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    Frontiers in Natural Product Chemistry presents recent advances in the chemistry and biochemistry of naturally occurring compounds. It covers a range of topics, including important researches on natural substances. The book is a valuable resource for pharmaceutical scientists and postgraduate students seeking updated and critically important information on bioactive natural products.




    The chapters in this volume are written by eminent authorities in the field. Bose et al., in chapter 1 of the volume, explain recent developments regarding antiviral agents from seaweeds and seagrass. Singh et al., in chapter 2, present a comprehensive review of various quinolizidine and bis-1-oxaquinolizidine alkaloids isolated from marine organisms, presenting their chemical structures and reported biological properties. Ona and Bouso, in chapter 3 of the book, review the use of natural product mixtures instead of isolated compounds thereby combining two recent paradigms: psychedelic assisted therapy on the one side and polypharmacology on the other. Hussain et al., in chapter 4 give a brief overview of the physiological activities of phenolic compounds along with their potential neuroprotective effects . Yeong and Chin discuss the neuroprotective effects and bioactive constituents of common herbs from the Lamiaceae family in chapter 5 of the book. Masoodi et al. review the coumarin derivatives as potential anti-inflammatory agents for drug development in chapter 6. In the last chapter of the book, Eshghi et al. discuss the recent progress in the synthesis and biological activity of chromene and its derivatives.




    I hope that the readers will find these reviews valuable and thought-provoking so that they may trigger further research in the quest for new and novel therapies against various diseases. I am grateful for the timely efforts made by the editorial personnel, especially Mr. Mahmood Alam (Director Publications), Mr. Obaid Sadiq (In-charge Books Department), and Miss Asma Ahmed (Senior Manager Publications) at Bentham Science Publishers.
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      Abstract




      Background Marine organisms are always considered as one of the richest sources of natural products. Historically, they are being used as medicines in diverse ailments. In recent years, researchers have reported several primary and secondary metabolites in marine organisms (few examples are macroalgae, sponges, seagrasses, bacteria, microalgae), which serve in numerous disorders, of which 20–25% have shown antiviral, antimicrobial, antifungal, anticancer or anti-inflammatory properties. According to the global pharmaceutical website, there are a total of nine approved pharmaceuticals from a marine source, and apart from this, thirty-one other compounds are currently in a clinical trial.




      Objective Discovery of potent antiviral drugs is required currently to mitigate life-threatening viruses. Considerable research exploring the bioactivity of marine macroalgae has been documented, highlighting the immense biochemical diversity of its primary and secondary metabolites with a novel mechanism of action, making them perfect sources for novel antiviral bioactive compounds of pharmaceutical interest.




      Methods Databases utilizing bibliographic databanks, such as PubMed, SpringerLink, Elsevier journal, Science Direct, Scopus databases, and Google search were surveyed using keywords anti-viral, seaweeds, antiviral drugs, seagrass, polyphenols, pharmacology, clinical trials.




      Results Marine phytoplanktons are found to be the major source of several key medicinal agents (polyphenols, phenolic compounds), which are largely obtained from seaweeds




      and seagrasses and have shown promising antiviral activity in cell culture studies. This review explains recent developments regarding antiviral agents from seaweeds and seagrass.
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      INTRODUCTION




      Since the last 50 years, a huge number of novel compounds and their metabolites, with different biological properties ranging from anticancer to antiviral, have been procured from diverse marine organisms, some of which are presently in use [1]. Extreme rivalry, feeding pressure coupled with non-static marine environmental conditions lead to the generation of compounds with chemical and structural characteristics that are not commonly found in terrestrial plants [2]. It’s this rare feature that renders the marine ecosystem a prolific storehouse of potential bioactive natural products to combat major diseases. Marine natural products are majorly secondary metabolites having no primary function related to the development, growth, or propagation of a species. Till 2008, around 68% of anti-infective agents (including antibacterial, antiviral, antiparasitic, and antifungal compounds) [3] were naturally derived. Over the last decades, there has been a surge in the demand for novel antivirals as different forms of infectious diseases caused by emerging or re-emerging viruses continue to pose a significant threat to humanity. In the light of the current pandemic situation due to the SARS-CoV2 virus, the market for antivirals is assumed to rise from $52.2 billion in 2019 to about $59.9 billion in 2020 [4], due to increasing demands for antiretroviral drugs utilized in the treatment of covid-19 patients along with potential antivirals, which could mitigate infection.




      According to the global marine pharmaceutical website, there are currently 9 approved marine-derived pharmaceuticals [2] and an additional 31 compounds either in Phase I, II, and III of clinical pharmaceutical development [5]. Amongst them, Carragelose® and Vira-A® are antivirals approved for common cold/influenza-like infections and keratoconjunctivitis/keratitis due to herpes simplex virus (HSV), respectively. Despite a huge repertoire of antivirals approved for clinical use, insufficient drug efficacy, drug toxicity, along with the high cost of current antiviral drugs pose a challenge to the treatment.




      Given the fact that there is interspecies variability in the life cycle of viruses, the six basic stages, i.e., attachment, penetration (also called virus entry), uncoating, replication, assembly, and release, are found to be the targets for antivirals [6]. Following the stage of viral entry, transcription and replication of virus-specific ribonucleic acids (RNAs) are carried out by a viral polymerase complex. Unlike the polymerases of eukaryotic cells, viral polymerase lacks an error correction mechanism. Therefore, the frequency of mutations of the viral genome is 104 to 106 nucleotides per replication cycle according to various estimates. This is several orders of magnitude higher than the rate of mutation in bacteria and eukaryotes. As a result of the rapid rate of mutations, the virus escapes the immune response of the host. Thus, given the creation of an immune layer in the population due to vaccination and natural occurrence, annual epidemics occur. In addition, drug-resistant viral strains have grown as a result of the use of antiviral drugs, decrementing their efficacy [7].




      Bioprospecting efforts since the last 40 years have led to over 20,000 compounds of marine origin. Based on the discovery of drugs from the natural origin such as, lovastatin and paclitaxel, it is speculated that the marine environment might yield more potent antiviral candidates with higher efficiency, better selectivity and lesser chances of resistance development. This situation warrants novel lead molecules from untapped natural resources to be investigated for the development of alternative therapy as nature generally create more refined and improved systems with a complex mode of action.


    




    

      REASON OF SPECIAL INTEREST IN MACROALGAE AND SEAGRASS AS NOVEL ANTIVIRALS




      Marine sponges, corals, and microorganisms form 70% of marine metabolites, whereas molluscs, ascidians, and algae metabolites are just a small proportion [2]. Of late, marine phytoplanktons, including macroalgae and seagrass, have attracted considerable attention due to promising antiviral activity. Chlorella vulgaris, an aquatic microalga, was first reported to have antibacterial activity [8], followed by antimicrobial properties of macroalgae/seaweed extracts in the coming two decades [9]. Micro and macroalgae were one of the primary sources of natural components exhibiting in vitro anti-human immunodeficiency virus (anti-HIV) activity [10]. Halitunal, a novel diterpenealdehyde isolated from marine algae Halimeda tuna showed in vitro antiviral effect against murine coronavirus [11], while in vivo protection against Semeliki forest virus was exhibited by sphingosine isolated by Indian green algae Ulva fasciata [12]. Sulphated flavones Thalassoilins A, B and C, isolated from sea grass Thalassia testudinum [13], were found to restrain HIV enzyme integrase via binding to the catalytic domain of HIV integrase.




      Marine polysaccharides, as biological macromolecule, have been discovered to be of utmost significance among the enormous amount of marine extracts. Although they extensively exist in marine biodiversity, including animals [14, 15], plants and microorganisms [16, 17], seaweeds (macroalgae) have been reported to be the most abundant source of marine polysaccharides, as agar, alginates, carrageenans, and fucans [18]. Marine polysaccharides, particularly those from marine algae, have been found to have unique structures and exercise virucidal functions. Their interference in various stages of the process of viral infection in different viruses has thus attracted massive interest in pharmaceutical discovery and antiviral development [6]. Literature review reveals, sulfated polysaccharides (SPSs) of diverse origins (galactofucan, fucoidans, dextran sulfate, sulfated chitosans, carrageenans) exhibited antiviral action against influenza, hepatitis C, tick-borne encephalitis virus, new castle disease, hemorrhagic fever with renal syndrome, dengue fever [19].




      Hence, we decided to throw light on the antiviral properties of extracted metabolites from macroalgae and seagrass researched. We have taken into consideration publications post 2010 till the date of natural marine metabolites that were first identified or the previously identified marine constituents with a recently confirmed antiviral activity.


