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    Nature provides mankind with an amazing diversity of chemical structures, which is accompanied with corresponding variety of biological activities. This volume of presents the discovery of new bioactive natural products that have been clinically tested for use as drugs.




    Silva et al. in chapter 1 cover all recent patents on natural products in clinical trial to treat schistosomiasis- a neglected tropical diseases found in about 70 tropical and subtropical countries




    Salem et al. in two separate chapters 2 and 4 of this volume describe natural products used to treat metabolic disorders and cardiovascular diseases. A brief outline of the pathophysiology of metabolic disorders is provided in chapter 2. The chapter includes all natural products based drug therapies that are currently applied in clinical trials attributed to metabolic disorders. In chapter 4 those natural products that are specifically used to cure cardiovascular diseases have been discussed with special emphasis on their efficacy and safety under preclinical studies and clinical trials.




    Fluorine-containing natural products possess remarkable bioactivities. Statistical data regarding the role of fluorine in medicinal chemistry and drug design is very well established. Zhuang et al. in chapter 3 summarize the use of fluorinated natural products in drug development in a comprehensive way.




    Prevalence of various ocular diseases is high, but few remedies are available. Interestingly, natural compounds are also used for the prevention of ocular diseases. Johar et al. describe several avenues for the application of natural compounds in the prevention and treatment of various ocular diseases in chapter 5. The chapter also covers probable mechanisms responsible for the disease formation, identification of targets, and the evaluation of candidate molecules by in silico, in vitro and in vivo assays. It is hoped that the readers will enjoy reading the wide-ranging and comprehensive reviews contributed by eminent scholars.
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      Abstract




      Schistosomiasis, caused by trematode flatworms of the genus Schistosoma, is one of the most significant neglected tropical diseases in about 70 tropical and subtropical countries. It is estimated that over 200 million people are infected and more than 770 million are at risk of infection. S. mansoni, S. haematobium and S. japonicum are the major etiological agents of human schistosomiasis, whose treatment is dependent on a single drug, praziquantel (PZQ). In the light of the exclusive dependency on PZQ, there is an urgent and unmet need to discover novel therapeutic agents against this pathogen. In this chapter, we comprehensively addressed chemical and pharmacological aspects of the schistosomicidal patented compounds in the early 20th century, beginning with antimonials as the first compounds in the schistosomiasis treatment, passing over the next years with many chemical derivatives, such as imidazoline, acridone and carbazoles, and, after, with PZQ and artemisinin, in the 1980s. Also, recent patents have been described covering other drugs, such as N-phosphorylate amino acids, peroxide derivatives, and cysteine protease inhibitors along with new patents based on natural compounds, such as alkaloids, terpenes, and anthraquinones.
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      INTRODUCTION




      Schistosomiasis, also known as bilharzia, is one of the most significant neglected diseases, affecting more than 207 million people worldwide and exposing about 700 million to the risk of infection in more than 70 countries [1-3]. Schistosomiasis, which was described in 1852 by Theodor Bilharz, is a disease caused by trematodes worms of the genus Schistosoma. The main species that reach man are Schistosoma mansoni, S. guineans, S. japonicum, S. mekongi, S. intercalatum and S. haematobium [2]. Of these species, S. haematobium causes urinary schistosomiasis, classically manifested as inflammation and deformation of the bladder, ureters or kidneys, while S. mansoni, S. japonicum, S. intercalatum, S. guineans and S. mekongi are associated with intestinal inflammation and hepatosplenic schistosomiasis [4-6].




      Schistosoma is a parasite that presents a high sexual dimorphism, having separated and easily distinguishable sexes. Male adult worms are shorter than female, which in turn are larger and thinner. Usually, the couple is found together due to the gynecophore channel (opening on the back of the male worm that houses the female) and the intercourse between them is constant [7].




      Adult worms of S. mansoni live in the mesenteric veins, mainly in the inferior mesenteric vein, migrating against the circulatory current. Each female puts about 400 eggs per day on the walls of capillaries and venules. Some eggs are transported to the liver, where they cause fibromatous inflammation and chronic problems [7-9]. In the gut, the eggs are released along with the faecal cake.




      The eggs produced by adult worms are released by feces or urine in the water, where the mature eggs release the miracidium, which are the infective forms for the snails and can penetrate into various molluscs, mainly into snails of Biomphalaria, Bulinus and Oncomelania genus. After penetrating, the miracidium undergoes a sequence of transformations, originating the cercariae that are released in the water and, after contacting with the skin, penetrate into definitive host (human or other host) [7-9]. The cercariae are bifurcated larvae that actively penetrate the skin and mucous of the definitive hosts, through their suckers, intense movement and histolytic secretions [9]. Inside of the definitive host, the cercariae lose their bifurcated tail and transform into schistosomula, which migrate to the hepatoportal circulation, where they mature into male and female adult worms. After the coupling, pairs of adult worms migrate to their final niche in the mesenteric circulation where they begin egg production, which is responsible for the resulting immunopathological lesions [8-10].




      The pathology that characterizes schistosomiasis is caused mainly by deposition of eggs in tissues, including the urinary tract, intestine and liver. Also, parasite eggs may trigger more serious health problems such as bladder cancer, hepatic cirrhosis, hydronephrosis, and reproductive complications [4].




      The control of schistosomiasis is based on large-scale treatment of at-risk population groups, access to safe water, improved sanitation, hygiene education, and snail control. Current schistosomiasis control programs rely on one drug, praziquantel (PZQ). Chemotherapy with this drug, that was developed in the 1970s, has emerged as the major tool, because its safe and low-cost intervention produces a rapid impact [11]. However, the reliance on a single drug for the treatment of a disease as severe as schistosomiasis raises major concerns for health agencies and it is necessary to research and discover new drugs to act against the disease. In this context, this chapter attempts to summarize the schistosomicidal compounds patented in the early 20th century, and the main aspects related to the new patented schistosomicidal drugs, as well as clinical trials with some of them to treat schistosomiasis.


