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Abstract

:

Simple Summary


Chagas disease is a serious infection caused by an intracellular parasite and transmitted primarily through an infected insect. Despite available treatments, the disease continues to cause countless deaths around the world due to the ineffectiveness of drugs. Medicinal plants have been used as an alternative and effective treatment against various diseases. In this work, we verified the antioxidant properties of the extract and fractions obtained from the plant species Terminalia catappa and its action against the parasite responsible for Chagas disease, Trypanosoma cruzi. Initially, we observed that the ethyl acetate and aqueous fraction demonstrated antioxidant activity. In addition, the ethyl acetate fraction showed the best inhibitory activity against all cellular forms of the parasite (epimastigotes, trypomastigotes and intracellular amastigotes), and did not present toxicity to host cells. We also observed that the ethyl acetate fraction induced several morphological changes to the parasite, such as cytoplasmic disruption, cell disorganization, morphological variation and loss of integrity. In this sense, we conclude that the ethyl acetate fraction obtained from T. catappa leaves can be an effective alternative in the treatment and control of Chagas disease.




Abstract


Chagas disease is a severe infectious and parasitic disease caused by the protozoan Trypanosoma cruzi and considered a public health problem. Chemotherapeutics are still the main means of control and treatment of the disease, however with some limitations. As an alternative treatment, plants have been pointed out due to their proven pharmacological properties. Many studies carried out with Terminalia catappa have shown several biological activities, but its effect against T. cruzi is still unknown. The objective of this work is to evaluate the therapeutic potential of extracts and fractions obtained from T. catappa on the parasite T. cruzi, in addition to analyzing its antioxidant activity. T. catappa ethyl acetate fraction were produced and submitted the chemical characterization by Liquid Chromatography Coupled to Mass Spectrometry (LC-MS). From all T. catappa extracts and fractions evaluated, the ethyl acetate and the aqueous fraction displayed the best antioxidant activity by the 2,2-diphenyl-1-picryl-hydrazyl (DPPH) radical scavenging method (IC50 of 7.77 ± 1.61 and 5.26 ± 1.26 µg/mL respectively), and by ferric ion reducing (FRAP) method (687.61 ± 0.26 and 1009.32 ± 0.13 µM of Trolox equivalent/mg extract, respectively). The ethyl acetate fraction showed remarkable T. cruzi inhibitory activity with IC50 of 8.86 ± 1.13, 24.91 ± 1.15 and 85.01 ± 1.21 µg/mL against epimastigotes, trypomastigotes and intracellular amastigotes, respectively, and showed no cytotoxicity for Vero cells (CC50 > 1000 µg/mL). The treatment of epimastigotes with the ethyl acetate fraction led to drastic ultrastructural changes such as the loss of cytoplasm organelles, cell disorganization, nucleus damage and the loss of integrity of the parasite. This effect could be due to secondary compounds present in this extract, such as luteolin, kaempferol, quercetin, ellagic acid and derivatives. The ethyl acetate fraction obtained from T. catappa leaves can be an effective alternative in the treatment and control of Chagas disease, and material for further investigations.
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1. Introduction


Chagas disease is a serious infectious disease caused by the intracellular protozoan Trypanosoma cruzi. It is a neglected tropical disease, being one of the biggest public health problems in many countries, affecting about 6 to 7 million people worldwide [1,2,3]. In Brazil, it is estimated that at least 1 million people are infected with T. cruzi [4].



Currently, benznidazole and nifurtimox are the only drugs used to treat the Chagas disease [5,6]. However, these drugs are effective only in the acute phase of the disease, since that no improvement in the clinical manifestations is observed during the chronic phase [5]. In addition, the high incidence of toxicity and adverse effects compromise the continuity of drug use, most often leading to treatment abandonment [7]. Therefore, we emphasize the importance of developing new, effective treatment strategies in all stages of Chagas disease and minimizing the side effects of commercially available drugs.



Secondary metabolites obtained from plants have been evaluated due to their numerous medicinal and pharmaceutical properties, despite that few species have been scientifically studied to safely assess their qualities and efficacy. Terminalia catappa is a plant species belonging to the Combretaceae family, commonly known as “amendoeira” or “castanhola” [8,9]. In Brazil, it is found mainly in the Northeast region of the country [10]. Its leaves have biologically active compounds with some activities described in the literature, including anti-inflammatory and immunomodulatory [11], antidiabetic [12], antibacterial [13] and anticancer [14,15].