    




    

      ADJUVANT ROLE OF ALGAL BIOPOLYMERS IN ANTIVIRAL VACCINES




      Once the human immune system is invaded by pathogens, including a new virus, innate immunity plays the role of the first defender via various components, cytokines, neutrophils, monocytes, along dendritic cells (DCs). DCs are professional antigen-presenting cells (APCs) and key modulators of B- and T-cell immunity, principally owing to their superior capability to take up and present antigens [20]. They ingest viral proteins presented by the dying cells, process these proteins to peptides that bind to major histocompatibility complex I (MHC-I) and /MHC-II molecules, and display the peptide–MHC complex to the cell surface. The DCs enter the lymphatic system and activate T-cells of the adaptive immune system. One of the key players in immune response, CD8α, conventional DCs, have the selective ability to cross-present exogenous antigens to induce cytotoxic T cell (CTL) activation. Cytotoxic T cells (effector CD8+ cells) may be specific for a viral antigen and kills virally infected cells presenting the antigen. Helper T-cells (effector CD4+ cells) help other immune cells perform their functions. After a T-cell response has mitigated the infection, memory T-cells specific for antigen will remain in the body to respond promptly to future invasion by the same antigen [21]. Another unique cell of adaptive immunity, B-lymphocytes, produce antibodies that could specifically neutralise surface antigens of the virus, thus preventing it from binding to host cells. High-affinity B-cells give rise to memory B-cells, which prime the immune system to react more quickly to subsequent exposure to the same antigen. Toll-like receptors (TLRs), a bridge between adaptive and innate immunity, are expressed primarily on monocytes, mature macrophages, and DCs. They identify pathogen-associated molecular patterns (PAMPs) expressed on microbes, and TLR stimulation of these cell types is needed for optimal activation of T-cells.




      In the recent times of emerging or re-emerging diseases, e.g., 2003 severe acute respiratory syndrome (SARS), 2009 H1N1 influenza pandemic, 2014 Ebola virus, and currently SARS-CoV2 pandemic, the development of safe and strong vaccines is the ultimate need of the hour in order to improve the inadequate protection conferred by existing vaccines. Compared to traditional live-attenuated and inactivated vaccines, subunit vaccines comprising of only the essential part of the microbe have lower chances of adverse reactions and are more cost-effective. However, being poorly immunogenic and reactogenic, they require the addition of adjuvants to help in stimulating protective immunity in people getting vaccinated.




      One of the functional criteria for adjuvants in vaccine formulations is that they should selectively trigger innate (cell-mediated) immunity and/or adaptive (humoral) immunity to obtain a rapid and long-lasting response and may help the immune system produce the most effective CTLs against a particular pathogen. However, there are not many vaccine adjuvants approved for human use. To date, alum (year license: 1926), alum absorbed TLR4 agonists (year license: 2005), ASO3 (year license: 2009) are authorized adjuvants for influenza, HPV, HBV vaccines [22]. Also, the challenge remains for generating an adjuvant that will produce Th1-polarized and antigen-specific CTL responses to soluble protein antigens [23].




      Fucoidan polysaccharide from brown seaweeds Fucus vesiculosus was reportedly found to stimulate DC maturation, CTL activation and memory T-cell generation. Furthermore, they displayed priming of both Th1 (a subset of CD4+ T cell) and CTL responses to the soluble ovalbumin (OVA) antigen, suggesting their potential as a promising adjuvant candidate for subunit vaccines [24].




      Biopolymers of algae have also been currently studied as candidate adjuvants for next-generation influenza vaccines, with the objective of enhancing the safety of vaccines. In this regard, the sulphate polysaccharides from brown algae were found to be non-toxic, safe, and significantly biocompatible, which are excellent properties as adjuvants [25].




      Moreover, fucoidans from algae Saccharina japonica, Saccharina cichorioides, and Fucus evanescens were proved to specifically bind to TLR2 and TLR4, subsequently leading to the development of an adaptive immune response to unrelated antigens of the Th1 type [26].


    




    

      TYPES OF MACROALGAE/SEAWEEDS




      Algae incorporate a wide assortment of plants that range from diatoms, which are unicellular, microscopic organisms, to seaweeds extending over 30 m. Contrary to microalgae, which are microscopic in nature, Macro-algae or “seaweeds” are multicellular marine algae belonging to the lower plants that do not have stems, roots and leaves. Instead, they are made out of a thallus (leaf-like) and sometimes possess a stem and a root. Several species have gas-filled structures to give buoyancy and grow in fresh or salt water. They are frequently fast-growing and could reach sizes up to 60 m in length. They are categorized into 3 broad groups dependant on their pigmentation, i) red seaweed (Rhodophyceae), ii) brown seaweed (Phaeophyceae) and iii) green seaweed (Chlorophyceae) Chlorophyta (green algae) [27]. According to the algae database, there are around 10,000 species of seaweeds found globally. Seaweeds have widespread applications in many maritime nations in varied industries as well as fertiliser. It is primarily used as food in Asia, particularly in Korea, Japan and China, where seaweed cultivation has become a major industry [28].




      

        Green Algae




        The characteristic green color of green algae is predominantly because of the existence of chlorophyl A and chlorophyl B in the same ratio as higher plants along with starch [29]. Growing in marine or freshwater lakes and rivers, the phylum comprises Chlorophyceae (3046 species), Chlorodendrophyceae (46 species), Trebouxiophyceae (672 species) and Ulvophyceae (1610 species), as the 4 major classes [30]. To date, marine macroalgae have been documented to have around 3200 natural products [31, 32], constituting 13% of components of marine origin. Marine green algae constitute a broad variety of substances, especially polyphenols, terpenes and steroids and amongst them, terpenoid compounds occupy a major part [33].




        

          Table 1 A few of the huge repertoire of bioactive metabolites and their pharmacological activity.




          

            

              

                	Secondary Metabolite



                	Source



                	Pharmacological Activity



                	References

              


            



            

              

                	Terpenoid esters and novel diterpenoids



                	Caulerpa brownii



                	—



                	[34]

              




              

                	3-O-β-glucopyranosylstigmasta-5, 25-diene



                	Ulva lactuca



                	Anti-inflammatory



                	[35]

              




              

                	Bisindole alkaloid, caulerpin or caulerpine



                	
Caulerpa genus,


                Caulerpa racemosa




                	Antibacterial, antitumoral, inhibitor of human protein tyrosine


                phosphatase-1B (hPTP1B) or hypoxia-inducible factor (HIF), antiviral


                (chikunguniya virus), antinociceptive


                and anti-inflammatory,


                anti-Alzheimers



                	[36-43]

              




              

                	
β-carotene



                	Dunaliella salina



                	cancers



                	[44]

              


            

          




        


      




      

        Brown Algae




        The brown color of these algae results from the predominance of fucoxanthin and xanthophyll pigments; these mask other pigments, chlorophyll a and c, β-carotenes and other xanthophylls [29]. There are about 1800 species of brown algae, mostly marine. Food reserves typically complex polysaccharides and higher alcohols. The main carbohydrate reserve is laminarin. The cell walls are made up of alginic acid and cellulose. Unlike marine green algae, they have no colonial or unicellular representatives; the simplest plant form is branched, having filamentous thallus.




        The kelps are the biggest (up to 70 m long) and maybe the utmost complex brown algae; the only algae are known to have conducted tissue; nonetheless, no true xylem tissues are present, as found in the 'higher' plants. Saccharina japonica, formerly Laminaria, and other species of this genus are grown on ropes in Japan, Korea, and China for food and alginate production.




        Alginates, derivatives of alginic acids, are utilized commercially for soaps, toothpaste, ice cream, fabric printing, tinned meats, and a host of other applications. It forms a stable viscous gel in water, and it is used as a binder, stabilizer, emulsifier, or moulding agent in the above applications [45].


      




      

        Rhodophyta (Red Algae)




        Approximately 6,500 species of seaweeds are red algae (Rhodophyta), by far, most of which are marine [46]. The red color of these algae results from the dominance of the pigments phycocyanin and phycoerythrin; these mask other pigments, chlorophyll A (not the chlorophyll B), β-carotene and various unique xanthophylls [29]. The walls are made up of agars, cellulose and carrageenan. Contrary to true starch present in green algae and higher plants, floridean starch and floridoside are the principal reserves. The walls are made up of agars, cellulose and carrageenans, and both long-chained polysaccharides have widespread commercial applications [47].




        Amongst various metabolites, carrageenan needs a special mention. Apart from being used as a food additive for centuries, it has been shown to display antiviral activity against a range of animal viruses, including the prevention of sexually transmitted HIV-1 viral infections [48, 49]. Iota-carrageenan, a polymer of red seaweed [50, 52], has recently been exhibited to be a potential inhibitor of papilloma virus in-vitro, at concentrations below 1 μg/ml [52].




