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Abstract

:

Schistosomiasis is a neglected tropical disease caused by parasitic worms of the genus Schistosoma. In Brazil, there are reports of infection by the Schistosoma mansoni species, which has the Biomphalaria glabrata snail as one of its intermediate hosts. The present work aimed to test the effects of different Abelmoschus esculentus seed extracts and fractions on adults and embryos of B. glabrata and S. mansoni cercariae. A total of four crude extracts and thirteen fractions with different organic solvents were used for the bioassays. The extracts were analyzed using high-performance liquid chromatography coupled to mass spectrometry. Molluscicidal activity was assessed in 24-well plates, after which the LC50 and LC90 were calculated. Assays with B. glabrata embryos and S. mansoni cercariae were also performed. These findings indicate the presence of flavanoids in the hexane, ethyl acetate, and ethanol crude extracts. For the molluscicidal activity assays, eight fractions had an LC90 value less than that recommended by the WHO. The methanol fraction of the dichloromethane extract (FrMeOH EDM) had the most promising results, with an LC90 of 37.15 mg/L and 100% mortality in embryos of B. glabrata and cercariae. FrMeOH, EDM, and other fractions are possible candidates for new drugs for the combat of schistosomiasis.
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1. Introduction


Schistosomiasis is a neglected tropical disease caused by the parasitic worms of the genus Schistosoma [1,2]. It is the second most common infectious parasitic disease and has the most significant impact on socioeconomic factors, general morbidity, and public health [3]. The disease has been reported in 78 countries worldwide and is endemic in 52 countries [4]. In this sense, the present work proposed testing crude extracts and their fractions of Abelmoschus esculentus (okra) seeds on one mollusk species that acts as an intermediate host of Schistosoma mansoni, as well as on cercariae, in the second larval stage of the parasite.



The distribution of snails as intermediate hosts for schistosomes and socioeconomic issues, such as poor sanitation, are related to disease occurrence [5,6]. Thus, combatting snails is a necessary prophylactic measure [7]. In Brazil, the S. mansoni species is the only one with reports of infection to date [8], with three species of snails serving as intermediate hosts: Biomphalaria tenagophila, Biomphalaria straminea, and Biomphalaria glabrata [9]. The latter has a larger geographic distribution [10] and increased susceptibility to infection by the parasite [11] compared to the other species.



Niclosamide® (Baylucide, Bayer, Leverkusen, Germany) is currently the only molluscicide recommended by the World Health Organization (WHO) for the control of schistosomiasis [12]. However, Niclosamide® has environmental toxicity [13,14,15] and has been used to treat mollusk infections [16,17]. Therefore, the discovery and development of new compounds to combat these snails without affecting other organisms are necessary [18]. To overcome the problem of environmental toxicity, several studies in the literature have sought to identify new compounds originating from natural products with molluscicidal activity. Therefore, we investigated the molluscicidal activity of A. esculentus.



Due to the existence of a large amount of biologically active molecules in plants, they have the potential to present therapeutic properties for the treatment of diseases [19]. These molecules can be observed in many manuscripts investigating the therapeutic activities of plants. The A. esculentus species is one of these studied plants and has several known biological activities [20,21,22,23,24].



Therefore, we aimed to evaluate the molluscicidal effect of crude A. esculentus seed extracts and fractions on embryos and adults of B. glabrata and S. mansoni cercariae.




2. Materials and Methods


2.1. Collection and Identification of Plant Material


The pods and seeds were collected from an A. esculentus plantation located at 50 Tupinambá Street, Paratí Neighborhood, in the municipality of Araruama, Rio de Janeiro state (RJ) (latitude: 22°51′42.72″, longitude: 42°17′40.57″).



Identification and classification were performed at the Botanical Garden, Rio de Janeiro, RJ, and were deposited in the Herbarium of Rio de Janeiro Botanical Garden under the number RB 762520.




2.2. Preparation and Fractionation of Extracts


Four extractions were performed using the solvents ethyl acetate, acetone, dichloromethane, ethanol, and hexane. The seeds were dried in an oven at 45 °C and then ground. After this, 20 g of seed was extracted in 250 mL of solvent until complete exhaustion in a Soxhlet extractor. After the extraction and subsequent evaporation of the entire solvent, each extract was diluted with 100 mL of pure dimethyl sulfoxide (100% DMSO), and a concentrated solution was obtained for future dilutions.



The extraction process described above was repeated separately in three solvents (acetone, hexane, and dichloromethane). Then, these three crude extracts were fractionated. The various extracts were mixed separately with 5 g of silica and placed on a rotary evaporator until they formed a pellet. In a vacuum filtration set, the pellet was placed over a layer of silica, after which another 5 g of silica was added to the pellet. The solvents were added in increasing order of polarity: hexane, dichloromethane, chloroform, ethyl acetate, acetone, ethanol, and methanol. Seven fractions were obtained in hexane, six in dichloromethane, and seven in acetone. No mass of the acetone fraction of the dichloromethane extract was obtained; therefore, it was not tested.




