9].


      




      

        Therapeutic Activities of Marine Bioactive Compounds




        The therapeutic activities of bioactive compounds isolated from different groups of marine organisms [5] are given below.




        1. Anti-infective





        

          	Antiviral (anti-retroviral, anti-herpetic) (Anti-CoV, Anti-HBV, Anti-HCV, Anti-HIV, Anti-HSV, Anti- HAdV, Anti- influenza A (H3N2), Anti-Influenza (Flu) A virus, Anti- HMPV, etc.)




          	Antimalarial (antiplasmodial).




          	Antiprotozoal (antileishmanial and antitrypanosomal).




          	Antitubercular (antimycobacterial).




          	Antibacterial.




          	Antifungal.


        




        2. Anti-tumor (anticancer, antineoplastic, cytotoxic, cytostatic, antiproliferative, anticarcinogenic, antimitotic, antileukemic, antimetastatic).




        3. Anti-diabetic, antidiuretic, diuretic and uretic.




        4. Anthelmintic (anti-helminthic).




        5. Angiostatic.




        6. AChE (Acetylcholinesterase) inhibitory.




        7. Analgesic and antipyretic.




        8. Anti-Alzheimer (anti-dementia).




        9. Anti-asthmatic.




        10. Anti-hepatitis (hepatoprotective),.




        11. Anti-hyperglycemic.




        12. Anti-hypertensive.




        13. Anti-inflammatory.




        14. Antinociceptive.




        15. Anti-oxidant.




        16. Anti-osteoporotic.




        17. Antitussive and expectorant.




        18. Anti-ulcerogenic.




        19. Anti-urolithiatic.




        20. Cardiovascular effects (cardiotropic, anti-cardiovascular).





        

          	Anti-hyperlipidemic




          	Anti-hypercholesterolemic.




          	Anti-atherosclerotic.




          	Anti-hypertensive.




          	Angiotensin-converting enzyme (ACE) inhibitory.




          	Antithrombotic (anticoagulant, anticlotting, antiplatelet, platelet aggregation, hematopoietic, granulopoietic).


        




        21. Central Nervous System (CNS) disorders [anti-epileptic (anticonvulsant), anxiolytic - anti-anxiety, tranquilizer and sedative, and anti-parkinsonian].




        22. Cholinergic (neuromuscular).




        23. Endocrine.




        24. Haemolytic.




        25. Haemostatic effect (coagulation, clotting, platelet activation).




        26. Hypolipidemic (hypocholesterolemic, antihyperlipidemic).




        27. Immunomodulatory (immunoregulatory).




        28. Myoactivity (myotropic).




        29. Neuromodulatory.




        30. Neurodegenerative disorders (neuroprotective, brain diseases).




        31. Neuropsychiatric disorder (hallucinogenic, psychotropic).




        32. Protease inhibitor (anti-viral).




        33. Wound healing.




        34. Anti-obesity.




        The therapeutic activities of biomolecules derived from the different constituents of marine life are shown below (Fig. 1).
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Fig. (1))


        Therapeutic activities of biomolecules derived from the marine life. Image credit: Ghosh et al. (CC as per message received).

      




      

        Bioactive Compounds of Marine Organisms




        Among the different groups of marine life, invertebrates such as sponges, cnidarians, bryozoans, mollusks, echinoderms, and tunicates have been found to be the most important sources for the isolation of pharmaceutically important bioactive compounds. The percentage contribution of bioactive compounds by the different groups of marine organisms is shown below (Table 1).




        

          Table 1 Percentage contribution of bioactive compounds of marine organisms [5].




          

            

              

                	Group of Marine Organisms



                	Percentage

              


            



            

              

                	Sponges



                	37

              




              

                	Cnidarians



                	21

              




              

                	Microbes



                	18

              




              

                	Macroalgae (= Seaweeds)



                	9

              




              

                	Echinoderms



                	6

              




              

                	Tunicates



                	6

              




              

                	Mollusks



                	2

              




              

                	Bryozoans



                	1

              


            

          




        


      




      

        Chemical Classes of Marine Bioactive Compounds




        Based on their chemical structures, the isolated marine bioactive compounds belong to chemical groups such as carbohydrates, proteins, alkaloids, peptides, lipopeptides, polyketides, terpenes, steroidal or triterpene saponins, aliphatic compounds, amino acids, etc. Among these chemical groups, alkaloids have been reported to contribute the maximum level (69%) followed by terpenes (17%), polyketides (13%) and glycosphingolipids (1%). Further, while the number of new terpenoids from the marine invertebrates is increasing, the discovery of new alkaloids and aliphatic molecules has shown a decreasing trend [2,10]. The percentage values of bioactive secondary metabolites of major marine invertebrates are shown below (Table 2).