        

          Table 2 Marine Secondary Polysaccharides and their Pharmacological activity.




          

            

              

                	Secondary Metabolite



                	Source



                	Pharmacological Activity/Commercial Use



                	References

              


            



            

              

                	Calcium carbonate



                	Coralline algae



                	Bone-replacement therapies



                	[53]

              




              

                	Carrageenan, iodine sulfur



                	
Palmaria palmata,


                Carrageen Moss


                (Mastocarpus stellatus and Chondrus crispus)



                	Food product



                	[54]

              




              

                	



                	
Pyropia yezoensis and P. tenera




                	Nori (edible seaweed), popular ingredient in Japanese cuisine

              




              

                	Carrageenan



                	Kappaphycus, Betaphycus



                	Ingredient in food, particularly yoghurts, chocolate milk and repaired puddings



                	[55]

              




              

                	Agar



                	Gracilaria, Gelidium, Pterocladia



                	Growth medium for microorganisms, and food and biotechnological applications



                	[56]

              




              

                	Bioethanol production



                	[57]

              


            

          




        




        Seagrasses are submerged marine angiosperms, which grow effectively in tidal and sub-tidal marine environments except in polar regions. Seagrass beds occur in shallow coastal areas around the globe. There are approximately 60 seagrass species discovered overall [58]. Seagrasses belong to monocotyledons that include grasses, palms and lilies. Like their family members, seagrasses have roots, leaves and veins, and produce seeds and flowers. Chloroplasts in their tissues utilize the sun's energy in order to convert carbon dioxide and water into sugar and oxygen for growth through the process of photosynthesis. Although seaweeds and seagrass have superficial similarities, they are completely different organisms. Algae have a holdfast, which attaches to the seafloor and transports nutrients throughout the body by diffusion method, while seagrasses are flowering vascular plants with roots and an internal transport system. Unlike flowering plants on land, they have thin cuticles instead of stomata, which allows gasses and nutrients to diffuse directly into and out of the leaves from the water. The rhizomes (thicker horizontal stems) and roots of seagrasses extend into the sediment of the seafloor and are utilized to store and absorb nutrients as well as anchor the plants.




        A significant number of publications have brought to light antioxidant, anti-inflammatory, antibacterial, antifungal and anticancer activities of metabolites isolated from seagrasses [59]. Secondary metabolites of seagrass reportedly are polyphenols, namely flavonoids, tannins, contributing to anti-microbial properties [60]. Seagrass metabolite content is another virgin treasure trove of the ocean to be unveiled.


      


    




    

      CHEMISTRY OF MARINE METABOLITES HAVING ANTIVIRAL ACTIVITY




      Polysaccharides (SPSs in particular), polyketides, peptides, or terpenoids are the prominent marine bioactive molecules having activity against varied viruses, including HSV [61-64], followed by glycolipids, a less studied category of antiviral secondary metabolites [65].




      

        Sulfated Polysaccharides




        The most studied category of antiviral polysaccharides is SPSs. Being structural components of the algae cell wall, they play both the storage and structural role. They are a significant resource of galactans commercially known as agar and carrageenan in red algae (Rhodophyta), fucans (sargassan, fucoidan, glucuronoxylofucan and ascophyllan) in brown algae (Phaeophyta), and ulvans-sulfated heteropolysaccharides (green algae) that contain xylose, galactose, arabinose, mannose, glucuronic acid. Glucose parameters like degree of sulfation, constituent sugars, conformation, molecular weight, dynamic stereochemistry and the effect of counterion of this group of compounds have been reported to have a role in the antiviral action of this group of compounds [64, 66].




        The most prevalent heteropolysaccharides in the human body are glycosaminoglycans (GAGs)/(mucopolysaccharides), which are negatively charged long unbranched polysaccharides, consisting of disaccharides repeating units. The binding of glycosamines with different ligands causes post-translational modifications that facilitate cell migration, proliferation, and differentiation processes. Heparan/heparan sulphates existing in the basement membrane, in the extracellular matrix, and on the cell surface are a class of GAGs that are able to specifically interact with macromolecules of the extracellular matrix (fibronectin and laminin), enzymes, and an extensive class of heparan-binding molecules (growth factors and chemokines).




        Heparinoid polysaccharides having acidic sulphate groups can interact with the positively charged cell surface of glycoproteins, preventing the binding of viruses to the cell surface [67] via electrostatic interactions with basic amino acid residues of transcriptional activator HIV-Tat protein (transactivator protein). HIV-1 Tat is a crucial non-structural protein of the human immunodeficiency virus (HIV) that binds to the viral long terminal repeat (LTR) and activates cellular transcription machinery in order to initiate transcription of the viral proteins.




        It’s evident scientifically that heparan sulfate (Fig. 1) plays an important role as a primary receptor in the crucial cell binding of many viruses (HSV, hepatitis C virus, human cytomegalovirus, human papilloma virus, HIV-1, murine leukemia virus). The contact of a retrovirus with a primary receptor is necessary for subsequent strong interaction with receptor/co-receptor, selective for retroviruses of each group of interference. Natural mimetics of heparan/heparan sulphates thus could be important players in competing with viral glycoprotein receptors for the host cell surface receptors and lead to a broad-spectrum preparation effective for various groups of pathogenic viruses.
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Fig. (1))


        Structure of heparin sulphate.



        Sulphated polysaccharides of algae are natural mimics of heparan sulphates. Fucoidans and carrageenans could imitate the activity of endogenous factors and regulate the functions of micro-organisms via key cell and enzyme receptors. These polysulfates were reportedly potent and selective inhibitors of HSV-1 and -2, interfering with virus binding to the host cell [68-70]. It is considered as a “new generation antiretroviral drug” owing to a direct inhibitor of HIV, including other retroviruses.




        Negatively charged SPSs have an antagonizing effect on the HIV-1 entry into cells probably due to (i) their binding to the positively charged V3 domain of gp120, thereby preventing the virus attachment to the cell surface [71, 72] or (ii) the masking of the target sites of gp120 for CD4 on the surface of T lymphocytes, thereby perturbing the CD4-gp120 interaction [73, 74] and subsequently inhibiting the expression of the viral antigen and the activity of the viral reverse transcriptase [75]. The sulfate group might neutralize the positively charged amino acid on the viral envelope glycoprotein (gp120) with a strong sulphation motif.




        

          Table 3 Role of major marine polysaccharides in mitigation of viral infection [6].




          

            

              

                	Stages of Viral Infection



                	Marine polysaccharides

              




              

                	Viral Attachment



                	Fucan, carrageenan, nostoflan

              




              

                	Internalisation and Uncoating



                	Carrageenan, fucoidans

              




              

                	Transcription and Replication



                	Fucans, carrageenan, alginates

              


            

          




        




        These natural algae sulphated polysaccharides being relatively cost-effective, exhibit a wide spectrum of antiviral action and good solubility profile in the absence of expressed cytotoxic effect and lower drug resistance formation degree during long-term utilization. Published reports indicate a relation between the degree of sulfonation of polysaccharides and the antiviral effect. The pleiotropic modes of antiviral effect appear less likely for the virus to develop resistant mutants. Anti-coagulant action might be a limiting factor; however, they have been safe at therapeutic doses in oral and parenteral routes [7, 76].




        

          Fucoidans




          Fucans, components in brown algae cell walls, are SPSs with higher molecular weight (13 to 950 kDa). They are further classified into 3 major types, including fucoidans, xylofucoglycuronans, and glycuronogalactofucans. Fucoidan from brown seaweeds was one of the best-studied fucans, which was first isolated by Kylin in 1913 [77]. Fucoidans are acidic polysaccharides, chiefly composed of sulfated l-fucose, with less than 10% of other monosaccharides (uronic acid, mannoses, glucose, arabinose, rhamnose, and xylose) [78]. These heterogenic polysaccharides are majorly isolated from brown seaweeds like Ascopbyllum nodosum, Fucus vesiculosus, Saccharina japonica, Sargassum thunbergia, etc. Though a structural variety of fucoidans has not been studied yet, literature results show, structurally, most of the known fucoidan possess two different types of backbone chains [78].




          (i) Repeating (1→3)-linked α-l-fucopyranose residues (Fig. 2).




          (ii) Alternating (1→3)- and (1→4)-linked α-l-fucopyranose residues.