Although the numerous properties of T. catappa have been reported, there are no studies indicating its potential for the development of new products to control T. cruzi. Thus, this research aimed to study the action of extracts and fractions of T. catappa against extracellular and intracellular forms of T. cruzi, as well as to analyze their antioxidant properties and verify the direct effect on the parasite through ultrastructural analysis.




2. Materials and Methods


2.1. Plant Material


Samples of T. catappa leaves were collected in November 2021 at Fazenda Escola, State University of Maranhão in São Luís, Maranhão State, Brazil (Location: 2°35′08.7″ S; 44°12′30.7″ W). The plant was identified at Rosa Mochel Herbarium of State University of Maranhão (voucher specimen No. 5991). The Brazilian Genetic Heritage Management Council approved all procedures (Proc. No. AFC60DB).




2.2. Obtaining Extract and Fractions


The plant material was dried at room temperature (28 °C) for 10 days and then ground in a mill. The extraction was carried out by means of exhaustive percolation with ethanolic alcohol (850 g; 70% v/v) for 20 days. After extraction, the solvent was filtered and evaporated in a rotary evaporator with reduced pressure (40 °C) and subsequently lyophilized (−90 °C), obtaining the T. catappa hydroethanolic extract. For fractionation, the hydroethanolic extract (10 g) was diluted in methanol: water (400 mL; 8:2; v/v) solution in a liquid separating funnel, using solvents of different polarities, namely hexane, ethyl acetate and water. The solvents of each fraction were removed on a rotary evaporator (40 °C) and the yields were expressed as a percentage. All samples were stored at −20 °C until they were required for the biological assay. For cytotoxicity and antitrypanosomal activity assays, the extract and fractions were first diluted in DMSO and then diluted in a proper medium at a final DMSO concentration lower than 1%.




2.3. Chemical Characterization of T. catappa by HPLC-UV-ESI-IT/MS


Samples were analyzed in a Shimadzu Prominence liquid chromatography system with two Shimadzu LC-20ad (SIL-20a HT) (Shimadzu Corp., Quioto, Japan) automated injection pumps. Phenomenex Luna C18 column (250 × 4.6 mm − 5 μm) (Phenomex Inc., Torrance, CA, USA) was used to separate the components. The elution solvents used were A (0.1% HCOOH in acidified water) and B (0.1% HCOOH in acidified metanol/HPLC grade)—at a flow rate of 1.0 mL/min. Samples are eluted in a gradient system: 95% A/5% B-0 min-0% A/100% B-60 min and 100% B in 10 min with a runtime of 70 min. The liquid chromatogram was performed using electrospray ionization (ESI), multistage fragmentation (MSn) at an ion trap (IT) interface (Amazon X, Bruker, MA, USA) in the negative and positive mode under the following conditions: capillary voltage of 5 kV, capillary temperature of 325 °C, carrier gas flow (N2) of 12 L/min, and nitrogen nebulizer pressure at 10 psi. Full scan analysis was recorded in the M/Z range from 100–1500 m/z, with two or more events.




2.4. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Assay


The antioxidant activity of T. catappa was evaluated by scavenging the free radical 2,2-diphenyl-1-picryl-hydrazyl (DPPH) (Sigma-Aldrich, St. Louis, MO, USA). Initially, a solution of DPPH in methanol (0.3 mM) was prepared. In 96-well plates containing 100 μL of hydroalcoholic extract and fractions at different concentrations (500-1.95 μg/mL) diluted in methanol, 40 μL of DPPH solution was added. The plate was kept in the dark for 30 min and then read in a spectrophotometer at 492 nm. Wells with methanol and DPPH were used as negative controls. The standard curve (50-0.39 μM) obtained by (±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) (Sigma-Aldrich, St. Louis, MO, USA) was used as a positive control. The assay was performed in triplicate. The percentage of DPPH radical scavenging of each concentration was used to calculate the required inhibitory concentration needed to eliminate 50% (IC50) of the DPPH for all samples.