    




    

      



      1. Drugs Discovery and Patented Until 2000




      The period prior to 2000 was remarkable for the treatment of schistosomiasis, since it was a period of discovery of important drugs, such as PZQ, until now used as a pillar for the treatment of schistosomiasis.




      

        



        1.1. Antimonials and Piperazine Derivatives




        In 1917, emetic tartar (1) was first used in the treatment of schistosomiasis [12]. Antimony derivatives (Fig. 1) have been used for the treatment of leishmaniasis in humans and dogs for decades [13, 14]. However, the use of antimony derivatives has been abandoned due to its undesirable toxic effects and the appearance of less toxic drugs such as oxamniquine and praziquantel. In order to develop alternatives to these drugs, the antimonial derivatives (patent WO2006000069 A1) were improved with the aid of liposomes and cyclodextrins aiming to inhibit the toxic effects and to deliver the drug exactly to its site of action. As a result, this present invention found that both promote cutaneous and transdermal drug absorption. Antimony derivatives include preferentially the pentavalent antimonial, meglumine antimoniate (2) and sodium stibogluconate (3), and antimony complexes [15]. In agreement with the present invention, it has been demonstrated that the association of an antimonial to cyclodextrin results in increased oral, cutaneous and percutaneous absorption of antimony. In this way, this invention presents a potential drug for use by oral and topical routes, for the treatment of schistosomiasis [15].




        The patent DE2901350 A1 (1980) provided a novel agent for the treatment of schistosomiasis, with the administration of alkali metal salts of 2,3-dimercaptopropane-1-sulfonic acid together with the known antimony compounds. The association enhances the effect of the compounds but also, at the same time, significantly reduce their toxicity [16].




        
[image: ]


Fig. (1))


        Antimony derivatives. Tartar emetic (1), meglumine antimoniate (2) and sodium stibogluconate (3)



        Other compounds used were the piperazine derivatives. Among potential drugs, piperazine compounds (Fig. 2) possess a six membered heterocyclic ring containing nitrogen, which is present in several drugs with important medicinal potentials [17]. In 1964, Abbott Laboratories patented the use of piperazine derivatives, for the treatment of schistosomiasis. One of these derivatives, named as A-16612 (4), showed high schistosomicidal activity in mice. However, in monkeys and humans, A-16612 (4) caused serious adverse effects, such as hallucinations and asthenia [18]. Following, in 1965, the Patent US 3203858 A described arylpiperazine sulfones, such as (5), as effective agents against S. mansoni in some animals and, especially, in humans by oral or parenteral routes of administration [19]. In 1971, Tomcufcik et al. deposited a patent describing the synthesis of various schistosomicidal aminoalkylene piperazines 1,4-substituted, such as (dimethylamino-3-propyl)-1-piperazine (6) and benzoyl-1 (dimethylamino-3-propyl)-4-piperazine (7), which inhibited the development of the S. mansoni cycle in mice [20]. Also, in 1972, the patent US3639602 A reported the use of 2,4-di-4-arylpiperazine compounds, such as (8), and their acid salts as effective in vivo agents for treating schistosomiasis, when orally or parenterally administered at the doses of 50 to 500 mg/kg [21]. Similarly, the patent US4515793 described the use of phenylpiperazines derivatives, such as (9), as in vivo antischistosomial compounds. Results showed that after 120 days of treatment, when mice were treated with two oral doses of 40 or 125 mg/kg, a 100% of worm’s reduction was observed [22].
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Fig. (2))


        Some schistosomicidal piperazine derivatives: A-16612 (4), bis-[4-(3-chloro-4-methylphenyl) piperazine] ethyl sulfones (5), (dimethylamino-3-propyl)-1-piperazine (6), benzoyl-1 (dimethylamino-3-propyl)-4-piperazine (7), 2,4-di- (4-arylpiperazino) (8) and 2-[4-[3-Chloro-4- (hydroxymethyl)phenyl-l-piperazinyl]-l-phenylethanone (9).



        At that time, other compounds were developed and researched (Fig. 3). The patent GB908986 A in 1962 comprised racemic and optically active compounds, such as (10), which are particularly useful in reacting with trivalent antimony compounds to yield complexes that could be used in the treatment of S. mansoni infections [23]. In 1976, the patent CH 571475 A5 described interesting chemotherapeutic properties, as well as low toxicity for diethylaminobenzaldehydes, such as (11), with was active against helminths, especially against Schistosoma sp [24]. Likewise, nitrofuranepropenamides, such as (12), was patented in 1986 with the number JO 1360 B. The invention described their parasiticidal activity against certain types of infective worms, including Schistosoma species [25].
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Fig. (3))


        Some schistosomicidal compounds. 2,3-dimercapto-succinic acid (10), 4-(2-diethylamino-ethylamino)-benzaldehydes (11) and N-(4-methoxy-2-methyl phenyl)-3-(5-nitro-2-furanyl) propenamide (12).

      




      

        



        1.2. Imidazolidine Derivatives




        The use of imidazolidine compounds (such as 13) was introduced as an alternative to treat schistosomiasis in 1964. Since that, new derivative compounds have emerged to improve the treatment. It is known that the imidazolidine core is an extremely important pharmacophore group, known in the literature by its large spectrum of biological activities, including the schistosomicidal activity. The following patent, GB1278272 A (1972) described the use of the new hexahydro-imidazoquinoline compound (13) (Fig. 4) in the treatment of schistosomiasis [26].