          These chains have l-fucopyranose and α-D-glucuronic acid as carbohydrate substituents and sulfate and acetyl groups as non-carbohydrate substituents. Along with this third type is fucoidans containing galactose and fucose in comparable quantities (galactofucans). The composition of fucoidans varies with species and geographical origin, as shown in Fig. (3). Acetate substitutions might additionally be found at the C-4-position of 3-linked fucose and C3 position of 4-linked fucose units [79] (acetate substitutions not shown in the figure).




          They were reported to have an immunomodulatory effect under both in vivo and in vitro conditions by improving activation of NK cells, maturation of DCs and activity of cytotoxic lymphocytes (CTLs) along with augmenting Th1-type immune response, production of antigen-specific antibodies and generation of memory T cells [6].
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Fig. (2))


          1,3 linked fucopyranose units.
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Fig. (3))


          Structure of fucans.



          Fucoidan typical structure procured from some brown seaweed species (Fucales). Fucoidan extracted from A. nodosum and F. vesiculosus contains the L-fucopyranose backbone connected by alternating α (1→3) and α (1→4) linkages [80]. The Fucoidan from F. evanescens have a similar backbone with sulfate substituted at the 2- and 4-position of the fucose residues [81] (only sulfate substitutions on C-2 of fucose are shown in Figure 3). C-4-position of 3-linked fucose and at C3 of 4-linked fucose units might also be acetylated [79] (acetate substitutions not shown in the figure). F. serratus L. contains a possible fucoside side chain at C-4 [82].


        




        

          



          Carrageenans




          Carrageenans (Fig. 4) originating from red seaweeds account for 30-75% of the dry weight of algae. They are sulphated D-galactans with a higher molecular weight and are composed of repeating disaccharide units with 3-linked-β-D- galactopyranose,4-linked-β-galactopyranose or 3,6-anhydro-β-galactopyranose. Carrageenans are traditionally divided into 6 basic forms according to their structural characteristics, iota (i)-, kappa (k)-, lambda (l)-, mu (m)-, nu(n)- and theta (q)-forms. Natural carrageenans usually occur as mixtures of various hybrid types. λ-, k-, and τ-carrageenans, which are the most industrially relevant types, have been determined to have antiviral actions in vitro. Especially, the repeating unit of k-carrageenan is comprised of a D-galactose with a sulphated group at C4 linked to a hydrogalactose, the repeating unit of λ-carrageenan is constructed by a D-galactose with a sulphated group at C2 linked to a D-galactose sulphated at C2 and C6, and the repeating unit of τ carrageenan comprises of galactose with a sulphated group at C4 linked to an anhydrogalactose sulphated at C2 [6].
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Fig. (4))


          Structure of Carrageenans.

        




        

          



          Ulvans




          Ulvan (Fig. 5) is the main water-soluble polysaccharide present in green seaweed of the order Ulvales (Ulva and Enteromorphasp.), which represents 8 to 29% of the algal dry weight. Molecular weights range from 189 to 8200 kDa. These are branched acidic and sulphated polysaccharides comprised of a major repeating disaccharide unit through a L-rhamnose 3-sulphate linked to (i) a D-guluronic acid residue (ulvabiouronic acid unit A), (ii) an L-iduronic acid residue (ulvabiuronic acid unit B), (iii) a D-xylose 4-sulphate residue (ulvabiose unit A), or (iv) a D-xylose residue (ulvabiose unit B) [6].
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Fig. (5))


          Structure of Ulvans.

        


      




      

        Lectins




        Lectins are glycoproteins that identify and bind selective carbohydrates present on the surfaces of cells. Being carbohydrate-binding proteins, these can specifically and non-covalently bind to glycoconjugates on the cell surface of bacteria and viruses and thus constitute the so-called first line of defence against bacteria and viruses. Lectin usually contains two or more binding sites for carbohydrate units; some lectins form oligomeric structures with multiple binding sites and they can agglutinate particular cell types, including pathogens. Precisely, they influence cell to cell interactions, influence cell adhesion, and affect intracellular glycoprotein translocation [83]. Off late, lectins have become promising agents for antiretroviral therapy, which is manifested by modulating the interaction between HIV gp120 or gp41 and the corresponding receptors [84], leading to the inhibition of HIV cell function, HIV infectivity and formation of the syncytium, multi-nucleated cells [85].




        Griffithsin, a protein lectin derived from marine red algae Griffithsia sp. is categorised among the most potent HIV entry inhibitors [86]. It acts via binding itself to higher mannose glycan structures on the surface of gp120, altering the gp120 structure or its oligomeric state. Griffitsin is also reported to prevent infections caused by other glycoprotein-enveloped viruses, for example, the hepatitis C virus, ebola virus, and the severe acute respiratory syndrome coronavirus. Literature shows that the dimerization of griffithsin is necessary for a high potency inhibition of HIV-1 [87]. Hence it finds application in being incorporated into vaginal and rectal gels, creams, or suppositories, acting as an antiviral microbicide to prevent the transmission of HIV.


      




      

        Diterpenes




        Diterpenes (Fig. 6) comprise four (4) isoprene units, often with the molecular formula C20H32. Anti-HIV action has been demonstrated by many terpenes from marine natural products. They are reported to be acting as reverse transcriptase inhibitors, protease inhibitors, or entry inhibitors. Diterpenes from marine algae are present in the spotlight because of their promising anti-HIV properties. Dolabellane diterpenes are components from the diterpene group, which recently have been extensively investigated for their anti-HIV effect [88].
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Fig. (6))


        Structure of Diterpenes (Dolabelladienols A-C).

      




      

        Polyphenols




        Polyphenols (Fig. 7) are a group of chemical substances found in plants that are characterized by the presence of more than one phenol unit or building block per molecule. This group of natural products is highly diverse and comprises numerous sub-groups of phenolic compounds, namely, flavonoids, phenolic acids, isoflavones, neoflavonoids, flavones, chalcones, flavonols, flavanonols and flavanones, proanthocyanidins, phenolic amides, anthocyanidins, non-flavonoid polyphenols (curcumin, resveratrol, glucose esters and gallic acid), tannins [89]. Most plants, including seaweed, produce polyphenols acting as antioxidants that protect from external conditions, for example, stress and herbivores. Phenolic compounds are one of the major marine metabolites along with sulphated polysaccharides, eliciting antiviral activity against enveloped viruses such as retrovirus, influenza virus, papilloma virus, HSV, and flaviviruses [90-92]. Antiviral activity of quercetin and kaempferol, as well as their synergistic effect, have been reported against HSV and influenza virus [93, 94]. HSV-1, along with a multitude of viruses, employ GAGs as initial attachment receptors during infection of their host cell. Polyphenols are witnessed to target HSV-1 glycoproteins that interact with GAGs, thereby preventing their association with cell surface GAGs as well as subsequent binding receptors. This inhibitory effect is exhibited [95] against the cell-free virus [96] during the viral attachment and fusion stages [97] in the intercellular junction spread of HSV-1, which is mediated by its glycoproteins. It proposed that these bioactive constituents incorporate into HSV DNA and cause DNA chain termination [93].
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Fig. (7))


        Structure of Polyphenols.

      




      

        Glycolipids




        Glycolipids are lipids with a carbohydrate attached by a glycosidic bond generally found on the extracellular face of eukaryotic cellular membranes. Their role is to maintain the stability of the cell membrane, facilitate cellular recognition, crucial to the immune response and cell to cell interactions. They also act as receptors for viruses and other pathogens to enter cells. Two classes of glycolipids are gangliosides and cerebrosides. Seaweeds synthesize three-main types of glycolipids, digalactosyldiacylglycerol (DGDG), monogalactosyldiacylglycerides (MGDG) and sulfoquinovosyldiacylglycerides (SQDG) (Fig. 8) [98].
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Fig. (8))


        Structure of DGDG, MGDG and SQDG.



        This review presents the in vitro and in vivo results of experimental and clinical studies since 2010, demonstrating the excellent effectiveness of these marine secondary metabolites in combating various viral infections along with their probable mechanism of action.


      


    




    

      EXPERIMENTAL AND CLINICAL STUDIES ON ANTIVIRAL ACTIVITIES OF SECONDARY METABOLITES OF SEAWEEDS AND SEAGRASS POST 2010




      

        Glycolipid




        The structure of sulfoquinovosyldiacyl glycerol, a glycolipid, was characterized for the first time in 2012 in lipid fractions of red algae Osmundaria obtusiloba, collected from South Eastern Brazilian coasts. This macromolecule displayed potential antiviral action against HSV-1 and -2 with EC50 of 42 and 12 µg/ml, respectively [65].