2.5. Ferric Ion Reducing Antioxidant Power (FRAP) Assay


The ferric reducing antioxidant power (FRAP) reagent was prepared by mixing 25 mL 0.3 M acetate buffer (pH 3.6); 2.5 mL 10 mM 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ) (Sigma-Aldrich, St. Louis, MO, USA) in 40 mM hydrochloric acid (HCl) and 2.5 mL 20 mM iron chloride (FeCl3). The FRAP reagent was left at 37 °C for 30 min. In 96-well plates containing 10 μL of the hydroalcoholic extract and the fractions (at 500 µg/mL), 300 μL of FRAP reagent was added and 30 μL of deionized water. Then, the samples were incubated for 30 min at 37 °C. Absorbance of the samples was measured at 595 nm. A sample blank was prepared with FRAP reagent, methanol and deionized water. The assay was performed in triplicate. The absorbance sample was compared to the Trolox standard curve (1000-3.9 μM) and the results were expressed in μM Trolox equivalent (TE) per gram of extract (μM TE/mg extract).




2.6. Cell Culture and Parasites


The African green monkey kidney Vero cell line (ATCC CCL-81) was cultivated in Dulbecco’s modified eagle medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA), pH 7.2, at 37 °C and 5% CO2. T. cruzi (Y strain) epimastigotes forms were cultured at 28 °C in liver infusion tryptose (LIT) medium, pH 7.2. Trypomastigotes forms were obtained from infected Vero cells and cultured in DMEM, pH 7.2 at 37 °C and 5% CO2. All culture media were supplemented with 10% fetal bovine serum (FBS) (LGC Biotecnologia, São Paulo, Brazil), 100 U/mL penicillin (Sigma-Aldrich, St. Louis, MO, USA) and 100 µg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA).




2.7. Cytotoxicity Assay


Initially, Vero cells were cultured in 96-well plates (5 × 105 cells/mL) for 4 h and then, treated with T. catappa, ellagic acid (Sigma-Aldrich, St. Louis, MO, USA) or benznidazole at concentrations from 1000 to 31.2 µg/mL (100 µL/well) and incubated for 24 h in 37 °C and 5% CO2. Wells without cells and wells with cells and medium only were used as blank and control, respectively. The cell viability was determined by the colorimetric method using tetrazolium-dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO, USA), according to [16]. This experiment was carried out in triplicate and data was used to determine the 50% cell cytotoxicity (CC50).




2.8. Antitrypanosomal Activity Assay


In 96-well plates, T. cruzi trypomastigotes and epimastigotes forms (106 parasites/mL) were incubated in different concentrations of T. catappa or ellagic acid for 24 h and 72 h, respectively. Concentration of T. catappa ranged from 500 to 1.95 µg/mL for the epimastigote forms assay and 500 to 7.8 µg/mL for the trypomastigote assay. Ellagic acid was evaluated at 500-15.6 µg/mL concentrations. After treatment, the viability of parasites was evaluated by counting the total number of parasites using a Neubauer chamber and light microscope. As a control, blanks were used with wells containing only parasites and wells without parasites, respectively. All samples were tested in triplicate. The results are expressed as parasite growth inhibitory concentration (IC50). For the intracellular amastigote experiment, Vero cells were cultured in 24-well plates (5 × 10 5 cells/mL) containing coverslips. Subsequently, the cells were infected with T. cruzi trypomastigotes (10:1 ratio, parasite/cell). After 6 h of infection, cells were washed to remove non-internalized parasites. In quadruplicate, the infected cells were treated with T. catappa (250-31.25 µg/mL) or benznidazole (100-6.25 µg/mL) for 24 h. The coverslips containing infected and treated cells with T. catappa were fixed in Bouin and stained with Giemsa (Sigma-Aldrich, St. Louis, MO, USA). After, coverslips were analyzed under light microscopy and the number of intracellular amastigotes in 200 cells was used to calculate the IC50. The ratio of Vero cells CC50/IC50 cells was obtained for the selectivity index (SI) calculation. The number of amastigotes per 200 cells, the percentage of infected cells and the number of amastigotes per infected cell were calculated as described elsewhere [17].