2.3. Analysis through Liquid Chromatography Coupled to Mass Spectrometry (LC-QTOF/MS) of Fractions of the Species Abelmoschus esculentus


The samples were prepared and analyzed using the liquid chromatography method coupled to a mass spectrometer at the Farmanguinhos Technological Platform (FIOCRUZ).



The samples were analyzed through liquid chromatography using a UFLC Shimadzu Nexera Chromatograph coupled to a Compact Q-TOF Bruker mass spectrometer. A Raptor Arc 18 column (100 m length × 2.1 µm internal diameter × 2.7 µm phase thickness) was used (CL-0254).



The sample was injected with a volume of 5 µL. These samples were diluted in 1.0 mL of methanol and filtered at 0.22 µm. Formic acid and acetonitrile were used in phase A. The flow rate was 0.5 mL/min. The total analysis time was 33.01 min. Chemical identification was performed using a Q-TOF orthogonal mass spectrometer (micrOTOF-QTM, Bruker Daltonics) equipped with an electrospray ionization source (ESI). The analysis parameters were provided for the positive mode, with a mass range of 100–1000 m/z, 4500 V capillary voltage, set end plate offset of −500 V, set charging voltage of 2000 V, drying gas temperature of 200 °C, drying gas flow of 10.0 mL/min, gas pressure of 4 bar, collision energy (MS/MS) of 35 eV, and collision gas N2. The mass data obtained were processed with Bruker Compass Data Analysis 4.2 software (Bruker Daltonics, Billerica, MA, USA, EUA). The spectrograms of the fractions were analyzed and compared to those of the Lipid Maps® website.




2.4. Molluscicidal Activity Assays of Biomphalaria glabrata


Snails originating from Sumidouro city, RJ, were kept in breeding tanks with unchlorinated water and fed lettuce leaves.



The trial was performed with some modifications to the methodology described by the WHO [25,26]. In 24-well plates, adult individuals of B. glabrata snails, 10–12 mm in diameter and free from S. mansoni infection, were placed individually in contact with 2 mL of aqueous solution (distilled water) from the extracts/fractions at concentrations ranging from 5 mg/L to 275 mg/L for 48 h at room temperature, using 3 snails per concentration. Mortality was verified through snail retraction into the shell and the release of hemolymph (circulating fluid similar to blood) every 24 h. The tests were performed in triplicate. Distilled water and 1% DMSO were used as negative controls, and 2 mg/L niclosamide® was used as a positive control. The LC50 and LC90 values were calculated at 48 h. These concentrations refer to the concentrations that cause the death of 50% or 90% of exposed mollusks, respectively. The LC50 and LC90 concentrations of the extracts/fractions were used in the other tests.




2.5. Molluscicidal Activity Assays of Physa acuta


Adult snails of the Physa acuta (Draparnaud, 1805) species, a freshwater snail, were collected in channels located at the Fundação Oswaldo Cruz, Campus Manguinhos, Rio de Janeiro, RJ. The plants were kept separately in plastic containers containing dechlorinated water and fed lettuce leaves, where they remained for at least 48 h before being used in the tests.



Snails were exposed to the LC50 and LC90 concentrations of crude extracts and fractions of A. esculentus to assess possible toxicity to nontarget species. The assay was conducted using the same methodology described previously for B. glabrata [26]. Niclosamide® (2 mg/L) was used as a positive control at its LC50 and LC90 concentrations, and distilled water and 1% DMSO were used as negative controls.




2.6. Ovicidal Activity Assays


Ovigerous capsules with embryos in an advanced stage of development were collected from the snail breeding tanks in styrofoam plates. The embryos were placed in contact with the crude extract/fraction solutions for 48 h at room temperature. Each ovigerous capsule was examined every 24 h through a stereomicroscope. The mortality criterion was the observation of disintegrated forms of the embryos inside the egg and the absence of movement of the embryos. The tests were performed in triplicate. Unchlorinated water and 1% DMSO were used as negative controls, and 2 mg/L niclosamide® at concentrations of LC50 and LC90 was used as a positive control.




2.7. Cercaricidal Activity Assays


The Malacology Laboratory, IOC/FIOCRUZ, supplied water containing S. mansoni cercariae. We used an estimated 1 mL of water containing approximately 80–100 cercariae. Additionally, we added 1 mL of the extract/fraction solutions, 1 mL of water containing the cercariae, and 20 µL of Trypan blue dye to a 24-well plate. The readings were taken from 1 h to 1 h through the stereomicroscope for a total period of 4 h. All tests were performed in triplicate. Unchlorinated water and 1% DMSO were used as negative controls, and 2 mg/L niclosamide® at the LC50 and LC90 concentrations was used as a positive control.