        Sulfoquinovosyldiacyl glycerols (SQDGs) glucolipids were identified to be present in fractions of Brazilian brown seaweed Sargassum vulgare by de Souza et al. in 2013, which exhibited strong activity against HSV type 1 and 2. The main SQDG present in both fractions-was identified as 1,2-di-O-palmitoyl-3-O-(6- sulfo-α-D-quinovopyranosyl)-glycerol, which was reportedly responsible for the anti-herpes activity observed [99]. Both fractions F4I86 and F4II90 exhibited strong antiviral activity with 99.9% inhibition against HSV-1 and -2. The F4II90 fraction inhibited both the HSV strains with 96% and 99.9% inhibition, respectively. Biological activity was reported to be related to the common existence of palmitic acid as part of the structure of most of the SQDGs identified in both fractions. According to Lee and co-workers, palmitic acid isolated from Sargassum fusiforme extract is bound to CD4 cell receptors and block HIV-1 entry and infection as well [100]. Another probable explanation for the antiviral action of SQDGs is based on the presence of sulfonate group, as suggested by Neyts et al. [67]. Indeed, the negatively charged sulfonate group of the SQDGs might interact with positively charged glycoprotein sites of HSV, hence explaining the antiviral action displayed by those sulfolipids. Furthermore, such interaction between heparan sulfate cell receptor in the host cell and viral glycoproteins might be perturbed by the presence of SQDGs because of close analogy between marine heparinoid polysaccharides and heparin sulfate cell receptors [67].


      




      

        Lectins




        Griffthsin, isolated from aqueous extracts of Griffthsia sp., first reported as antiviral in 2005, has drawn the attention of subsequent researchers for in vivo studies [101]. O’Keefe et al. in 2010, reported the antiviral action of griffithsin on mouse models infected with an adapted SARS-CoV virus. It showed 100% survival rates, no weight loss, reduced mice pulmonary viral load and inhibited the deleterious inflammatory response to the virus [102].




        Study results of Ishag et al. proved griffithsin’s life-saving in vivo efficacy with mice models infected with lethal doses of Japanese encephalitis virus (JEV) with 100% survival rates in treated mice (5 mg/kg i.p.), as well as reduced viral antigen load in brain tissue [103].




        Nixon et al. in 2013 used murine models to investigate its effect intravaginally on genital herpes. The results showed that the gel significantly prevented HSV-2 infection and proliferation after mucosal surface challenge [104].




        Meuleman et al. demonstrated the use of 5 mg/kg griffthsin in chimeric uPA-SCID mice to mitigate hepatitis C liver infection. After a week of virus injection, the results showed significantly lower viral loads. However, this study result had limited scope due to the small sample size [105].




        A lectin with anti-influenza action designated as KAA-2 was studied by Sato et al. in 2015. It has been isolated from red alga Eucheuma serra and Kappaphycus alvarezii and was cited as a “high mannose-specific lectin”. It successfully hindered the entry of the various influenza strains into cells with EC50 of low nanomolar levels. With no cytotoxicity at the highest dose level, influenza B (Ibaraki/2/85) was found to be the most sensitive towards KAA-2, showing an EC50 of 1.7 nM, along with the H1N1-2009 influenza virus (EC50:12.3 nM). The mode of antiviral activity of KAA-2 was affirmed as impedance with virus entry into host cells by means of direct binding of KAA-2 to a viral envelope protein, hemagglutinin (HA), utilizing an ELISA assay [106].




        Novel lectin, named HRL40, the first Type-I high-mannose specific antiviral lectin from the green algae, was isolated from Halimeda renschii by Mu et al. in 2017 [107]. HRL40 potently inhibited the infection of influenza virus (A/H3N2/Udorn/72) into NCI-H292 cells with ED50 (half-maximal effective dose) of 2.45 nM through high-affinity binding to a viral envelope hemagglutinin.




        Girard et al., in 2018 [108], studied the effect of a rectal microbicide containing the antiviral lectin, griffithsin on rectal mucosal proteome and microbiome in six rhesuses, macaques. Utilizing a randomized, crossover placebo-controlled design, the study reiterated the safety of griffthsin as an anti-HIV agent, with minimum disturbance of the monkey’s rectal proteome and microbiota.


      




      

        Polyphenols




        Zhang et al. [91] investigated the anti-HIV activity of Phyllanthus urinaria algae extract containing gallic acid as one of its polyphenolic components on the culture of human T-lymphocytes (MT-4). Both the extracts and GA displayed anti-HIV action with IC50 of 0.61 µg/ml and 0.76 µg/ml, respectively. The results also demonstrated proof of interaction of extract and GA with HIV-1 RT, gp120 and p24, key targets in anti-HIV activity.




        Morán-Santibañez et al. in 2018 [109] reported for the first time, in vitro antiviral activity of polyphenol-rich extracts isolated from five Mexican seaweeds against the Measles virus (MeV). Polyphenols (PPs) from Solieria filiformis and Ecklonia arborea (Rhodophyta) displayed the highest Selectivity Index (SI), > 576.9 and > 3750, respectively. Owing to their higher effectivity and lower cytotoxicity compared to ribavirin (SI = 11.57), both PPs extracts were selected for the combinational effect of PPs with sulphated polysaccharides (SPs) and ribavirin. Synergistic activity was seen by combining both PPs with lower concentrations of Solieria filiformis SPs (0.01 µg/ml). Virucidal assay, time of addition, and viral penetration screenings indicated that PPs act mainly by inactivating the viral particle. Authors thereby propose a reduction of individual drug doses, thereby causing reduction in the side effects of antiviral agents and prevention of the emergence of drug-resistant viruses via combination therapies.


      




      

        Sulfated Polysacchrides




        Makarenkova et al. in 2010 [110] investigated the in vitro antiviral effect of a fucoidan procured from a brown seaweed Laminaria japonica against the H5N1 influenza virus. It was found to have a virucidal impact and smothered the infectious actions of the H5N1 flu virus (diminishing in virus titer of 3.0–3.3 log units comparative with the control) at an early stage of infection, i.e., during the initial 24 h. The interaction of sulphated-polysaccharides (fucoidan) from brown seaweeds Fucus evanescens, Laminaria cichorioides, and Laminaria japonica with TLRs expressed on human embryonic kidney epithelial cell membranes was studied. The results show that being independent ligands for TLRs, fucoidans can induce genetically determined biochemical processes of protection against pathogenic microorganisms [110].




        The interaction between the H5N1 influenza virus and fucoidan was further investigated by Bobrovnitsky et al. [111]. The results show an interaction between the groups that are positively charged in lipoproteins of the viral envelope and the sulphate groups that are negatively charged in fucoidans; these interactions might be the reason for the antiviral effects of polysaccharides. Adhesion of fucoidan on the surface of viral particles is an irreversible process.




        Fucoidans of different structural types, ScF (polysaccharide chain of the α-L- fucan (1→3)-linked α-L-fucopyranose) Saccharina cichorioides, FeF (α-L-fucan) from Fucus evanescens (alternating (1→3) and (1→4) linkages) and galactofucans (GF) SgGF, SjGF, AoGF were isolated from brown algae Saccharina gurjanovae, Saccharina japonica, Alaria ochotensis, respectively by Prokofjeva et al. [112]. All the studied α-L-fucans and galactofucans were highly sulphated. The antiviral action of various structure fucoidans (α-L-fucans and galactofucans) was evaluated utilizing two (2) model viral systems depending upon a recombinant lentiviral vector (pseudo-HIV-I virus with HIV I enzymes and structural proteins but replication-incompetent) and a replication-competent Moloney murine leukemia virus (Mo-MuLV). It has been found that the studied fucoidans were non-cytotoxic towards Jurkat (human T cell acute lymphoblastic leukemia cell line) and SC-1cell (cellosaurus cell line) at a concentration range of 0.001–100 μg/ml. Fucoidans with diverse efficacy diminished Jurkat cell transduction by pseudo-HIV-1 particles carrying the envelope protein of HIV-1 and infection of SC-1 cells (mouse embryonic fibroblasts) by Mo-MuLV (Model System Based on Lentiviral Vectors). The most effective inhibitors appeared to be high molecular weight fucoidans—fucans ScF (IC50 = 0.006 μg/ml), FeF (IC50 = 0.006 μg/ml) and galactofucan SjGF (IC50 = 0.005 μg/ml). Results demonstrated that the antiviral action of investigated fucoidans depend on the type of virus and is more precise on the envelope protein species. The inhibition action of fucoidans was found to be selective against viruses that use heparan sulfate as a primary cell receptor. The studied fucoidans repressed Jurkat cell transduction by pseudo-HIV-1 particles, which contain envelope protein HIV-1 regardless of the structure of the carbohydrate backbone of fucoidans.