        The new hexahydro-imidazoquinoline compound (13) was orally and intraperitoneally administered in mice. The dosages were 25mg/Kg daily, during 4 days, or 50 mg/kg in a single dose. The efficacy was checked 24 hours after the last treatment, showing that all compounds were only slightly less active than the parent compound. However, the derived compounds demonstrated a longer-acting than their parent compounds and their therapeutic effectiveness seems to be as good as or even better than the parent compounds [26].
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Fig. (4))


        Example of imidazolidine compounds (13).

      




      

        



        1.3. Acridanone Derivatives




        Some acridanone derivatives, developed by Hoffmann-La Roche in 1985, have demonstrated schistosomicidal activities through distinct mechanisms of action. The main compound appointed to have powerful antischistosomal activity, is Ro 15-5458 (14) (Fig. 5), which was patented (US4711889). This compound exhibited significant action in comparison with standard antischistosomal drugs against the three principal human species of the parasite [27, 28]. Firstly, it was demonstrated, by Sturrock et al., (1985), that doses of 25 mg/kg were fully effective against S. mansoni [27, 28]. Moreover, the association of PZQ with Ro 15-5458 (14) was high effective on reducing S. mansoni infection [29]. Other researches have demonstrated the effectiveness of this compound on different phases of the parasite development, and different Schistosoma species [30-32].
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Fig. (5))


        Chemical structure of the Ro 15-5458 (14).

      




      

        



        1.4. Carbazoles




        The Patent WO 8911480 A1 (1989) described the schistosomicidal and antitumor effects of the 6H-pyrido(4,3-b)carbazoles derivatives, which are synthetic compounds related to ellipticine (15) and olivacine (16) (Fig. 6) [33, 34]. It was found that the compound cis-octahydro-6H-pyrido[4,3-b]carbazole (17) presented schistosomicidal activity in both hycanthone-sensitive and hycanthone-resistant worms. Hycanthone is a drug with known schistosomicidal activity [33].
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Fig. (6))


        Carbazoles and its derivatives. Ellipticine (15), olivacine and (16) 5-hydroxymethyl-11-methyl-6H-pyrido [4,3-b] carbazole N-methylcarbamate carbazole (17).

      




      

        



        1.5. Aminoacyl Adenylate Mimics




        Aminoacyl-tRNA synthetases (AARS) are a family of essential enzymes that may be found in every biological cell that are responsible for maintaining the fidelity of protein synthesis, by catalyzing the aminoacylation of tRNA [35]. The disruption of protein translation in some organisms may be caused by inhibition of tRNA synthetases. According to the patent US5726195 A (1998) new tRNA synthetases inhibitors have emerged, such as aminoacyl adenylate mimics, which inhibit isoleucyltRNA synthetases and have efficacy against a broad spectrum of bacteria, fungi, and parasites [35]. It was found that the compound (18) (Fig. 7) were active against parasites, including Entamoeba, Leishmania, and Schistosoma [35].
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Fig. (7))


        Aminoacyl adenylate mimic compound (18).

      




      

        



        1.6. Praziquantel, Its Derivatives and Recent Studies




        In the late 1970s, PZQ (19), an isoquinoline-pyrazine derivative, was introduced and immediately proved to be superior to any other schistosomicidal drug, quickly becoming the drug of choice in most endemic areas. PZQ is effective against all human adult worms of Schistosoma species, but has poor activity against juvenile worms. It has very low toxicity, and no important long-term safety difficulties have been documented in people so far. PZQ has several advantages, such as low cost, single administration with high efficacy, broad therapeutic profile, high tolerability, and few and transient side effects [36]. The mechanism of PZQ action is not clearly understood; calcium alterations appear to be the primary effects of this drug [37].




        Considering that more than 218 million people need treatment for the disease each year and that the drug is the only one indicated by WHO to treat the disease, the emergence of praziquantel-resistant parasites is a concern [11, 38]. Currently, there are several patents involving this drug, its derivatives, medicinal associations and pharmaceutical formulations in order to improve its pharmacokinetic and pharmacokinetic characteristics. In addition, because it is a drug worldwide and extensively used, there are many clinical trials with PZQ.




        The patent EP0024868B1 (1981), also published as DE3063894 D1, EP0024868 B1 and US4303659, reported the association of PZQ and oxamniquine [39]. Oxamniquine, a tetrahydroquinoline derivative, is described as one of the most promising schistosomicides [40]. In the last thirty years this drug has been widely used on the American continent, in particular in Brazil, where S. mansoni is the only endemic species. Oxamniquine is relatively safe, with limited side effects, but has some disadvantages, such as be effective only against S. mansoni. Oxamniquine is being withdrawn from the market and replaced by PZQ [41]. The finding involved in this patent is that the concomitant use of oxamniquine and PZQ is particularly valuable in the treatment of schistosomiasis, due to a synergism. Different concentrations of the associated compounds were tested, the oxamniquine to PZQ ratio being 1: 0.5 to 1.0: 5.0, in dosage forms for oral administration (syrup, tablets, capsules and the like). The reported dose is dependent on the individual's body weight, but is generally 1-20 mg/kg of oxamniquine and 2.5-40 mg/kg of PZQ, when administered orally or parenterally. The assay was performed on Charles River (UK) CD-1 mice, infected with the Puerto Rican strain of S. mansoni. Formulations were orally administered by gavage and after 14 days the animals were euthanized. Then, worms were recovered by portal hepatic perfusion and the liver was histologically evaluated. Comparing the association with the isolated compounds, the total dose required for the combination to promote the same efficacy of the individual compounds is the half dose of using oxamniquine alone and 1/7 of the dose using PZQ alone [42].