2.8. Acetylcholinesterase Assay in a 96-Well Microplate


We used the enzyme acetylcholinesterase (AChE, E.C. 3.1.1.7 electric ell, code C3389), which was obtained from Sigma Aldrich (San Luis, MO, USA). A total of 30 mL of buffer A (Tris HCl pH 7.8 to 50 mM) was used to dilute the AChE enzyme to obtain a final concentration of 66.6 U/mL. We added 1% albumin for stabilization, after which the samples were stored at −2 °C. Additionally, we prepared buffer B, 0.067 M sodium phosphate, at pH 6.85. Acetonitrile was the solvent used to prepare the 1 mM para-nitrophenyl acetate substrate. The fractions were prepared in DMSO.



In the first step of the reaction, for the enzyme control (94 µL of Buffer B, 6 µL of enzyme with 1% albumin), for the enzyme control (94 µL of buffer B, 6 µL of Tris-HCl buffer with 1% albumin), and for the same enzyme conditions, 94 µL of buffer B containing the extract, 6 µL of Tris-HCl buffer with 1% albumin was added to the inhibitor blank, and 94 µL of buffer B containing the fraction and 6 µL of enzyme with 1% albumin at 2 U was added to the substance test/mL. Then, we conditioned in the presence of biological oxygen demand (B.O.D.) at 25 °C for 10 min to allow the inhibitor to interact with the enzyme. In the second step, we completed the reaction with 98 µL of Buffer B and 2 µL of 1 mM 4-nitrophenyl acetate (PNPA) substrate, which was added for 20 to 20 s. After completing the reaction with a volume of 200 µL, we waited for 2 min and 30 s to start the readings on the Elisa plate reader for 20 to 20 s within a period of 5 min at a wavelength of 405 nm.




2.9. Statistical Analysis


Statistical analysis was performed using GraphPad software (version 5). The proteins were analyzed through ANOVA, followed by Tukey’s test. The results are expressed as the mean ± SD, with a significance level of p < 0.05. The LC50 and LC90 values at 48 h were determined through dispersion analysis and mathematical calculation using the graph formula generated in the Microsoft Office Excel Program (2007 version) [27].





3. Results


3.1. Molluscicidal Activity Assays of Biomphalaria glabrata


The crude extracts in acetone caused 100% of the deaths at a concentration of 100 mg/L. The crude extracts in hexane, dichloromethane, and ethyl acetate showed 100% mortality at a concentration of 150 mg/L, with the crude extract in hexane presenting high mortality at 100 mg/L (Table 1).



We evaluated a total of twenty fractions of A. esculentus seed extracts, and 100% mortality was detected for only seven of the mollusks at 50 mg/L; these were the chloroform fraction of the crude dichloromethane extract (FrCCl3 EDM); the ethanol fraction of the crude dichloromethane extract (FrETOH EDM); the hexane fraction of the crude dichloromethane extract (FrHex EDM); the methanol fraction of the crude dichloromethane extract (FrMeOH EDM); the ethyl acetate fraction of the crude hexane extract (FrAcO EHex); the chlorofom fraction of the crude hexane extract (FrCCl3 EHex); and the hexane fraction of the crude hexane extract (FrHex EHex). The acetone fraction of the acetone extract (FrAceto EAceto) showed 100% mortality at 55 mg/L. Two fractions presented 100% mortality at 100 mg/L: the dichloromethane fraction of the acetone extract (FrDM EAceto) and the methanol fraction of the acetone extract (FrMeOH EAceto).



The methanol fraction of the crude hexane extract (FrMeOH EHex) presented 100% mortality at 25 mg/L (Table 1). The fractions in ethyl acetate of the crude dichloromethane extract, dichloromethane of the crude dichloromethane extract, acetone of the crude hexane extract, dichloromethane of the crude hexane extract, ethanol from the crude hexane extract, hexane of the crude acetone extract, chloroform of the crude acetone extract, ethyl acetate of the crude acetone extract, and ethanol of the crude acetone extract presented mortality above 100 mg/L; therefore, the LC50 and LC90 values were not calculated.




3.2. Ovicidal Activity Assays


All embryos were killed at the LC90 concentration of the crude extract in ethanol. The crude extracts in acetone and hexane had mortality rates above 70% and 90%, respectively. The other crude extracts did not cause significant embryo mortality.



The FrCCl3 EDM, FrHex EDM, and FrMeOH EDM fractions showed 100% embryo death at the LC90. The FrAceto EAceto fraction showed almost 90% embryo mortality; the FrHex EHex and FrMeOH EAceto fractions presented almost 80% embryo mortality; and the FrETOH EDM fraction showed almost 70% embryo mortality at the LC90 concentration. The FrDM EAceto and FrCCl3 EHex fractions presented approximately 50% mortality. The FrAcO EHex and FrMeOH EHex fractions did not cause significant embryo mortality (Table 2).