2.9. Transmission Electron Microscopy


T. cruzi epimastigotes forms were treated with IC50 of T. catappa ethyl acetate fraction for 72 h. The parasites were fixed overnight with 2.5% glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA) in a 0.1 M sodium cacodylate buffer (pH 7.2) at room temperature. After, the parasites were then washed three times with 0.1 M sodium cacodylate buffer, post-fixed in a solution containing 1% osmium tetroxide (Sigma-Aldrich, St. Louis, MO, USA), 0.8% potassium ferrocyanide (Sigma-Aldrich, St. Louis, MO, USA), and 5 mM calcium chloride for 60 min (Sigma-Aldrich, St. Louis, MO, USA). Then, the parasites were dehydrated in increasing concentrations of acetone (30–100%) for 10 min, embedded in epoxy resin EMbed-812 (Electron Microscopy Sciences, Hatfield, PA, USA) for 24 h at room temperature, and polymerized at 60 °C for 72 h. Untreated parasites were used as a comparison. Ultrathin sections (100 nm) were stained with uranyl acetate and lead citrate (Sigma-Aldrich, St. Louis, MO, USA) and observed under a Transmission Electron Microscope JEM-1011 (JEOL, Tokyo, Japan) operated at 80 kV.




2.10. Statistical Analysis


The IC50 and CC50 were obtained from a nonlinear regression fit curve of concentration log versus normalized response and the values were expressed as mean ± standard deviation performed with the software GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, USA). The Mann–Whitney test was used to analyze the results and differences were considered significant when p < 0.05.





3. Results


3.1. Composition of Extract and Fractions of T. catappa


The hydroalcoholic extract from the lyophilized leaves of T. catappa yielded 18%, obtained from 850 g of vegetal mass. The fractionation of the extract (10 g), with hexane, ethyl acetate and water-methanol (7:3) provided the hexanic fraction (13.1%), ethyl acetate fraction (14.4%) and aqueous fraction (44.6%). The chemical characterization of T. catappa hydroalcoholic extract and ethyl acetate fraction performed by HPLC-UV-ESI-IT/MS is shown in Figure 1 and Table 1, respectively. Ellagic acid was identified as the major compound in the ethyl acetate fraction (Figure 1).




3.2. Antioxidant Activity of T. catappa


Extracts and fractions of T. catappa were evaluated by two different antioxidant methods: DPPH radical scavenging and FRAP ferric ion reducing. All samples were able to reduce DPPH radical and ferric ions (Fe3+) (Table 2). The aqueous and ethyl acetate fractions were the most potent in reducing the DPPH radical, compared to the Trolox standard, demonstrating its antioxidant capacity, as shown in Table 2. In the FRAP method, the hexane fraction reduced the Fe3+ radical.




3.3. Antitrypanosomal Activity, Cytotoxicity and Selectivity Index of T. catappa


The activity of anti-T. cruzi of T. catappa is shown in Table 3. All tested samples showed inhibitory effects against the different forms of the parasite. However, the IC50 values of the ethyl acetate fraction was lower compared to the other samples, exhibiting concentration-dependent activity against the three forms of T. cruzi evaluated (Figure 2). It was also observed that ellagic acid had an effect against epimastigotes forms, although its IC50 presented the highest value among the evaluated compounds, and no activity against trypomastigote forms. The cytotoxic activity and selectivity index (SI = CC50/IC50) of T. catappa are presented in Table 3. Hydroalcoholic extracts, ethyl acetate fractions and water fractions were not toxic to Vero cells at the concentrations evaluated, maintaining their cell viability even at the highest concentration. Similar results were observed for ellagic acid and benznidazole. The hexane fraction displayed the lowest CC50 value, resulting in a low SI against epimastigotes and trypomastigotes. The ethyl acetate fraction was the most selective against the three forms of the parasite (epimastigotes, trypomastigotes and intracellular amastigotes, respectively). The benznidazole also showed selectivity as expected.



The ethyl acetate fraction was selected for the experiments against intracellular amastigotes (Figure 3). Analysis of the parameters of infection indicated that the ethyl acetate fraction reduced the number of amastigotes per 200 cells at 62.5, 125 and 250 µg/mL (p < 0.01; Figure 3A), and decreased the percentage of infected cells (p < 0.01; Figure 3B) and the average number of amastigotes per infected cell (p < 0.01; Figure 3C) at 125 and 250 µg/mL. Benznidazole also showed a significant reduction in all infection parameters at all concentrations evaluated (p < 0.01; Figure 3D–F). The alterations in intracellular amastigote form of T. cruzi after treatment with ethyl acetate fraction are represented in photomicrography images of Figure 3G.