        Regarding the improvement of PZQ activity by new formulations, the Patent CN102138890 A (2011) describes the preparation of a transdermal formulation of PZQ to 35%, adjuvant 206 of 40% to 60% and aqueous solution [43]. The transdermal formulation may enhance the bioavailability of pharmaceutical preparations, provided it ensures the penetration of the drug. Therefore, a transdermal penetration enhancer was used in the formulation, consisting of a mixture of isopropyl myristate, nitrione, propylethylglycol, oleic acid, and the like. The formulation was tested on New Zealand white rabbits infected with S. japonicum, 28 days post infection. The rabbits were divided into groups and group I received formulation with a concentration of the drug equal to 24%, given once. Group II also received the concentration of 24%, but 2-fold. After 45 days of treatment, the rabbits were sacrificed, worms were collected after portal hepatic perfusion and the eggs present in the liver were collected for counting under an optical microscope. The results show a reduction of 80% of adult worms in group I and 96.23% in group II [43].




        Among PZQ derivatives (Fig. 8), the patent CN102285985 B (2011), also published as CN 201110142534 [44] related the used of the hydroxylated praziquantel derivative (10-hydroxyl PZQ, 20). This compound has some advantages over PZQ. While PZQ is active only against the adult forms of S. japonicum, 10-hydroxyl praziquantel (20) demonstrated activity against adult and larval forms, in addition to better solubility. Previous work modified the aromatic ring with the addition of nitro groups or amides, but derivatives with nitro grouping showed no activity against S. japonicum and amides were less effective than PZQ [44, 45]. The schistosomicidal activity of 10-hydroxyl praziquantel (20) was also compared with other compounds, such as artemisinin derivatives, as reported by Duan et al. [46]. In vitro and in vivo results demonstrated that 10-hydroxy praziquantel (20) is a promising schistosomicidal compound, since it was very active against larval and adult forms of the parasite [46].




        The patent CN105037354 A (2015), also published as CN102432607 A, related the use of other pyrazine isoquinoline derivatives (21 and 22) similar to PZQ and their application for the treatment of schistosomiasis, with a focus on the elimination of adult worms and larvae [47]. The compounds of this invention and the mechanism of action are not well understood. However, the activity is similar to PZQ, being related to calcium channels, contraction of the muscles and damages in tegument, with affect the absorption of nutrients [47]. These compounds show rapid absorption after oral administration, and highest plasma concentration of the drug in the plasma is reached after 1 to 2 hours. Metabolization occurs in the liver and its main product is a hydroxylated metabolite. The compound does not cross the placenta, does not accumulate in tissues, and binds to serum proteins by up to 80%. The compounds (21 and 22) were tested in pharmaceutical formulations for oral or parenteral administration and satisfactory results were obtained at 10 to 25 mg/kg. The in vitro assay was performed with S. japonicum and compounds were tested at concentrations of 5-50 mol/mL. Results showed that the new compounds are more active than PZQ, causing the death of both larvae and adult worms [47]. Other active PZQ derivatives were also matter of invention in the patent CN104327076 A (2015), which related the use of the racemic compounds 23, 24 and 25 for the treatment of schistosomiasis [48].
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Fig. (8))


        Praziquantel and related compounds. Praziquantel (19), 10-hydroxyl praziquantel (20), pyrazine isoquinoline derivatives (21 and 22), Rac-1 (23), Rac-2 (24) and Rac-3 (25).

      


    




    

      



      2. Artemisin, its Derivatives and Recent Studies




      The schistosomicidal activity of artemisinin (26) was first reported by Chen et al., 1980 [49]. Since then, laboratory-based studies have revealed that some artemisinin derivatives, best known for their antimalarial properties, also have potential effects against the juvenile forms of S. mansoni [12, 50]. In 2003, Li et al. patented (WO2003022855 A1) the new tert-butoxy dihydro-artemisinin derivative (27) (Fig. 9) against Schistosoma. Comparing with other artemisinin derivatives, the tert-butoxy dihydro-artemisinin (27) has a highest therapeutical index (> 1700), as well as it may reduce the toxicity and side effects [50-52].




      In 2004, according to the patent CN102276632 B, it was introduced the idea of using the combination of the artemisinin derivatives artesunate (28) and artemether (29) with PZQ against S. japonicum [53]. In this regard, a new compound DW-3-15 (30) was synthesized, bonding covalently a PZQ molecule with an artemisinin derivative. This new compound DW-3-15 (30) was tested against young and adult schistosomes of S. japonicum, showing 100% of dead against both phases in 24 hours at 25 μM concentration. When tested in mice, the oral administration of DW-3-15 (30) (200 mg/kg, for 5 days) was able to reduce in 55.3% the worm burden, while the rate of reduction of PZQ was 50.3% [54].
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Fig. (9))


      Artemisinin and its derivatives. Artemisinin (26), tert-butoxy dihydro artimisinin (27), artesunate (28), artemether (29) and DW-3-15 (30).



      More recently, in 2013, another patent has been filed in respect of artesunate (28) derivatives. This invention (CN103405779 A) disclosed a long-acting artesunate drug for preventing schistosome infection. According to this invention, artesunate was coupled to the GST-NSP protein, producing an artesunate n-GST-NSP conjugate, with low immunogenicity. This conjugate is able not only to maintain the activity in juvenile schistosome, but also to prolong the half-life period of the artesunate in the host, being active in the early phases, as well as in preventing schistosome infection [55].