        Another important parameter of antiviral action reiterated is the degree of sulfation of the polysaccharides. SPSs could block viral entry into host cells by intervening with the attachment of viruses to the cell-surface receptors. Those macro-molecules might exert their anti-HIV-1 property by shielding off the positively charged amino acids existing in viral envelope glycoprotein gp120 [113, 114]. The glycoprotein has some extremely basic regions, which could interact with polyanionic regions of host-cell-surface molecules [115]. In the present investigation, all studied fucans and galactofucans were highly sulfated and displayed stronger inhibition at 10 μg/ml.




        In another study, xylogalactofucan (1→3)-linked L-fucopyranosyl and D-galactopyranosyl fractions and alginic acid (41% guluronic and 59% mannuronic acid) containing fractions were analysed by Bandopadhyay et al. from a marine algae Sphacelaria indica. Those macro-molecules and their chemically sulphated-derivatives displayed 50% inhibitory concentration (IC50) values in the range of 0.6–10 μg/ml against HSV-1, lacking cytotoxicity up to 200 μg/ml. The authors proposed that the mode of inhibition is the direct interaction of polysaccharides with viral particles [62].




        The effects of oral administration of Mekabu fucoidan (MF), an SPS, obtained from sporophyll of Undaria pinnatifida, brown alga, were evaluated by Hayashi et al., in 2013, on influenza virus infection in immunocompromised and immunocompetent mice. The efficiency of MF was portrayed in diminishing viral replication, declining weight loss, and mortality, prolonging survival and increasing neutralizing antibody production in the mucosa and blood, thus faring better than oseltamivir in reducing resistant viruses [116].




        Furthermore, a randomized, placebo-controlled, double-blind study with 70 volunteers (60+ age) was reported by Negishi et al. in 2013. The investigation of antibody production after influenza vaccination in elderly Japanese men and women with and without oral MF intake was conducted in this study. In the immunocompromised elderly, MF intake increased antibody production after vaccination against all three strains in the seasonal vaccine with increased natural killer cell (NK) activity, possibly preventing influenza epidemics [117].




        Diverse classes of SPSs were yielded from extracts of red seaweeds (Rhodophyta) Grateloupia indica, Scinaia hatei, Gracilaria corticate, brown seaweeds (Phaeophyta), Cystoseira indica, Stoechospermum marginatum, and green seaweed (Chlorophyta) Caulerpa racemosa, which were screened for antiviral activity against four serotypes of dengue virus (DENV) by Pujol et al. DENV-2 was the most vulnerable serotype to all polysulfates, with IC50 values of 0.12–20 μg/ml. The activity of sulphated-galactan, fucan and xylomannan-containing fractions procured from different seaweeds against DENV were analysed. All the components tested were found to be active against DENV-2 with IC50 of 0.12–20 µg/ml. The sulphated-galactans GiWE and GiF3 obtained from G. indica were seen to be the most active compounds with IC50 around 0.1 μg/ml, followed by sulphated-xylomannans from S. hatei and the heterogeneous SPSs obtained from C. racemosa with IC50 values of 0.6 – 1.1 µg/ml. The antiviral potential of a sulphated polysaccharide seems to depend, inter alia, on the position of the sulfate group, the sugar composition and the molecular mass. Independently of the sugar composition, these polysaccharides were discovered to be competitors of host cell membrane components involved in virus entry since the anti-DENV activity here portrayed may be attributed essentially to a blockade in virus adsorption and a minor inhibitory effect in virus internalization [118].




        A clinical study of Fazekas et al. involving the participation of patients (children and adults aged from 1 to 18 years) with respiratory viral infections, including influenza B, iota-carrageenan, a polymer derived from red seaweed and a part of nasal spray effectively attenuated the viral load in the nasal lavage of patients, who received the spray compared with the control group (27% versus 13%, respectively. However, it did not minimize the intensity of symptoms in children with acute cold symptoms [119].




        Rabanal et al., in 2014, reported the extraction process of brown alga H7N7 virus H1N1(09) at room temperature followed by heat, which yielded fucose as the main monosaccharide in the total yield of sulphated polysaccharides. Antiviral and cytotoxic assay of the main fractions against HSV-1 and coxsackie virus (CVB3) was carried out. Moderate antiviral activity (against HSV-1 and CVB3) was determined for the sulfated galactofucan fractions (IC50 = 12.5–15.6 µg/ml) with the best selectivity index for viruses [120].




        Shao et al., in 2015, aimed to investigate the capability of κ-carrageenan, an extractive of red algae for inhibiting swine pandemic 2009 H1N1 influenza virus in order to gain an understanding of the antiviral capability of κ-carrageenan. It has been suggested that κ-carrageenan could significantly inhibit A/Swine/Shandong/731/2009 H1N1 (SW731) replication by interfering with a few replication steps in the SW731 life cycles, inclusive of adsorption, transcription, and viral protein expression, especially the interactions between HA and cells [121].




        Morokutti-Kurz et al. proposed combined intranasal spray, including carrageenan and zanamivir (neuraminaidase (NA) inhibitor). Principal findings showed in vitro as well as in vivo study in C57BL/6 mice (a lethal influenza model with a low pathogenic H7N7 virus and an H1N1(09) pdm influenza virus) that the combined utilization of both components significantly increase survival of infected animals in comparison with both mono-therapies or placebo and is longer lasting post 72 h of infection [122].




        Fucoidans from M. pyrifera (brown algae) strongly delayed human neutrophil apoptosis at a lower concentration, promoted NK cell activation, cytotoxic activity against YAC-1 cells, and hence can be useful as a therapeutic agent for infectious diseases, cancer along with an effective adjuvant for vaccine [66].




        Three purified sulphated polysaccharides UPP, SQP and GFP were isolated and purified from macroalgae U. pertusa, S. qingdaoense, G. filicina, respectively by Song et al. in 2016. The most abundant components in UPP, SQP and GFP were rhamnose, fucose, and galactose, respectively. Further bioassays demonstrated that 3 SPs can not only increase the immunity level stimulated by inactivated avian influenza virus (AIV) in vivo (by significantly increasing H9N2-specific antibody titer) but can also significantly restrain the action of activated AIV (H9N2 subtype) in vitro. The expression of the H9N2 gene decreased significantly in real-time PCR studies at an optimum concentration of 20 µg/ml. SPs from S. qingdaoense had the best effect; G. filicina SP displayed the strongest anti-AIV action [123] and was suggested as a potential alternative to vaccine-based prevention.




        The anti-HIV activity of 3 fucoidans, obtained from 3 brown seaweeds Turbinara ornate, Sargassum mcclurei, and Sargassum polycystum collected from Vietnam was investigated by Thu et al. Fucoidans isolated from the 3 species exhibited similar antiviral actions with a mean IC50 of 0.33 to 0.7 μg/ml, while showing no cell toxicity. Authors proposed that fucoidans restrained HIV-1 infection when they were pre-incubated with the virus, blocking the early steps of HIV entry into target cells. This action was not primarily linked to the sulfate content and appropriate position of sulfate groups in the fucoidan backbones [124].




        The anti-HCV activity of brown and red seaweed extracts of Sargassum vulgare, Padina pavonica, Pterocladia capillacea and Laurencia obtuse was carried out by Saly et al. in 2016 [125]. Laurencia obtuse extract displayed the highest antiviral potentialities by reducing viral concentration from 1.13×1010 to 6.00×106 copies per ml, with the inhibition of 82.36%. The extracts of Sargassum vulgare, Padina pavonica and Pterocladia capillacea, respectively, are less antiviral, however the potential to scavenge the free radicals reached up to 81.5% with the Sargassum vulgare in HepG2 cells. The predominant types of polysaccharides in the studied red seaweeds are sulfated galactan and agar. According to Pereira et al. [126], polysaccharide extracts from Padina pavonica and Sargassum vulgare are mainly fucoidan. Mechanistic investigations revealed fucoidan may inhibit virus adsor-ption to the cell surface by binding to it. Also, the high content of sulfate groups, the ratio of mannuronic acid to guluronic acid (M/G) in extracts was found to contribute significantly in the inhibition of the intracellular replication of the HCV genome in vitro [125].




        SPSs isolated from 5 seaweed samples collected in Mexico (Eisenia arborea, Macrocystis pyrifera, Pelvetia compressa, Solieria filiformis, and Ulva intestinalis) were studied by Morán-Santibañez et al. in 2016 to screen their effect on the measles virus in vitro. Though all polysaccharides displayed antiviral action (as measured by reduction of syncytia formation) and lower cytotoxicity (MTT assay) at inhibitory concentrations, SPs from Solieria filiformis and Eisenia arborea showed the highest antiviral action at the lowest concentrations (IC50 0.275 µg/ml and 0.985 µg/ml, respectively). They were further investigated for their synergistic effect at lower concentrations (0.011 µg/ml and 0.0274 µg/ml of S. filiformis and E. arborea SPs, respectively), which demonstrated a higher inhibitory action (96% syncytia reduction) in comparison with the individual SP effects (50% inhibition with 0.985 µg/ml and 0.275 µg/ml of S. filiformis and E. arborea respectively). Time of addition experiments and viral penetration assays suggested the best activities of those SPs occur at various stages of infection [127].