3.4. Effects of T. catappa on T. cruzi Morphology


The transmission electron microscope was performed to investigate the morphological changes induced by the T. catappa ethyl acetate fraction treatment and identify the intracellular targets in epimastigote forms of parasite (Figure 4). Untreated-epimastigotes presented elongated cell bodies with well-defined kinetoplasts and centrally located nuclei with evident nucleoli (Figure 4A). The treatment of epimastigotes with the ethyl acetate fraction led to drastic morphological changes (Figure 4B–D). The morphological alterations were kinetoplast swelling, disruption and loss of cytoplasmic organelles, detachment of the nuclear membrane (white arrow), with increasing nuclear damage; plasma membrane rupture (black arrow), with detachment of the lipid bilayer and loss of microtubule organization (Figure 4B–D).





4. Discussion


Due to the importance of controlling and treating Chagas disease, in this research we demonstrate for the first time, to the light of our knowledge, the action of secondary metabolites present in T. catappa against the T. cruzi parasite, which are able to cause ultrastructural alterations during the treatment with the ethyl acetate fraction.



Initially, we evaluated the antitrypanocidal activity of the hydroalcoholic extract and the hexane, ethyl acetate and aqueous fractions against the T. cruzi extracellular forms to define the most effective one. As a result, the ethyl acetate fraction exhibited a main activity against T. cruzi epimastigotes and trypomastigotes forms and did not exhibit cytotoxicity against Vero cells. Thus, the ethyl acetate fraction was used in further experiments.



Terminalia species have numerous phytochemical compounds responsible for different biological properties [8]. Quantitative analysis of the ethyl acetate fraction by HPLC-UV-ESI-IT/MS identified ellagic acid as the major compound. The identification of ellagic acid as the main compound has been reported in other Terminalia species, like Te. avicennioides [18], Te. leiocarpa [19] and Te. molis [20]. Ellagic acid is a phenolic compound naturally found in plants and fruits with several biological activities described as antioxidant [21], neuroprotective [22], anticancer [23,24], including its antitrypanosomal activity [20]. In this study, other phytochemicals identified can also be responsible for the anti-T. cruzi activity, namely luteolin, apigenin and quercetin, among others.



Plant-derived phenolic compounds are widely known for their antioxidant capacities, and these may be directly related to their biological activity [21,25]. An antioxidant is a compound that inhibits the production of free radicals. During T. cruzi infection, phagocytic cells induce an oxidative environment to control the parasites, producing reactive oxygen species (ROS), especially superoxide (O2−) and nitric oxide (NO), which together produce a strong oxidant and cytotoxic, peroxynitrite (ONOO−) [26,27]. According to Paiva et al. [28], the parasites are able to survive in the oxidative environment and the peroxynitrite radical can exert cytotoxic effects on host cells. Although the antioxidant effects of plant extracts against T. cruzi are still unclear, there is evidence that this action has the capacity to act on immune functions in organisms. Montenote et al. [29]. verified that Morus nigra extracts, rich in phenolic compounds, reduced parasitemia in the acute phase of Chagas disease, and that in the chronic phase they have activity on some antioxidant defenses, minimizing the tissue inflammatory process.



Conversely, the trypanocidal mechanism of benznidazole is attributed to its ability to generate oxidative damage to the parasite [30]. For Sánchez-Villamil et al. [31], a balance between ROS levels and the antioxidant response is fundamental in maintaining a safe environment for cells. The use of antioxidants as adjuvant compounds can reduce oxidative damage to host cells, becoming a potential in the treatment of Chagas disease [31,32]. Antioxidant properties of genus Terminalia have already been reported in the literature [22,33,34]. In this study, we verified the antioxidant potential of T. catappa extracts and fractions via scavenging of DPPH radicals and iron ions. In this manner, the antioxidant effect of T. catappa as an adjuvant therapy is interesting, since it can help to neutralize free radicals and protect cells against oxidative damage. However, it is still necessary to study the antioxidant mechanisms of T. catappa and correlate this with the bioactivity against T. cruzi.



Studies indicate that biological activities of plant extracts depend mainly on the plant part used, solvent and extraction method [35,36]. The use of solvents with different polarities has a great impact on the composition of the final extract [37]. Studies carried out by Rutin-Marie et al., observed that leaf extracts obtained with ethyl acetate (polar solvent) were more active against Plasmodium falciparum, indicating that ethyl acetate was the best solvent for the extraction of promising compounds [38].