3.3. Cercaricidal Activity Assays


The crude extract in dichloromethane showed the totality of dead cercariae at the LC90, whereas at the LC50, this crude extract presented almost the totality of mortality. The crude extract in acetone caused almost 100% death at the LC50 and LC90 concentrations. The crude extract in ethanol presented more than 50% dead cercariae at both concentrations. The other crude extracts did not cause significant cercaria mortality.



The FrDM EAceto and FrCCl3 EHex fractions showed 100% cercaria mortality at both the LC50 and LC90. The FrAcO EHex fraction also killed all cercariae at the LC90 and caused more than 65% mortality at the LC50. The FrMeOH EDM fraction presented more than 75% mortality at the LC50 and LC90 concentrations. The FrCCl3 EDM and FrETOH EDM fractions had more than 60% mortality according to the LC90, and the FrHex EDM, FrAceto EAceto, and FrHex EHex fractions had more than 50% mortality according to the LC90. FrMeOH EAceto and FrMeOH EHex did not cause significant cercaria mortality (Table 3).




3.4. Molluscicidal Activity Assays of Physa acuta


In tests involving the snail P. acuta, the crude extracts were tested only at their LC50.



The crude hexane extract had the highest mortality, which was less than 60%. Crude extracts in ethyl acetate and ethanol resulted in less than 40% and 30% snail deaths, respectively. The crude extract in dichloromethane presented a mortality rate of approximately 5%, and for the crude extract in acetone, no snail deaths were observed.



The FrDM EAceto fraction had the lowest mortality rate for these snails, with less than 45% of deaths occurring at the LC90 concentration and approximately 10% of deaths occurring at the LC50 concentration. FrMeOH and EDM achieved more than 70% and 80% mortality, respectively, at the LC50 and LC90 concentrations. FrHex EDM and FrCCl3 EHex caused more than 70% of the deaths at the LC50 concentration and almost 80% at the LC90 concentration. Almost 70% of the FrAcO EHex and FrHex EHex died at the LC50, and almost 80% died at the LC90 (Table 4).




3.5. Chemical Identification of the FrMeOH EDM Fraction through Liquid Chromatography Coupled to Mass Spectrometry (LC-QTOF/MS)


The major component of the FrMeOH EDM fraction was identified.



The chromatogram in Figure 1 shows the results for the FrMeOH EDM fraction (A), and the retention peak of the majority substance (B) was observed at 16.9 min. Chromatogram analysis of this fraction indicated the presence of glycerophosphocholine and 1-tridecenoyl-2-tricosenoyl-sn-glycero-3-phosphocholine, also known as PC 36:2 (13:1/23:1) (Table 5).



Additionally, we performed an assay evaluating the action of the most active fraction, which contains GCPs, against AChE activity (Figure 2).



FrMeOH/EDM dose-dependently activated this enzyme (Figure 2), with a maximal activation of approximately 90% at a concentration of 125 ppm. In contrast, the blank (only with dichloromethane as the solvent at the final concentration used in the fermentation) did not exhibit an effect on this enzyme.





4. Discussion


GPs are the most common lipids found in the constitution of cell membranes [28]. A study indicated that the glycerophospholipid extract of marine sponges exhibited antibacterial activity [29]. Lipids with this type of activity have bacterial cell membranes as their main target, so they interact with cell membranes, leading to destabilization, which results in cell lysis [30]. In the present study, a glycerophospholipid was found in the FrMeOH EDM fraction. This substance may be associated with the molluscicidal activity of this fraction, and additional studies should be conducted to investigate whether this compound is linked to molluscicidal action and whether this cell lysis process may be linked to this action.



The molluscicidal potential of different plant species and their extraction products has been reported in several studies in the literature for B. glabrata species. In one of these studies, the LC90 values of ethanolic extracts were found to be 20.03 mg/L for Poincianella pyramidalis leaf, 91.57 mg/L for Chenopodium ambrosoides leaf, 62.05 mg/L for Mimosa tenuiflora stem, 75.66 mg/L for Hyptis pectinata leaf, and 56.26 mg/L for the stem of Jatropha mollissima [31]. In another study involving ethanolic extracts, promising results were also obtained, revealing molluscicidal potential for B. glabrata, with LC90 values of 51.8 mg/L for Adenocalymma comosum, 18.1 mg/L for Arrabidaea parviflora, 8.9 mg/L for Cuspidaria argentea, 26.5 mg/L for Clitostoma binatum, 25.8 mg/L for Melloa quadrivalvis, and 53.9 mg/L for Tabebuia aurea [32].