        Zaid et al. [128] explored the antiviral potentiality of bioactive compounds extracted from seaweed extracts of Cystoseira myrica and Ulva lactuca from Mediterranean coasts and observed noticeable activity against hepatitis A virus (HAV-H10), coxsackie B4 virus, HSV-1 and -2 in vero cells. New bioactive compounds identified were Chloromethyl 2-(dodecahydro-4,6,7,9-tetrahydroxy-9a-methyl-1H-cyclopenta [α]-naphtalen-3-yl) acetate from Cystoseira myrica aqueous extracts and 2-((1E,3E)-4-Chloro-2-meracaptobuta-1,3-dienyl)-1,2,3,4, 4b,5,6,8a,9,10-decahydrophenanthrene 3,5,10-triol from Ulva lactucain water extracts.




        Bioactive fucoidan fractions (CFF: crude fucoidan fraction, FF1: fucoidan fraction 1, FF2: fucoidan fraction 2) procured from S. swartzii by Dinesh et al. [129] contained mainly sugars, sulfate and uronic acid. Significant in vitro anti-HIV-1 activity at concentrations of 1.56 and 6.25 μg/ml was exhibited by fraction FF2 with 95.6% inhibition in the HIV-1 P24 assay along with reverse transcriptase activity. They didn’t show cytotoxic effects on peripheral blood mononuclear cells at the concentration range of 1.56–1000 μg/ml.




        SPSs, specifically fucoidan, were procured from 2 different macro-algae Turbinaria decurrens (TD) and Dictyota bartayesiana (DD) by Sanniyasi et al. in 2019. The maximum HIV inhibitory activity of crude and purified fucoidan samples are 89.7% and 92% in the fucoidan extracts of TD, while 90.5% and 89% in the fucoidan extracts of DD. The IC50s were determined and recorded as 3 and 131.7 μg/ml in both the crude and purified fucoidan extracts of TD, respectively. Similarly, for DD, it was 1.56 and 57.6 ng/ml in the fucoidan extracts of DD. The accurate biological reason for the inhibition could not be determined due to heterogeneity in the structure of SPS [130].


      




      

        



        Tannins




        The anti-HIV activity of the phlorotannin derivative 8,4ʹʹʹ-dieckol from the Korean brown alga Ecklonia cava was reported by Karadeniz and colleagues (2014) for having the “ability to act against drug-resistant HIV-1 strains” by a mechanism that involved inhibition of cytopathic effects, as well as inhibition of HIV-1 reverse transcriptase enzyme. It was found that 8,4ʹʹʹ-dieckol selectively inhibited the action of HIV-1 reverse transcriptase (RT) enzyme with 91% inhibition ratio at the concentration of 50 μM along with the inhibition of HIV-1 entry, thus averting HIV-1 infection in human T-cell cultures [131].




        Eom and colleagues evaluated and reported for the first time phlorotannins dieckol (DE) and phlorofucofuroeckol-A (PFF) separated from the edible brown algae Eisenia bicyclis against murine norovirus (norovirus surrogate), a cause of gastroenteritis. While DE and PFF exhibited strong anti-MNV activity with a 50% effective concentration (EC50) of 0.9 μM, PFF had a higher selective index (668.87) than that of DE (550.60), due to its lower cell toxicity against RAW 264.7 [132].




        Ryu et al. purified five phlorotannins from a brown algae Ecklonia cava, which ended up being a powerful selective inhibitor of the neuraminidase (NA), a potential target of influenza virus (72% inhibition at a dose of 30 µg/ml). Phlorofucofuroeckol displayed the most intense inhibitory actions toward group-1 NAs (A/Bervig_Mission/1/18 [H1N1], A/PR/8/34 [H1N1])) (IC50 values, 4.5 and 14.7 μM), whereas dieckol potently restrained group-2 NAs (A/Hong Kong/8/68 [H3N2], A/Chicken/Korea/MS96/96 [H9N2]). The mode of inhibition was found to be non-competitive [133].




        Kim et al. in 2013 applied for a US patent for an invention of an Ecklonia cava-derived 6,6′-bieckol containing pharmaceutical composition, which inhibited HIV-1 induced cell fusion, cell lysis effect, cytopathogenic effect (including virus p24 antibody production), exhibited RT enzyme inhibition action and HIV-1 infection inhibition action. Furthermore, it exhibited no cytotoxicity at a concentration that almost perfectly restricts HIV-1 replication [134].


      




      

        Terpenes




        Pardo-Vargas and co-workers in 2014, reported new diterpene, namely dolabelladienol A procured from a Brazilian marine brown algae Dictyota pfaffii, which displayed potent anti-HIV-1 activity at IC50 = 2.9 μM), which were found to be more active than the known 2,6-dolabelladienes series with low cytotoxic activity against MT-2 lymphocyte tumor cells [88].




        Cheng and colleagues in 2014 isolated 27 diterpenes from a collection of the brown alga Dictyota plectens from the South China Sea. They belonged to dolabellanes derivatives (dolastanes), xenicanes derivatives (crenulides) and prenylated guaianes biosynthetic class. Amongst them, nine (9) diterpenes reported antiviral activities against HIV-1(IC50 values between 16.1 and 30.5 μM,) and H5N1 influenza virus inspection (56-62% inhibition at 30 μM), suggesting that Dictyota algae may be a potential source of antiviral lead compounds [135].




        Stephens et al., had published anti HIV1 activity of diterpene, dolabelladienetriol, separated from the brown seaweed Dictyota friabilis in cell culture studies. In continuation to that line of work in 2017, they demonstrated the inhibitory effect of diterpenes (60 to 90%) in peripheral blood cells (PBMC) and macrophages infected with HIV-1, respectively, with no toxicity in the experimental model of ex vivo cervical mucosa. Further evaluation of their protective effect in explant model in the uterine cervix, a dose-dependent inhibition was observed in the presence of HIV-1 with 20 to 99% in concentrations of 0.15 and 14.4 μM, respectively highlighting its application as a potential microbicide in HIV1 infections [136].




        Abrantes et al. reported the presence of diterpenes 8,10,18-trihydroxy-2,6-dolabelladiene from Brazilian brown algae Dictyota pfaffii and (6R)-6- hydroxydichotoma-4,14-diene-1,17-dial from Dictyota menstrualis and proved their protective action against HSV-1 infection in Vero cells (EC50 value of 5.10 and 5.90 μM) with no cytotoxicity at the highest doses, respectively. Some HSV-1 early proteins, including UL-8, UL-9, UL-12, UL-30, and RL-1, were downregulated. However, there were no effects on HSV-1 adsorption and penetration [137].




        Mendes et al. has screened antiviral activity with two meroditerpenoids aromatic acid and epitaondiol, and a methyl ester derivative of aromatic acid obtained from the crude extract of marine algae Stypopodium zonale against human metapneumovirus (HMPV). They exhibited effective antiviral activity, inhibiting at least 99% of viral replication in vitro (ED50: 1.01-3.52 µg/ml), selectivity indexes were > 56.81, 49.26 and 12.82, respectively. Interestingly, the substances exhibited relatively lower cytotoxicity on LLC-MK2 cells compared to ribavirin [138].




        Inhibition studies of HIV-1 replication in tumor cell lines by marine dolastanes (1-3) and secodolastane diterpenes isolated from brown alga, Canistrocarpus cervicornis was carried out by de Souza Barros et al. in 2016. Diterpenes 1 exhibited the best activity (0.35µM) with no cytotoxicity. Dolastane diterpenes 1 and 3 (Fig. 9) present a potent effect on HIV-1 infectivity of up to 99 and 87%, respectively, at a concentration of 25 μM and they are suggested to be acting before virus penetration into the target cells [139].




        

          Table 4 Activity of secondary metabolites from seaweeds and seagrass.




          

            

              

                	Secondary Metabolite



                	Effects



                	Antiviral Activity



                	Macroalgae



                	Reference



                	Additional notes

              


            



            

              

                	GLYCOLIPID

              




              

                	1,2-di-O-palmitoyl-3-O-(6-sulfo-α-D-quinovopyranosyl)-glycerol (main SQDG)



                	96% and 99.9% inhibition, respectively, against HSV -1, 2



                	HSV-1,2



                	Sargassum vulgare



                	[99]



                	—

              




              

                	LECTINS

              




              

                	Griffthsin


                KAA-2



                	100% survival rates on mouse models infected with SARS-COV



                	SARS-COV



                	Griffthsia sp.