The genus Terminalia has great potential in the development of effective drugs against protozoa. Ohashi et al. verified that Te. ivorensis hexane and ethyl acetate extracts showed antiprotozoal effects against Trypanosoma, Leishmania and Plasmodium species [39]. Additionally, Camara et al. [40] evaluated the in vitro and in vivo antiplasmodial activity of Te. albida extracts, observing the inhibition of parasitemia, absence of toxicity and greater animal survival, suggesting that these may be promising sources for the development of new drugs for controlling malaria.



In this research, T. catappa extract and fractions showed activity against the three forms of T. cruzi. Similarly, Griebler et al. demonstrated the effect of different extracts of Lonchocarpus cultratus against the three forms of the parasite, observing that the hexanic, dichloromethane and methanolic extracts showed trypanosomal activity with IC50 values of 15.5, 18.7 and 26.1 µg/mL after 24 h against trypomastigotes, respectively, while hexanic and dichloromethane extracts showed IC50 values of 26.7 and 4.8 µg/mL after 72 h against epimastigotes [41]. In addition, ellagic acid exhibited activity only against the T. cruzi epimastigotes forms, suggesting that existing structural differences in the epimastigotes and trypomastigotes forms may interfere with the bioactivity of the product.



Although assays against epimastigotes and trypomastigotes forms are important to trial compounds with antitrypanosomal activity, the main target is the intracellular form that patients present during the course of the disease [16]. The development of drugs that inhibit T. cruzi intracellular amastigotes is crucial in the treatment of the disease. In the literature, there are few reports of plant activity against T. cruzi intracellular forms. Therefore, it was of interest to test the efficacy of T. catappa against T. cruzi intracellular amastigotes.



Treatment of infected Vero cells with the ethyl acetate fraction of T. catappa at the highest concentrations (250-62.5 µg/mL) significantly affected the survival of intracellular amastigotes in the cells. Although the treatment of infected cells with the ethyl acetate fraction inhibited the number of parasites per 200 infected cells, the percentage of infected cells and the number of parasites per infected cell, the inhibitory concentration for 50% of parasites was not as low as expected when compared to the benznidazole (reference drug). Benznidazole showed trypanosomal activity as expected.



In murine macrophages infected with T. cruzi, Chaves et al. [42] evaluated the trypanosomal potential of extracts and fractions of Manilkara rufula, noting that the ethyl acetate fraction, methanolic fraction, hydroalcoholic fraction and hexane fraction induced the infectivity index reduction by 78.1, 53.9, 54.9 and 10.5%, respectively. The mechanism of action is still uncertain, although it is believed that the M. rufula fractions contain molecules with cytoprotective activity, especially the ethyl acetate fraction, which protected cells against H2O2-induced death [42].



The investigation of ultrastructural changes induced by T. catappa provides some evidence of its mode of action. Analysis by electron microscopy showed that the ethyl acetate fraction produced notable intracellular changes in T. cruzi epimastigotes. Based on our observations, the results point to the plasma membrane as possible target of the ethyl acetate fraction, indicating the loss of parasite integrity and, consequently, the loss of cytoplasmic organelles. Similar results were observed by De Melo et al. [5]; according to these authors, the Lippia sidoides and Lippia origanoides essential oils caused morphological changes in epimastigote forms compatible with the loss of viability and cell death of the parasite, indicating the mitochondria as the main target. In addition, ultrastructural damage of compounds isolated from plants on T. cruzi has also been reported. In experiments conducted by García-Huertas et al. and Londero et al., lignin (IC50 = 14.29 μg/mL) and costic acid (IC50 = 37.8 μM), respectively, caused intense ultrastructural damage in the cytoplasm, intracellular disorganization, presence of autophagic signals and formation of large vacuoles [2,43]. In bloodstream trypomastigotes, benznidazole (IC50 = 8.82 μM) caused vacuolation and disorganization of the cytoplasm [44]. These results suggest that intracellular structures are important targets in the development of drugs with antitrypanosomal activity. In the literature, no studies were found reporting structural damage in protozoa caused by extracts of T. catappa, especially in T. cruzi.