    




    

      



      3. Recent Patents and Clinical Trial of Synthetic Drugs




      

        



        3.1. N-phosphorylated Amino Acid




        The invention, described in the patent CN1262929 A in 2000, reported some phosphorylated amino acids for the reduction of the hepatic granulomas caused by schistosomiasis, possessing reduced toxicity [56]. N-(O, O- diethyl) - phosphoryl tyrosine (31) were tested in mice infected with S. japonicum, intraperitoneally administered at doses of 6 mg/day for 10 days. After 3 weeks of treatment, mice were sacrificed and the number of S. japonicum eggs was quantified. Results demonstrated that after ten days treatment, the new compound (31) (Fig. 10) showed remarkable therapeutic effect, reducing in 49.33% the adult worms and 72.29% the number of eggs. Results of the trial demonstrated that the novel compounds have significant effect for the treatment of schistosomiasis [56].
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Fig. (10))


        N-phosphorylated amino acid. N-(O, O- diethyl) - phosphoryl tyrosine (31).

      




      

        



        3.2. Peroxide Derivatives




        The patent CN101909627 A (2010) also known as WO2009071553, described the new therapeutic use of peroxide derivatives to treat schistosomiasis [57]. Similar molecules were described in the patent applications US 6486199 B1 and US 20040039008 A1 [58]. In this patent (CN101909627) it was shown the in vitro schistosomicidal activity of PA1259 (32) (Fig. 11). PA1259 (32) was tested at 300, 100, 10, and 5 μg/mL on schistosomules and adult worms. PA 1259 (at 5 μg/mL) was able to kill 100% of schistosomules in 3 hours of incubation, as well as 100% of adult schistosomes in 1 hour when tested at 100 μg/mL [57, 59].




        Another peroxide derivative useful for the prophylaxis and treatment of schistosomiasis was patented in 2013 (US2013245108). This peroxide derivative (33) (Fig. 11) was capable of killing S. mansoni at the immature stage, in vivo inhibiting the growth of the schistosomes and preventing the development of liver dysfunction [60]. In vivo experiments showed a reduction of about 86% in the number of recuperated worms and a reduction of 98% in the number of eggs produced by adult female schistosomes [60].
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Fig. (11))


        Peroxide derivatives PA1259 (32) and (33).

      




      

        



        3.3. Oxadiazole N-oxide Derivatives




        As S. mansoni worms lives in an aerobic environment, they have to minimize damages caused by oxygen radicals, such as superoxide, H2O2, and hydroxyl radical. In this regard, an option in the development of new compounds is new drugs that will target the parasite’s redox system, which depends on thioredoxin-glutathione reductase (TGR), an enzyme that replaces both glutathione reductase and thioredoxin reductase in the parasite. Based on that, it is described in the patent WO2009076265 A1 (2009) the inhibition of TGR and the schistosomicidal activity of selected oxadiazoles N-oxide derivatives. In vitro assays showed that the oxadiazol 2-oxide (34) (Fig. 12) was able to kill adult worms and to inhibit TGR in schistosome [61]. As furoxan (35) (Fig. 12) shares with another member of its family 1,2,5-oxadiazole ring, it was tested to check its ability to inhibit TGR in the parasite [61]. In vivo experiments indicated furoxan (35) was significantly active against all intra-mammalian lifecycle stages of S. mansoni, with at least an 89% of reduction in worm burdens [61].




        Also, the patent US2011207784 A1 (2011) worked in the same field, assessing the schistosomicidal activity of oxadiazoles compounds, specifically oxadiazole-2-oxides [62]. Results showed that the oxadiazole-2-oxides derivatives (36) were able to inhibit TGR at concentrations of 0.11 µM and 11.2 µM, as well as to kill 100% of treated S. mansoni worms after 48h of incubation [62].
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Fig. (12))


        Oxadiazoles compounds. Oxadiazole 2- oxide (34), Furoxan (35) and Oxadiazole derivative (36).

      




      

        



        3.4. Trioxolanes




        The invention of 1,2,4-trioxolanes, with their prodrugs and analogues (Patent EP2599779, 2013), comprises novel compounds able to treat malaria and schistosomiasis. The trioxolanes analogues of 1,2,4-trioxolane (37) (Fig. 13) have been found to be effective in the treatment of schistosomiasis with a low degree of neurotoxicity, being suitable for both oral and non-oral administration. Trioxolanes are active against both cercaria and adult S. mansoni and S. japonicum when administered at 100-200 mg/kg/day orally. It is also believed that these trioxolanes will be active against S. haematobium [63, 64].
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Fig. (13))


        Structure of 1,2,4-trioxolanes analogues (37).

      




      

        



        3.5. Cysteine Protease Inhibitors




        Cysteine proteases are a class of proteolytic enzymes that help schistosomes to degrade the ingested blood proteins. The cysteine proteases play an important role in the life cycle of parasite organisms [65, 66]. In vivo experimental studies with cysteine protease inhibitors (Fig. 14), such as the phenyl vinyl sulfone (K11777) (38) and valproic acid (39) was performed in mice infected with S. mansoni. The inhibition of these schistosome enzymes resulted in a significant reduction in parasite burden in experimentally infected mice. Using cysteine protease-specific substrates and active site labelling, they identified cathepsin B1 as the molecular target of K11777 (38) and the major cysteine protease associated with the schistosome gut. However, as disadvantage, K11777 (38) should be administered intraperitoneally, during long-course treatment. On the other hand, experiments using valproic acid (39) as the protease inhibitor resulted in moderate worm burden reduction (41%), but a considerable decrease in the faecal egg counts (84%) [67]. Similarly, the Patent US 2012101053 (2012) is an invention related to inhibition of the papain cysteine proteases, which can be useful in the treatment of parasitic diseases. Two cysteine proteases (SmCL1 and SmCL2) are present in the human blood fluke S. mansoni. SmCL1 may play a role in the degradation of host hemoglobin, while SmCL2 may be important to the reproductive system of the parasite [68]. Inhibition of one or both proteases may provide an effective treatment for human schistosomiasis. Then, this patent is related to the use of compounds (general formula 40 and 41) as cysteine proteases inhibitors, being capable of inhibiting and/or decreasing the cathepsins activities, including, but not limited to, cathepsins and papain-like cysteine proteases [68]. Likewise, the patent WO 2009067797 A1 (2009) described some cysteine protease inhibitors for the treatment of parasitic diseases [10]. This invention reported the use of compounds (42 and 43) for inhibiting or decreasing the activity of cruzipain, a cysteine protease necessary for some parasites life-cycle. Compounds of this present invention are capable of treating and/or preventing parasitic diseases, including malaria, trypanosomiasis, and schistosomiasis [69].
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Fig. (14))


        Cysteine Protease Inhibitors. Phenyl vinyl sulfone (K11777) (38) and valproic acid (39) and related compounds (40, 41, 42 and 43).