According to the WHO, a plant extract is considered active when at least 90% of dead mollusks are obtained from the total population tested at a concentration of 100.0 mg/L within 48 h (LC90) [12]. In this context, we follow this recommendation regarding the calculation of the LC90. The crude extracts in dichloromethane, ethyl acetate, and hexane presented LC90 values within 48 h similar to those recommended by the WHO, with values of 149.87 mg/L, 149.61 mg/L, and 130.47 mg/L, respectively. However, we performed fractionation of three of these crude extracts to achieve a reduction in the following parameters: the extracts were extracted in acetone, hexane, and dichloromethane, for a total of twenty fractions. The LC90 values of eleven fractions were within the recommended range.



Notably, both of the studies cited above used Becker’s assays as a methodology and obtained final volumes of the extract solutions of 125 mL [31] and 250 mL [32]. In the present study, we used a different methodology, in which we used 24-well plates [26]. This method yields similar results to those of Becker’s assays. However, with the 24-well plate assay, we used a smaller volume of 2 mL of solution as well as a smaller number of mollusks. In our study, 3 mollusks were used per concentration, whereas in Becker’s methodology, between 5 [31] and 10 [32] were used per concentration.



Another factor to be considered about the methodology is the size of the mollusks used in the assays. The studies mentioned above adopted snails with shell diameters ranging from 13 to 18 mm [31] and 8 to 12 mm [32]. We observed that both works used snails with considerable size variation. In the present study, we used a smaller variation in shell diameter, ranging from 10 to 12 mm.



Some studies aimed at evaluating molluscicidal activity against adult B. glabrata snails also consider methods that affect more than one part of the schistosomiasis cycle. Several of these methods seek to evaluate the action of extracts on less advanced stages of snail infection, such as embryos and cercariae, the infective form of the parasite in humans. In a study developed by Rapado and collaborators [33], Piper crassinervium inflorescence ethyl acetate extract at a concentration of 20 mg/L caused the death of 100% of B. glabrata embryos. Ethyl acetate extracts of the inflorescence and Piper tuberculatum leaves had 100% mortality in B. glabrata embryos at a concentration of 30 mg/L. In another study by the same author, the crude dichloromethane extract of P. crassinervium leaves had 100% mortality from B. glabrata embryos at a concentration of 50 mg/L, and the crude dichloromethane extracts of Piper cuyabanum and Piper hostmannianum leaves had 100% embryo mortality at a concentration of 20 mg/L [34].



In the literature, some studies indicate that a molluscicide may be effective against adult B. glabrata individuals but not as effective against embryos [34,35,36]. However, in our study, FrCCl3 EDM, FrHex EDM, FrMeOH EDM, FrAceto EAceto, FrMeOH EAceto, and FrHex EHex showed excellent efficacy for adult B. glabrata individuals and excellent efficacy for embryos. In addition, the crude hexane extract, which was similar to that recommended by the WHO for adult individuals, exhibited excellent efficacy against embryos, with a mortality rate close to 100%.



Identifying the mechanisms of action by which the fractions obtain molluscicidal activity is required [37]. Therefore, it is necessary to carry out biochemical tests to identify the mechanisms through which the fractions in this study affect B. glabrata. The biochemical parameters evaluated were aspartate aminotransferase (AST), alanine aminotransferase (ALT) [38], alkaline phosphatase (ALP), acid phosphatase (ACP) [39], and total protein [40].



The cercariae, the larval stage of S. mansoni, infect their definitive hosts through skin penetration. Therefore, combating cercariae is also a prophylactic measure for schistosomiasis [41]. In a study by Martins and collaborators [42], the ethanol extract of the lichen Cladia aggregata and the barbatic acid found in this organism exhibited molluscicidal activity against B. glabrata, with an LC50 = 11.9 mg/L for both. Barbatic acid still resulted in 100% mortality of S. mansoni cercariae at a concentration of 1.0 mg/L after 1 h and 10 mg/L after 30 min. In another study, the penta-substituted pyridine alkaloid found in the Jatropha elliptica rhizome, at a concentration of 36.43 mg/L, resulted in 90% death of B. glabrata snails and 100% death of cercariae at 4.0 mg/L after 30 min [43]. Crude ethanol extracts from stem bark and the seeds of the species Rauwolfia vomitoria were analyzed for cercariae, which exhibited 100% mortality in 2 h at a concentration of 62.5 mg/L for the stem bark extract and 100% mortality at a concentration of 250 mg/L for the seed extract, indicating low efficacy [44].