5. Conclusions


In conclusion, the present work demonstrates that the T. catappa extract and fractions have antitrypanosomal activity against T. cruzi. The absence of cytotoxicity associated with the excellent trypanocidal activity of the ethyl acetate fraction indicates a therapeutic potential of T. catappa for Chagas disease. In addition, the antioxidant capacity may be related to the efficiency of activity against the parasite. Although the mechanisms of action are still unknown, the death of the parasite may be directly related to structural damage, confirmed by electron microscopy. This study provides evidence that T. catappa leaves can be an effective alternative in the treatment and control of Chagas disease.




6. Patents


The patent BR 10 2023 006058 7 “Formulação farmacêutica à base de folhas de Terminalia catappa para tratamento das leishmanioses e doença de Chagas” was granted to Araújo, S. A.; Abreu-Silva, A. L.; Almeida-Souza, F.; Lima, A. S.; and Rocha, C. Q. by the National Institute of Industrial Property (Instituto Nacional da Propriedade Industrial—INPI) in 31 March 2023.







Author Contributions


Conceptualization, S.A.d.A., C.Q.d.R., K.d.S.C., F.A.-S. and A.L.A.-S.; methodology, S.A.d.A., A.d.S.L., H.P.-S., D.d.J.H., N.N.T. and F.A.-S.; software, S.A.d.A., C.Q.d.R., N.N.T. and F.A.-S.; validation, C.Q.d.R., K.d.S.C., F.A.-S. and A.L.A.-S.; formal analysis, S.A.d.A., A.d.S.L., C.Q.d.R., N.N.T. and F.A.-S.; investigation, S.A.d.A., H.P.-S., D.d.J.H. and F.A.-S.; resources, C.Q.d.R., N.N.T., K.d.S.C. and A.L.A.-S.; data curation, C.Q.d.R., N.N.T., K.d.S.C., F.A.-S. and A.L.A.-S.; writing—original draft preparation, S.A.d.A., C.Q.d.R. and F.A.-S.; writing—review and editing, S.A.d.A., A.d.S.L., C.Q.d.R., H.P.-S., D.d.J.H., N.N.T., K.d.S.C., F.A.-S. and A.L.A.-S.; visualization, S.A.d.A.; A.d.S.L., C.Q.d.R., H.P.-S., N.N.T. and F.A.-S.; supervision, C.Q.d.R., K.d.S.C., F.A.-S. and A.L.A.-S.; project administration, K.d.S.C., F.A.-S. and A.L.A.-S.; funding acquisition, K.d.S.C. and A.L.A.-S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Oswaldo Cruz Institute, by the Coordination for the Improvement of Higher Education Personnel (Coordenação de Aperfeiçoamento de Pessoal de Nível Superior do Brazil; CAPES), Finance Code 001, and by the Fundação de Amparo à Pesquisa e Desenvolvimento Científico e Tecnológico do Maranhão; (FAPEMA), grant number 02918/17- IECT. The APC (Fund for Conjoint Research Project) was funded by the Oswaldo Cruz Institute/FIOCRUZ. FA-S is a postdoctoral research fellow and scholarship holder of CAPES, grant number 88887.363006/2019-00. KSC (CNPq 315225/2021-1) and ALA-S (CNPq 313348/2021-9) are senior researchers.




Institutional Review Board Statement


The genetic heritage material access was granted by the National System for the Management of Genetic Heritage and Associated Traditional Knowledge (Sistema Nacional de Gestão do Patrimônio Genético e do Conhecimento Tradicional Associado–SisGen) with reference record AFC60DB. The animal study protocols were approved by the Ethics Committee on the Use of Animals of the Instituto Oswaldo Cruz/Fiocruz (CEUA-IOC)–Rio de Janeiro (CEUA L-53/2016-A3) and conducted in accordance with the National Council for the Control of Animal Experimentation (CONCEA).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


The authors wish to thank the Oswaldo Cruz Institute, FIOCRUZ, Rio de Janeiro for facilities support and Electronic Microscopy Nucleus, Adolfo Lutz Institute, São Paulo, for all microscopy analyzes.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Perez-Molina, J.A.; Molina, I. Chagas disease. Lancet 2018, 391, 82–94. [Google Scholar] [CrossRef]

	



Londero, V.S.; Costa-Silva, T.A.; Tempone, A.G.; Namiyama, G.M.; Thevenard, F.; Antar, G.M.; Baitello, J.B.; Lago, J.H.G. Anti-Trypanosoma cruzi activity of costic acid isolated from Nectandra barbellata (Lauraceae) is associated with alterations in plasma membrane electric and mitochondrial membrane potentials. Bioorg. Chem. 2020, 95, 103510. [Google Scholar] [CrossRef] [PubMed]