        

          Table 2 Percentage values of bioactive secondary metabolites of major marine invertebrates [11].




          

            

              

                	Category



                	Sponges



                	Cnidarians



                	Mollusks



                	Tunicates

              


            



            

              

                	Alkaloids.



                	29



                	5



                	-



                	50

              




              

                	Terpenes



                	35



                	67



                	24



                	-

              




              

                	Lipids



                	22



                	-



                	-



                	-

              




              

                	Steroids



                	-



                	21



                	8



                	-

              




              

                	Peptides



                	-



                	-



                	31



                	13

              




              

                	Polyketides



                	14*



                	-



                	15



                	37

              




              

                	Polyphenols



                	-



                	-



                	22



                	-

              




              

                	Others



                	-



                	6



                	-



                	-

              


            

          




          

            * Includes peptides also.

          




        


      




      

        



        Potential Bioactive Compounds of Different Constituents of Marine Life




        The potential bioactive compounds obtained from different constituents of marine life as reported by Ghosh et al. [12] are given below (Fig. 2).
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Fig. (2))


        Potential bioactive compounds obtained from different constituents of marine life. Image (modified) credit: Ghosh et al. (CC as per message received).

      




      

        Bioactivity-based Contribution of Marine Bioactive Compounds




        Among the bioactive compounds, more than half of the compounds discovered from 1985 to 2012 possess antitumor/anticancer, cytotoxic, and cytostatic activities. This is believed to be due to the medicinal need for new anticancer drugs; the conduct of intensive research on these need-based bioactivities; the availability of easily applicable in vitro test systems; and the support of more funding agencies. For instance, the main source of funds for Marine Natural Product Drug Discovery Research in the US was the National Institutes of Health (NIH) / National Cancer Institute (NCI) [2, 5]. The bioactivity-based percentage distribution of marine bioactive compounds is shown below (Table 3).




        

          Table 3 Bioactivity-based percentage distribution of marine bioactive compounds [5].




          

            

              

                	Bioactivity



                	Percentage Distribution

              


            



            

              

                	Antitumor/Anticancer/Cytotoxic



                	64

              




              

                	Antibacterial



                	14

              




              

                	Antimalarial



                	6

              




              

                	Antifungal



                	3

              




              

                	Anti-inflammatory



                	3

              




              

                	Anti-HIV



                	3

              




              

                	CNS Disorders



                	3

              




              

                	Antioxidant



                	2

              




              

                	Antiviral



                	1

              




              

                	Antidiabetic



                	1

              


            

          




        




        Romano et al. [11] reported on the percentage of bioactivities of major marine invertebrates such as sponges, cnidarians, mollusks, echinoderms and tunicates. Among the different bioactivities, cytotoxic/antiproliferative activity dominated in all these groups with percentage values of 50, 42, 36, 38 and 58, respectively. The individual bioactivities of the different groups of these marine invertebrates are given below (Fig. 3).


      




      

        Status of Isolated Marine Bioactive Compounds




        The number of marine bioactive compounds isolated has increased considerably over the last two decades. As of December 2020, about 36,000 bioactive compounds have been isolated from about 3,400 species. The status of marine bioactive compounds isolated from marine organisms from 1965 to 2020 is shown below (Table 4).
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Fig. (3))


        Bioactivities of marine sponges, cnidarians, mollusks, echinoderms and tunicates. Images credit: Giovanna Romano et al. (CC- Reproduced with his kind permission).



        

          Table 4 Status of marine bioactive compounds isolated during the period 1965-2020 [5].




          

            

              

                	Period



                	No. of Compounds

              


            



            

              

                	1965-1975



                	Nil

              




              

                	1976-1985



                	3,000

              




              

                	1986-1995



                	10,000

              




              

                	1996-2005



                	18,000

              




              

                	2006-2016



                	29,000

              




              

                	2017-2020



                	36,000

              


            

          




        


      


    




    

      Marine Bioactive Compounds as Diagnostics and Experimental Tools




      Several bioactive compounds derived from marine organisms have been reported to serve as diagnostics and experimental tools [2] as detailed below.




      

        Enzymes




        The enzyme Taq polymerase isolated from the bacterium Thermus aquaticus living in hot springs; and the enzyme Pfu from the marine thermophile Pyrococcus furiosus, are used in Polymerase chain reaction (PCR).