In the present study, promising results were also obtained for four fractions that exhibited an LC90 within the WHO recommended range according to the cercariae test. After 4 h of the experiment, FrDM EAceto, FrMeOH EDM, FrAcO EHex, and FrCCl3 EHex died from all the cercariae at the concentration of LC90, whereas FrDM EAceto, FrMeOH EDM, and FrCCl3 EHex had 100% mortality at the LC50. In addition, the crude extract of dichloromethane, which has an LC90 close to that recommended by the WHO, also showed promising results, as mortality from almost all cercariae was already at the LC50 concentration, reaching the totality of deaths at the LC90 concentration. A relevant aspect when we analyze the results of the above works [42,43] is that, unlike in our study, where we tested crude extracts and fractions, we used isolated substances. Moreover, these works obtained better results than did studies that used crude extracts or fractions. Consequently, given our results with crude extracts and fractions, the prospect of mortality remains high after the isolation of the major substances from the fractions with the most significant effect. This expectation is higher if we take into consideration that, in the other study mentioned above [44] involving seed extract, only 100% of the deaths were observed at a concentration more than double that used in our study.



Several problems associated with the use of niclosamide®, a molluscicide used to combat schistosomiasis vector mollusks, have been reported [13,14,15,16,17], one of which is its high environmental toxicity [13,14,15]. Therefore, we believe that evaluating the environmental toxicity of plant extracts or fractions against other species is necessary. Other mollusks, fish, and microcrustaceans, among others, are commonly used in these types of tests. In the study by Silva and collaborators [38], cited above, tests were carried out with the microcrustacean Artemia salina to evaluate the environmental toxicity of the extracts tested on B. glabrata. In addition to the promising results on B. glabrata, the study also obtained excellent results against A. salina, with all the extracts showing LC50 values well above the values required to kill snails: A. comosum (LC50 = 485.5 mg/L), A. parviflora (LC50 = 590.8 mg/L), C. argentea (LC50 = 880.2 mg/L), C. binatum (LC50 = 801.6 mg/L), M. quadrivalvis (LC50 = 197.7 mg/L), and T. Aurea (LC50 = 815.4 mg/L). These results indicated the very selective molluscicidal activity of the extracts.



Toxicity assays on P. acuta species showed that FrDM EAceto presented low mortality. FrAco EHex, FrMeOH EAceto, FrCCl3 EHex, FrHex EHex, FrETOH EDM, FrHex EDM, FrCCl3 EDM, and FrMeOH EHex presented high mortality, above 70%.



Tests on other species must be carried out to verify the environmental toxicity of these fractions. To achieve this goal, tests using representative organisms of the habitat of the mollusk B. glabrata that represent different trophic levels of the food chain must be performed, such as acute toxicity tests with the fish Danio rerio [45] and the freshwater microcrustacean Daphnia similis [46]; growth inhibition tests of Chlorella vulgaris algae [47]; and analysis of bioluminescence inhibition of the bacterium Vibrio fischeri [48]. All of these are organisms commonly used for assessing environmental toxicity.



In this study, we observed that five crude extracts (dichloromethane, hexane, acetone, ethyl acetate, and ethanol) induced mortality in adult B. glabrata. The crude extract of acetone presented an LC90 within the recommended value by the WHO, and the other four extracts presented an LC90 close to the recommended value. The acetone extracts still showed great efficacy against S. mansoni cercariae and B. glabrata embryos. The crude extracts in hexane and ethanol still showed excellent efficacy against embryos, and the crude extract in dichloromethane showed excellent efficacy against cercariae. After the fractionation of the crude extracts, we observed that eleven fractions presented an LC90 value within that recommended by the WHO.



The lipid composition of the plasma membrane plays a key role in neurotransmitter storage and release from synaptic vesicles, transport from the synaptic cleft, synthesis, and degradation [49]. Additionally, lipids can affect the functioning of acetylcholinesterase [50,51]. Consequently, one of our hypotheses for the activity of the extracts would be through the direct action of lipids on acetylcholinesterase (AChE). Additionally, diverse fatty acids, such as omega-3, omega-6, fatty acid alpha-linolenic, arachidonic and linoleic acids [52], and others, such as (2E)α,β-unsaturated fatty acids [53], inhibit AChE in human erythrocytes. However, glycerophosphocholine (GPC) is a choline derivative and one of the two major forms of choline stored (along with phosphocholine) in the cytosol. The GPC functions as an osmolyte under normal physiological conditions and responds to hypertonic stress [54]. This choline, in presynaptic neurons, participates in the synthesis of acetylcholine (ACh) together with acetylcoenzyme A (acetyl-CoA) under the catalysis of choline acetyltransferase. The ACh produced is stored in vesicles and deposited until there is a stimulus that results in its release into the synaptic cleft. After the message is transmitted, the ACh molecule dissociates from the postsynaptic receptor and returns to the synaptic cleft, where it undergoes hydrolysis catalyzed by AChE, giving rise to acetic acid and choline [55]. From that point on, ACh binds to the postsynaptic receptor, propagating the information.