      




      

        



        3.6. Decoquinate Analogues




        The recent invention in 2016 (Patent CN105330602 A) disclosed decoquinate analogues (Fig. 15) and their application in pharmaceutical chemistry. Decoquinate analogues are active compounds that kill schistosomes and can open up a new way for finding new lead schistosomicidal compounds. This patent described decoquinate analogues which have relevant activity against S. japonicum, especially JD487 (44) and JD458 (45), which are able to cause 100% of dead worms of S. japonicum at 25 μΜ [70].
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Fig. (15))


        Decoquinate analogue. JD487 (44) and JD458 (45).

      




      

        



        3.7. Platinum Complexes




        Patent US 2005080131 A1 (2005) described the use of platinum to treat oncological, viral, bacterial, and parasitic disease, such as schistosomiasis. It has been suggested that cellular cytotoxicity of platinum compounds is a result of platinum compounds being reduced to platinum in the cell. Surprisingly, platinum complexes of the present invention may not require this type of reduction in the cells to have a cytotoxic effect. Therefore, platinum complexes of the present invention are distinct from platinum compounds in the art by maintaining their correct oxidative conformation as platinum compounds which are more effective than the existing platinum compounds. In addition, platinum complexes of the invention can also form nitric oxide in the cells as radicals thereby killing the cells through the formation of oxide radicals [71].


      




      

        



        3.8. Other Compounds




        In the patent BR 1020130279226 A2 (2015) it was described the schistosomicidal potential of 3,7-dimethyl-1-octanol (46) (Fig. 16) against adults worms of S. mansoni and its use in the pharmaceutical formulations for prevention and treatment of schistosomiasis. In vitro studies with adult schistosomes showed that this compound caused dead of worms after 24 h of incubation with 3,7-dimethyl-1-octanol (46) (50 µg/mL) [72].




        The compounds, in the patent CN103622977 A in 2014, were developed aiming to inhibit the 3-oxoacyl-ACP reductase (OAR), a key rate-limiting enzyme of the fatty acid synthesis pathway of Schistosoma [43, 52]. Based on that, compound (47), and its analogues, act inhibiting the OAR (Fig. 16). According to Liu et al. (2013) the compounds OAR 22 (48) and OAR 27 (49) exhibited strong antischistosomal activity and inhibitory effects on the enzymatic activity of OAR, as well as low toxicity against the host cells [73, 74].
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Fig. (16))


        Other compounds with schistosomicidal activity. 3,7-dimethyl-1-octanol (46), 2- [2- (4-chloro-2-nitrophenyl) amine-1-hexene] -4,6-difluoro (2 - [2- (4-chloro-2-nitrophenyl) diaz-1-enyl] -4,6-difluorophenol) (47), OAR 22 (48) and OAR 27 (49).

      


    




    

      



      4. Recent Patents and Clinical Trial of Natural Compounds




      

        



        4.1. Polyunsaturated Fatty Acids




        Fatty acids are termed saturated fatty acids, when no double bonds are present between the carbon atoms, and are termed unsaturated fatty acids, when double bonds are present [75]. Polyunsaturated fatty acids (PUFAs) are classified based on the position of the first double bond from the methyl end of the fatty acid. An example of PUFA is the arachidonic acid (ARA) (50), an all-cis 5,8,11,14-eicosatetreanoic acid, called an omega-6 fatty acid: 20:4(ω-6), which is present in the phospholipids of membranes and has been hypothesized to act to kill juvenile and adult male and female worms of S. mansoni and S. haematobium [75].




        In 2009, the patent GB2460056 reported a formulation containing an omega-6 unsaturated fatty acid, preferably arachidonic acid (50), together with an omega-3 unsaturated fatty acid, such as docosahexaenoic acid (51) for use in the treatment of schistosomiasis (Fig. 17) [75]. More recently, Hadley and Rashika (2015), in the patent WO2015123480 A2, described the application of arachidonic acid (50) for the treatment of schistosomiasis [76]. Also, authors have performed a randomized controlled trial, assessing the effect of dietary supplementation with arachidonic acid (50) on the cure rates of children (with clinically confirmed schistosomiasis) with or without concomitant treatment with PZQ. In this clinical trial described in patent (WO2015123480A2), children were randomly divided into groups, where the first group received a single oral dose of PZQ (40 mg/kg) on the first day of treatment, while the second group received ARA (10 mg/kg b.w./day) for 15 days over three weeks [76], and the third group received PZQ and ARA. The ARA treatment resulted in a 77% of cure rate for children having low infection and 50% of cure rate for children having moderate and high infection. Also, the PZQ-ARA treatment showed 94% of cure rate for children having low infection and 71% cure rate children having moderate and high infection [76].
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Fig. (17))


        Structure chemical of Arachidonic acid (50) and Docosahexaenoic acid (51).