      




      

        Green Fluorescent Protein (GFP) and Phycoerythrin




        The GFP isolated from the jellyfish Aequorea victoria is used as a biological marker for labelling cellular structures in vitro and in vivo. Phycoerythrin, a red protein-pigment complex isolated from the marine red algae is also used for the same purpose. The proteins are believed to act as light-driven electron transfer.


      




      

        Okadaic Acid




        This polyketide Okadaic acid (Fig. 4) produced by the dinoflagellates viz. Dinophysis sp., and Prorocentrum sp is a useful tool to study mechanisms of diseases which are associated with protein phosphorylation, e.g. Alzheimer’s disease.
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Fig. (4))


        Okadaic acid.
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Fig. (5))


        Palytoxin.

      




      

        Palytoxin




        A very large polyketide, palytoxin (Fig. 5) is produced by marine microbes associated with the marine sponge Palythoa sp. It can be used for the analysis of the structure and mechanisms of Na+/K+ pumps.


      




      

        Limulus-Amoebocyte-Lysate (LAL)




        It is an aqueous extract of blood cells (amoebocytes) from the Atlantic horseshoe crab Limulus polyphemus and is utilized in the LAL test for the sensitive detection of pyrogenic lipopolysaccharides (LPS) from gram-negative bacteria.


      




      

        Keyhole Limpet Hemocyanin (KLH)




        IKLH (Fig. 6) is a large, oxygen-carrying metalloprotein found in the hemolymph of the giant keyhole limpet Megathura crenulata, a marine bivalve mollusk. It is used as a vaccine component for the treatment of bladder carcinoma).
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Fig. (6))


        KLH.

      




      

        Tetrodotoxin




        The chinazoline alkaloid, tetrodotoxin (Fig. 7) is well-known as a secondary toxin in puffer fishes (“Fugu”). It is actually produced by marine bacteria and is transferred to these fishes through the food chain. This alkaloid has been reported to target very specific Na+ ion channels and therefore, it can be used for the investigation of physiological processes mediated by such ion channels.


      


    




    

      Marine Biopharmaceuticals




      The term “biopharmaceutical” (used as both noun and adjective) was coined in the 1980s and it refers to (land plant and animal-based) pharmaceuticals produced in biotechnological processes using methods relating to molecular biology. Thus, this type of product was distinguished from the broad category of “biologics”, which are pharmaceuticals produced using conventional biological methods. Further, biopharmaceuticals are produced in living cells, whereas synthetic drugs are the products of chemical processes. Since its introduction in 1982, the land-based biopharmaceuticals are very commonly used in all branches of medicine, and thus they have become one of the most effective clinical treatment modalities for a wide range of diseases, including cancers and other metabolic disorders [13].




      

        Advantages of Biopharmaceuticals




        Biopharmaceuticals have several advantages. They target only specific molecules with rare side effects which are invariably associated with conventional small-molecule, synthetic drugs. Further, compared to conventional drugs, biopharmaceuticals display high specificity and activity. Furthermore, the application of biopharmaceuticals has been reported to facilitate the treatment of patients who respond poorly to traditional synthetic drugs. It is also known that, unlike synthetic drugs, biopharmaceuticals are potentially immunogenic. Unlike synthetic drugs, the active pharmaceutical ingredients in biopharmaceuticals include nucleic acids and recombinant proteins.
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Fig. (7))


        Tetrodotoxin.

      




      

        Generics vs Biosimilars




        Generics are defined as drugs that are equivalents of the reference drugs possessing the same active pharmaceutical ingredient. However, the term “generic” is not used in reference to biopharmaceuticals. Biosimilars are biological medical products containing the active pharmaceutical ingredient which is found in the previously registered reference biological medicinal products. While the European Union (EU) uses the term “Biosimilars”, FDA (US) uses the term “Follow-on biologics “ for Biosimilars. Their introduction in the European Union and, recently, the United States markets has been reported to reduce the costs of biopharmaceutical treatment.


      




      

        Bio-betters




        Bio-betters are another group of biopharmaceuticals. Bio-betters are nothing but biopharmaceuticals that are structurally and/or functionally altered to achieve an improved or different clinical performance, compared to approved reference products. Bio-betters are different from the existing products and are therefore considered new drugs, in a standard approval procedure. Bio-betters also represent the next stage in the development of biopharmaceuticals in which proteins were purposefully altered equivalents of existing drugs. Both biosimilars and bio-betters are considered natural alternatives for the reference biopharmaceuticals and therefore they are likely to compete for the same market.
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