Therefore, we hypothesize that these lipids present in the extract may be used as a substrate for the exacerbated increase in ACh formation and overstimulation of AChE, which would not be able to degrade this excess ACh, resulting in the overstimulation of postsynaptic neurons and death. This mechanism is similar to that observed for neonicotinoid insecticides [56].



Monogalactosyl diglyceride (MGDG) is a minor galactolipid present in oligodendrocytes and myelin that is used as a marker for myelination and has also been shown to stimulate protein kinase C (PKC)α activity in oligodendrocytes [57]. PKC regulates innate defenses in mammals and snails by regulating nitric oxide (NO) and hydrogen peroxide (H2O2) production, phagocytosis, and cell spreading by hemocytes [58,59,60,61]. Additionally, a receptor for activated protein kinase C (RACK) was characterized in B. glabrata [62], and this protein was found to bind to cytoskeletal factors. Based on this information, we can hypothesize that MGDGs may act on neurons, possibly increasing or reducing their conduction speed. In addition, an increase in oxidative stress and structural modulation of mollusk cells may contribute to the observed toxic effects. However, additional studies are needed to determine the relationship between MGDGs and the toxicity of mollusks.



FrMeOH EDM still presented an LC90 concentration, 100% mortality for embryos of B. glabrata, and great effectiveness against cercariae. This fraction showed high mortality for the snail P. acuta. Therefore, toxicity tests with other organisms are still necessary to assess the possible environmental toxicity of this fraction. Notably, FrDM EAceto and FrCCl3 EHex killed 100% of the cercariae. These fractions proved to be great candidates for new drugs to combat schistosomiasis, with emphasis on the FrMeOH EDM fraction.
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Figure 1. Chromatogram (A) of the methanol fraction of the extract of Abelmoschus esculentus seeds in dichloromethane, analyzed through liquid chromatography coupled to a mass spectrometer; the peak retention of the majority substance is shown (B). 
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Figure 2. Activity percentage of FrMeOH EDM against acetylcholinesterase activity. These experiments were performed in triplicate on at least three distinct days. 
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Table 1. Mortality (in percentage) of Biomphalaria glabrata treated with different crude extracts and fractions of Abelmoschus esculentus seeds after 48 h.
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Extract/Fraction

	
Concentration

(mg/L)

	
Mortality

(%)

	
LC50

(mg/L)

	
LC90

(mg/L)






	
H2O

	
-

	
0.0

	
-

	
-




	
1% DMSO

	
-

	
0.0

	
-

	
-




	
Niclosamide®

	
2.0

	
100.0

	
-

	
-




	
Crude acetone extract

	
25

	
11.0

	
62.8

	
99.68




	
75

	
33.33




	
100

	
100.0




	
Crude hexane extract

	
25

	
0.0

	
85.43

	
130.47




	
50

	
0.0




	
75

	
22.33




	
100

	
77.67




	
150

	
100.0




	
Crude dichloromethane extract

	
50

	
0.0

	
100.55

	
149.87




	
75

	
11.0




	
125

	
55.67




	
150

	
100.0




	
Crude ethyl acetate extract

	
25

	
0.0

	
91.19

	
149.61




	
125

	
55.66




	
150

	
100.0




	
Crude ethanol extract

	
100

	
0.0

	
209.2

	
279.84




	
150

	
0.0




	
200

	
0.0




	
225

	
33.33




	
250

	
66.67




	
275

	
100.0




	
FrDM EAceto

	
50

	
0.0

	
70.73

	
96.76




	
75

	
11.0




	
100

	
100.0




	
FrAceto EAceto

	
35

	
0.0

	
43.39

	
58.34




	
40

	
11.00




	
50

	
89.00




	
55

	
100.0




	
FrMeOH EAceto

	
50

	
0.0

	
57.70

	
83.79




	
65

	
55.66




	
70

	
89.0




	
100

	
100.0




	
FrCCl3 EDM

	
5

	
0.0

	
21.14

	
36.34




	
10

	
11.0




	
20

	
66.66




	
25

	
77.66




	
50

	
100.0




	
FrETOH EDM

	
10

	
0.0

	
29.38

	
43.26




	
25

	
11.0




	
35

	
44.33




	
40

	
89.0




	
45

	
100.0




	
FrHex EDM

	
15

	
0.0

	
25.80

	
39.80




	
25

	
33.33




	
30

	
77.66




	
35

	
89.0




	
50

	
100.0




	
FrMeOH EDM

	
5

	
0.0

	
23.43

	
37.15




	
20

	
11.0




	
25

	
89.0




	
50

	
100.0




	
FrAcO EHex

	
25

	
0.0

	
34.28

	
48.28




	
30

	
11.0




	
45

	
77.66




	
50

	
100.0




	
FrCCl3 EHex

	
25

	
0.0

	
34.33

	
49.57




	
30

	
22.33




	
35

	
55.66




	
45

	
66.66




	
50

	
100.0




	
FrHex EHex

	
20

	
0.0

	
30.42

	
46.42




	
25

	
33.33




	
50

	
100.0




	
FrMeOH EHex

	
15

	
0.0

	
18.29

	
24.25




	
20

	
11.0




	
25

	
100.0











 