      




      

        4.2. Alkaloids




        Epiisopiloturine (52) (Fig. 18) is an imidazole alkaloid with activity against some parasitic infections, such as schistosomiasis and leishmaniasis. This alkaloid was found in the leaves of Pilocarpus microphyllus, known as “Jaborandi” [77]. Lima et al. (2011) described the application of this compound in the patent PI09041109 A2 for the treatment of leishmaniasis and schistosomiasis [78]. Cytotoxicity was evaluated in peritoneal cells of Swiss female mice at different concentrations, showing that at concentrations of 4 to 128 μg/mL this alkaloid did not interfere with macrophage functions. Also, in the in vitro schistosomicidal assay epiisopiloturine (52) (50, 100, 150 and 200 μg/mL) caused damage in schistosome tubercle and parasite death [79]. In vivo assays, using single doses of 40 and 300 mg/kg, decreased in about 50% the worm burden, as well as reduced in 80% the number of excreted eggs [80].


      




      

        



        4.3. Natural Oils and Peptides




        Mirazid is an antischistosomal drug available in the local Egyptian market since 2001 (Mirazid®). It originates from Myrrh, a medicinal herb that has been used for thousands of years. Myrrh (Arabian or Somali Myrrh) is an oleo-gum resin, obtained from the stem of various species of Commiphora (Burseraceae) growing in northeast Africa and Arabia [81]. From this plant, it is possible to extract oils, specifically the oleo-gum resin that is very useful as an antischistosomal agent [81]. The pharmaceutical composition, described in patent US 6077513 (2011) for treating S. mansoni, consisting of isolated myrrh oil and myrrh resin, contains 7-17% of volatile oil, 25-40% of resin, and 57-61% of gum [81]. A combination of resin and volatile oil from Commiphora resulted in a marked reduction in worm load, reaching 100% after two weeks of treatment [81]. Mirazid is under investigation in clinical trial (phase III) in an open-label randomized non-placebo-controlled study in which the investigators will compare the efficacy and safety of Mirazid to PZQ for the treatment of schistosomiasis.




        Within the structural class of natural peptide active compounds, the so-called cephaibols are distinguished, containing many amino acids. They are synthesized from Acremonium tubakii FH 1685 DSM 12774 during fermentation and released into the culture medium. The cephaibols, according to patent US 2003203848 A1, are suitable to control human and animal pathogens, including S. mansoni [82].


      




      

        



        4.4. Terpenes




        Nerolidol (53) (Fig. 18) is a sesquiterpene used as flavor enhancer and can be found in many essential oils. It can currently be purchased in the form of an isolated or synthetic product. The patent BR 1020120063310 refers to the schistosomicidal activity of this compound [83]. In vivo experiments showed that the treatment with nerolidol did not provoke any acute toxicity in animals, as well as a low mortality rate was observed among the groups that received doses ranging from 1000 to 5000 mg/kg of this compound [83]. Also, when in vitro tested against S. mansoni, nerolidol (53) (12.5 μg/mL) killed all adult worms in a dose dependent rate [83]. According to authors, a single dose of nerolidol (100, 200 or 400 mg/kg) administered orally to mice infected with adult schistosomes resulted in a reduction in the worm burden and egg production [83, 84].




        (+)- epoxy-limonene (54) (Fig. 18) is a secondary metabolite of (+) limonene epoxidation. It consists of a mixture of cis and trans isomers that posses antimicrobial activity against S. aureus ATCC 25923 and C. albicans ATCC 76645 reported and proven [4]. This compound was described in the patent BR102012006336 (2013), which reported the in vitro schistosomicidal activity of (54) [85]. (+)-epoxy-limonene (54) reduced motility and killed all adults [86].




        Carvacrol (55) (Fig. 18) (patent BR 10 2012 007004 9 A2, 2013) is a monoterpene present in essential oils of many species of medicinal and aromatic plants. It has been widely used both as a food or food additive in the food industry for a long time. In recent years, its multiple functions have been well studied in different fields. Carvacrol has shown several biological activities, such as antioxidant, antiviral, antibacterial, fungicidal, insecticidal and acaricidal properties. Moreover, this monoterpene has been shown to have antiprotozoal activities against Giardia lamblia, Leishmania chagasi and Trypanosoma cruzi parasites. Although the carvacrol is widely used and well known for its medicinal properties, this natural product has been poorly investigated for its anthelmintic potential. It was demonstrated that carvacryl acetate, at 6.25 μg/mL, has antischistosomal activity, affecting parasite motility and viability [87].


      




      

        



        4.5. Other Triterpene Derivatives, Diterpenes and Saponins




        The patent RU20130151703 20131120 reported a method of production and the schistosomicidal potential of triphenylphosphonium salts of lupane and ursane triterpenoids (56) (Fig. 19) [88].




        Pulsatilla herbs are derived from the dry roots of Pulsatilla chinensis (Bunge). In the Traditional Chinese Medicine, this plant is used for stomach diseases and amoeba dysentery. It was found that Pulsatilla decoction had great effect on killing some parasites. Pentacyclic triterpenoid saponins, mainly oleanolic and lupane-type, especially the oleanolic saponin: 3(1 → 2) -α-L-arabinose-oleanolic acid-28-O-β-D-glucose- (1 → 3) -α-L-rhamnose- (1 → 6) -β-D-glucose ester (57) (Fig. 19), are one of the major classes of secondary metabolites found in this plant [89]. The patent (CN102631361 A) reported the used of these saponins, including (57) for the treatment and/or prevention of schistosomiasis [89].
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Fig. (18))


        Natural compounds with schistosomicidal activity. Epiisopiloturine (52), Nerolidol (53), (+) - epoxy-limonene (54) and Cavacrol (55).