                	[101]



                	—

              




              

                	100% survival rates on a mouse infected with Japanese encephalitis virus (JEV)



                	Japanese encephalitis virus (JEV)



                	[102]



                	—

              




              

                	significantly lower viral loads chimeric uPA-SCID mice to mitigate hepatitis C liver infection



                	hepatitis C



                	[105]



                	—

              




              

                	EC50 of 1.7 nM against influenza B (Ibaraki/2/85)


                EC50 of 12.3 nM against H1N1-2009 influenza virus



                	Influenza B(Ibaraki/2/85)/


                H1N1-2009 influenza virus



                	
Eucheuma serra. Kappaphycus alvarezii




                	[106]



                	—

              




              

                	HRL40



                	ED50 (half-maximal effective dose) of 2.45 nM



                	Influenza virus (A/H3N2/Udorn/72)



                	Halimeda renschii



                	[107]



                	—

              




              

                	POLYPHENOLS

              




              

                	Gallic acid



                	IC50 0.76 µg/ml,



                	HIV



                	Phyllanthus urinaria



                	[91]



                	—

              




              

                	SULFATED POLYSACCHRIDES

              




              

                	Fucoidan



                	Diminishing in virus titer of 3.0–3.3 log units



                	H5N1 influenza virus



                	Laminaria japonica



                	[110]



                	—

              




              

                	ScF, FeF, SjGF



                	ScF (IC50 = 0.006 μg/ml),


                FeF (IC50 = 0.006 μg/ml)


                SjGF (IC50 = 0.005 μg/ml).



                	HIV-1



                	
Saccharina cichorioides Saccharina gurjanovae, Saccharina japonica, Alaria ochotensis,




                	[112]



                	—

              




              

                	Mekabu fucoidan (MF)



                	Diminishing viral replication, declining weight loss and mortality, prolonging survival and increasing neutralizing antibody production in the mucosa and blood



                	Influenza virus infection



                	Undaria pinnatifida



                	[116]



                	Immunocompromised and immunocompetent mice

              




              

                	Increased antibody production with increased NK cell activity after vaccination against all three seasonal strains of influenza virus



                	[117]



                	Double-blind study with 70 volunteers > 60 years of age after influenza vaccination in elderly immunocompromised Japanese men and women

              




              

                	Sulphated-galactans GiWE and GiF3



                	IC50 of 0.12–20 µg/ml



                	DENV-2



                	Grateloupia indica



                	[118]



                	—

              




              

                	Iota-carrageenan



                	Attenuated the viral load in the nasal lavage of patients


                respiratory viral infections, including influenza B



                	Influenza B



                	Red seaweed



                	[119]



                	Clinical study

              




              

                	Fucose: main monosaccharide in total sulphated polysaccharides


                sulfated galactofucan fractions



                	IC50 = 12.5–15.6 µg/ml



                	HSV-1 and CVB3



                	Dictyota dichotoma



                	[120]



                	—

              




              

                	Combined intranasal spray, including carrageenan and zanamivir (an NA inhibitor)



                	Increase survival of infected animals in comparison with both mono-therapies or placebo and is longer lasting post 72 h of infection in


                lethal influenza model with a low pathogenic H7N7 virus and an H1N1(09) pdm influenza virus



                	H7N7 virus


                H1N1(09)



                	



                	[122]



                	—

              




              

                	GFP



                	The expression of the AIVH9N2 gene decreased significantly in 20 µg/ml concentration



                	Avian Influenza Virus (AIV)



                	G. filicina



                	[123]



                	—

              




              

                	Fucoidans



                	IC50: 0.33 to 0.7 μg/ml)



                	Anti-HIV



                	
Turbinara ornate, Sargassum mcclurei, and Sargassum polycystum




                	[124]



                	—

              




              

                	SPs



                	Highest antiviral action at the lowest concentrations (IC50 0.275 𝜇g/ml and 0.985 𝜇g/ml)



                	Measles virus



                	
Solieria filiformis and Eisenia arborea




                	[127]



                	—

              




              

                	Fucoidan (FF2)



                	95.6% inhibition in the HIV-1 P24 assay along with reverse transcriptase activity at concentrations of 1.56 and 6.25 μg/ml



                	HIV-1



                	S. swartzii



                	[129]



                	—

              




              

                	Fucoidan



                	IC50: 131.7 μg/ml



                	Anti-HIV



                	Dictyota bartayesiana



                	[130]



                	—

              




              

                	Sulfated derivatives of xylogalactofucan and alginic acid



                	IC50: 0.6–10 μg/ml



                	HSV I



                	Sphacelaria indica



                	[62]



                	—

              




              

                	TANNINS

              




              

                	8,4ʹʹʹ-dieckol



                	91% inhibition ratio at the concentration of 50 μM against HIV-1 reverse transcriptase (RT) enzyme along with the inhibition HIV-1 entry



                	HIV-1



                	Ecklonia cava



                	[131]



                	—

              




              

                	Dieckol (DE) and phlorofucofuroeckol-A (PFF)



                	EC50: 0.9 μM against anti MNV activity



                	Murine norovirus



                	Eisenia bicyclis



                	[132]



                	—

              




              

                	Phlorofucofuroeckol



                	IC50 values, 4.5 and 14.7 μM against group-1 NAs [H1N1])


                Influenza virus



                	H1N1



                	Ecklonia cava



                	[133]



                	—

              




              

                	6,6′-bieckol containing pharmaceutical composition



                	Inhibited HIV-1 induced cell fusion, cell lysis effect, cytopathogenic effect, including virus p24 antibody production, RT enzyme inhibition action and HIV-1 infection inhibition action,



                	HIV-1



                	Ecklonia cava



                	[134]



                	US patent

              




              

                	TERPENES

              




              

                	Dolabelladienol A



                	IC50: 2.9 μM



                	HIV-1



                	Dictyota pfaffii



                	[88]



                	—

              




              

                	Dolabelladienetriol



                	Dose-dependent inhibition in the presence of HIV-1 with 20 to 99% in concentrations of 0.15 and 14.4 μM, respectively in explant model in the uterine cervix



                	HIV-1



                	Dictyota friabilis



                	[136]



                	—

              




              

                	6-hydroxydichotoma-4,14-diene-1,17-dial



                	EC50 value of 5.10 and 5.90 μM



                	HSV-1



                	Dictyota menstrualis



                	[137]



                	—

              




              

                	Two meroditerpenoids aromatic acid and epitaondiol, and a methyl ester derivative of aromatic acid



                	ED50: 1.01-3.52 µg/ml)



                	Human metapneumovirus (HMPV)



                	Stypopodium zonale



                	[138]



                	—

              




              

                	Dolastane diterpenes 1



                	AntiHIV-1 infectivity of up to 99% at a concentration of 25 μM



                	HIV-1



                	Canistrocarpus cervicornis



                	[139]



                	—

              


            

          




        




        
[image: ]


Fig. (9))


        Structure of Dolastane 1 and 3.

      




      

        Seagrass




        Five flavonoids (asebotin, rutin, 3-hydroxyasebotin, quercetin-3-O-β-D- xylopyranoside, and a racemic mixture of catechin) and caffeic acid were separated and identified for the first time from seagrass, Thalassodendron ciliatum by Hamdy et al. [140]. The crude extracts exhibited 100% antiviral activity (in vitro) against HSV and hepatitis A virus, while asebotin (Fig. 10), quercetin-3-O-β-D-xylopyranoside, and trans-caffeic acid (Fig. 10), showed viral percentage reduction in (96.6%, 70%, 53%, respectively) plaque formation of HSV-1 (1 mg/ml) in HCT-116, HEPG, MCF-7, and HeLa human cancer cell lines.




        Antiviral action of polyphenol complex from seagrass of the Zosteraceae family against a highly pathogenic strain of the tick-borne encephalitis virus was investigated on a passaged culture of porcine embryo kidney cells. The manifestation of antiviral activity was a decrease in the infectious titer of the virus and depended on the concentration and application schemes. Polyphenol complex in a concentration of 100 μg/ml diminished accumulation of pathogen in the cell culture by 2.8 log, post-application of the compound 1 h after cell infection. The virucidal effect is attributed to the direct inactivation of the virus and inhibition of virus replication at the early stage [141].




        
[image: ]


Fig. (10))


        Structure of some secondary metabolites.
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