Table 2. Mortality (%) of Biomphalaria glabrata embryos in relation to the LC50 and LC90 concentrations of Abelmoschus esculentus crude seed extracts and fractions after 48 h of the experiment in triplicate on three distinct days.
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	Extracts/Fractions
	Mortality LC50 (%)
	Mortality LC90 (%)





	H2O
	0
	0



	DMSO 1%
	0
	0



	Niclosamide
	100
	100



	Crude hexane extract
	30.54
	92.56



	Crude dichloromethane extract
	0.79
	0.79



	Crude ethyl acetate extract
	11.24
	39.52



	Crude ethanol extract
	49.15
	100



	FrDM EAceto
	0.77
	51.94



	FrAceto EAceto
	10.56
	86.77



	FrMeOH EAceto
	18.01
	77.61



	FrCCl3 EDM
	31.39
	100



	FrETOH EDM
	3.08
	67.28



	FrHex EDM
	27.46
	100



	FrMeOH EDM
	54.54
	100



	FrAcO EHex
	0
	37.83



	FrCCl3 EHex
	1.46
	54.13



	FrHex EHex
	1.32
	78.61



	FrMeOH EHex
	1.59
	17.56










 





Table 3. Mortality (%) of Schistosoma mansoni cercariae in relation to the LC50 and LC90 of the crude Abelmoschus esculentus seed extracts and fractions after 4 h of the experiment in triplicate on three distinct days.
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	Extracts/Fractions
	Mortality LC50 (%)
	Mortality LC90 (%)





	H2O
	6.7
	6.7



	DMSO 1%
	6.12
	6.12



	Niclosamide
	100
	100



	Crude hexane extract
	10.85
	18.35



	Crude dichloromethane extract
	99.21
	100



	Crude ethyl acetate extract
	35.79
	38.96



	Crude ethanol extract
	66.14
	64.19



	FrDM EAceto
	100.0
	100.0



	FrAceto EAceto
	45.59
	53.92



	FrMeOH EAceto
	26.0
	34.52



	FrCCl3 EDM
	22.29
	65.04



	FrETOH EDM
	28.74
	54.52



	FrHex EDM
	58.22
	64.15



	FrMeOH EDM
	100
	100



	FrAcO EHex
	66.37
	100



	FrCCl3 EHex
	100
	100



	FrHex EHex
	37.48
	54.15



	FrMeOH EHex
	14.96
	31.11










 





Table 4. Mortality (%) of Physa acuta in relation to the LC50 and LC90 of the Abelmoschus esculentus crude seed extracts and fractions after 48 h of the experiment in triplicate on three distinct days.
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	Extracts/Fractions
	Mortality LC50 (%)
	Mortality LC90 (%)





	H2O
	0.00
	0.00



	DMSO 1%
	0.00
	0.00



	Niclosamide
	62.96 **
	100.00 ***



	Crude hexane extract
	55.56 *
	-



	Crude dichloromethane extract
	5.56
	-



	Crude acetone extract
	0.00
	-



	Crude ethyl acetate extract
	38.89
	-



	Crude ethanol extract
	27.78
	-



	FrDM EAceto
	11.11
	44.44 **



	FrAceto EAceto
	77.78 ***
	100.00 ***



	FrMeOH EAceto
	100.00 ***
	100.00 ***



	FrCCl3 EDM
	100.00 ***
	100.00 ***



	FrETOH EDM
	100.00 ***
	100.00 ***



	FrHex EDM
	74.07 ***
	77.78 ***



	FrMeOH EDM
	70.37 **
	81.48 ***



	FrAcO EHex
	66.67 **
	77.78 ***



	FrCCl3 EHex
	70.37 **
	77.78 ***



	FrHex EHex
	66.67 **
	77.78 ***



	FrMeOH EHex
	55.55 *
	100.00 ***







*** p < 0.001, ** p < 0.01, * p < 0.05.













 





Table 5. Chromatographic data of the FrMeOH EDM fraction and the major isolated substances.
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	Fraction
	Substance
	Group
	M − H Exp
	M + H Exp
	M − H lit
	M + H lit
	m/z





	FrMeOH EDM
	PC 36:2 (13:1/23:1)
	Glycerophosphocholine
	−
	786.6026
	−
	786.6007
	634, 590, 546, 507, 419, 375, 227
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