        The WO2016097759 A1 patent related the schistosomicidal activity of diterpenes derivatives from sempervirol (58) (Fig. 19), particularly 7-keto-sempervirol (59) (Fig. 19), which is a phenol diterpene isolated from Lycium chinense [90]. According to authors, 7-keto-sempervirol (59), selectively kills schistosomula, inducing tegumental damage and motility disruption. Furthermore, 7-keto-sempervirol (59) dramatically inhibits the developmental maturation and oviposition of phenotypically normal S. mansoni eggs. Collectively these findings suggest that diterpenoids, such as 7-keto-sempervirol, have broad activities against related trematodes [90, 91].


      




      

        



        4.6. Tocopherols, Naphthoquinones and Anthraquinones




        Tocopherols are methylated phenols with antioxidant activity [92]. Alpha-tocopherol (60) (Fig. 19) is the most biologically active preventing peroxidation of polyunsaturated fatty acids from cellular and subcellular membranes [92]. Zhiyue et al. (2015) reported the application of alpha-tocopherol (60) in preparation of a drug for treating schistosomiasis (patent CN105078963 A) [93]. According to authors, alpha-tocopherol has in vitro schistosomicidal activity, inhibiting the development of the reproductive organ of schistosome, and then, the eggs laid by schistosome in a host are reduced [93]. In vivo experiments showed that the administration of alpha-tocopherol (60) (1, 15 and 20 mg/Kg/day, per gavage) is able to reduce the number of testicles and cause testicular atrophy in male worms, while in female worms it was observed immature ovary, uterus and vitellarium, causing a significant reduction in eggs laid [93].
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Fig. (19))


        Other natural compounds with schistosomicidal activity. Triterpene derivative (56), saponin (57), diterpenes (58 and 59), alpha-tocopherol (60), anthraquinones (61 and 62), and naphthoquinone derivatives (63 and 64).



        The patent WO 03089577 (A2) described the anthelminthic activity of anthraquinones, which is an important class of natural compounds with a wide range of applications. Besides their utilization as colorants, anthraquinone derivatives have been used since centuries for medical applications, such as laxatives and anti-inflammatory agents [94]. This invention related to in vitro and in vivo activities of anthraquinones against Schistosoma sp [95]. Anthraquinones extracted from Hemerocallis fulva ‘Kwanzo’ were in vitro tested for their activity against multiple life-stages (cercariae, schistosomula, and adult) of S. mansoni [95]. Anthraquinones (61) and (62) (Fig. 19), at 25 µg/mL, were found to rapidly immobilize Schistosoma cercariae to kill 50% of them by 24 hours post-exposure [96].




        The use of some naphtoquinones as schistosomicidal compounds, such as the menadione derivatives LJ83K (63) and LJ81K (64) (Fig. 19), was object of the patent application US9409879 B2 (2016) [97]. This work described the in vitro activity of LJ83K (63) and LJ81K (64) against S. mansoni worms in culture. Both compounds cause dead of parasites after 4 hours of treatment, when parasites showed “hairy phenotype” with the appearance of spicula on the tegument, suggesting that occurs an important perturbation in metabolism. In vivo assays were also performed, showing a large reduction in worm burden [97]. Other antiparasitic studies with some synthetics naphtoquinones have already shown that these naphthoquinones are also able to block the cercarial skin penetration. It was not shown the mechanism by which naphthoquinones work, but it is generally recognized that their antiparasitic activity involves modulation of parasite redox cycling, as well as production of reactive oxygen species, which provides a variety of oxidative stress in proteins, lipids and DNA and others macromolecules [98].


      


    




    

      CONCLUDING REMARKS AND FUTURE PERSPECTIVES




      In this chapter, the schistosomicidal compounds patented in the early 20th century, as well as the main aspects related to the new patented schistosomicidal drugs and natural products were addressed, some of which are in clinical trials to treat schistosomiasis. In comparison with other drugs, only a few synthetic or natural compounds have been studied and recently patented against Schistosoma and, unfortunately, only a few have been subjected to clinical trials. Although schistosomiasis is an important infectious disease that afflicts millions of people worldwide, it is still largely neglected and underappreciated. Schistosomiasis is a neglected disease, affecting people mainly in developing countries, which can not yet afford to pay for the high costs of research and drug development.




      After 1917, when tartar emetic was first used in the treatment of schistosomiasis, little advance was made in the development of antischistosomal drugs. Antimonial compounds were previously used but are now obsolete due to their toxicity. Oxamniquine was used on a large scale in Brazil, but it was also discontinued. In the late 1970s, praziquantel was introduced and became the drug of choice. After discovery of praziquantel in the 1970s, neither the pharmaceutical industry nor international donor agencies thought much about the possible need for alternative drugs for schistosomiasis. Currently, schistosomiasis control programs still rely on one drug, PZQ, which is the drug submitted to the most new clinical trials, mainly in association with another antiparasitic drug. However, in addition to the dependence on the praziquantel, its drug resistance is an imminent threat, particularly by means of its large-scale use. In this sense, researches into new antischistosomal drugs, as well as their clinical trials are imperative and urgent matters. In recent years, there has been an increase in the number of studies and publications using experimental models with Schistosoma. Currently, a number of natural and synthetic compounds have been in vitro and in vivo evaluated against Schistosoma species, but only a few compounds are effectively promising in order to be submitted to clinical trials.




      Unfortunately, it seems that no innovative schistosomicidal drug has been approved or submitted to relevant clinical trials in the last few years, and the investigations have been limited to combinations of repurposed compounds, with some exceptions for artemisinin derivatives, arachidonic acid, phytocomplexs (such as mirazid), and other natural products. In view of this alarming situation, many efforts should be made in order to find new effective and safe drugs that could be clinically evaluated and made a successful against schistosomiasis.
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