	



Castañeda, J.S.; Suta-Velásquez, M.; Mateus, J.; Pardo-Rodriguez, D.; Puerta, C.J.; Cuéllar, A.; Robles, J.; Cuervo, C. Preliminary chemical characterization of ethanolic extracts from Colombian plants with promising anti-Trypanosoma cruzi activity. Exp. Parasitol. 2021, 223, 108079. [Google Scholar] [CrossRef] [PubMed]

	



Brasil, Ministério da Saúde. Boletim Epidemiológico Doença de Chagas; Secretaria de Vigilância em Saúde, Ministério da Saúde: Brasilia, Brazil, 2021; 38p.

	



de Melo, A.R.B.; Higino, T.M.M.; da Rocha Oliveira, A.D.P.; Fontes, A.; da Silva, D.C.N.; de Castro, M.C.A.B.; Lopes, J.A.D.; de Figueiredo, R.C.B.Q. Lippia sidoides and Lippia origanoides essential oils affect the viability, motility and ultrastructure of Trypanosoma cruzi. Micron 2020, 29, 102781. [Google Scholar] [CrossRef] [PubMed]

	



Santi, A.M.M.; Murta, S.M.F. Antioxidant defence system as a rational target for Chagas disease and Leishmaniasis chemotherapy. Mem. Inst. Oswaldo Cruz 2022, 117, e210401. [Google Scholar] [CrossRef] [PubMed]

	



Urbina, J.A. Specific chemotherapy of Chagas disease: Relevance, current limitations and new approaches. Acta Trop. 2010, 115, 55–68. [Google Scholar] [CrossRef]

	



Zhang, X.R.; Kaunda, J.S.; Zhu, H.T.; Wang, D.; Yang, C.R.; Zhang, Y.J. The genus Terminalia (Combretaceae): An ethnopharmacological, phytochemical and pharmacological review. Nat. Prod. Bioprospect. 2019, 9, 357–392. [Google Scholar] [CrossRef]

	



Das, G.; Kim, D.Y.; Fan, C.; Gutiérrez-Grijalva, E.P.; Heredia, J.B.; Nissapatorn, V.; Mitsuwan, W.; Pereira, M.L.; Nawaz, M.; Siyadatpanah, A.; et al. Plants of the genus Terminalia: An insight on its biological potentials, pre-clinical and clinical studies. Front. Pharmacol. 2020, 11, 561248. [Google Scholar] [CrossRef]

	



Ribeiro, R.D.T.M.; Loiola, M.I.B.; Sales, M.F.D. Terminalia L. (Combretaceae) do Estado de Pernambuco, Brasil. Hoehnea 2018, 45, 307–313. [Google Scholar] [CrossRef]

	



Abiodun, O.O.; Rodríguez-Nogales, A.; Algieri, F.; Gomez-Caravaca, A.M.; Segura-Carretero, A.; Utrilla, M.P.; Rodriguez-Cabezas, M.E.; Galvez, J. Antiinflammatory and immunomodulatory activity of an ethanolic extract from the stem bark of Terminalia catappa L. (Combretaceae): In vitro and in vivo evidences. J. Ethnopharmacol. 2016, 192, 309–319. [Google Scholar] [CrossRef]

	



Behl, T.; Kotwani, A. Proposed mechanisms of Terminalia catappa in hyperglycaemia and associated diabetic complications. J. Pharm. Pharmacol. 2017, 69, 123–134. [Google Scholar] [CrossRef] [PubMed]

	



Mbekou, M.I.K.; Dize, D.; Yimgang, V.L.; Djague, F.; Toghueo, R.M.K.; Sewald, N.; Lenta, B.N.; Boyom, F.F. Antibacterial and mode of action of extracts from endophytic fungi derived from Terminalia mantaly, Terminalia catappa, and Cananga odorata. BioMed Res. Int. 2021, 2021, 6697973. [Google Scholar] [CrossRef] [PubMed]

	



Shanehbandi, D.; Zarredar, H.; Asadi, M.; Zafari, V.; Esmaeili, S.; Seyedrezazadeh, E.; Soleimani, Z.; Jadid, H.S.; Eyvazi, S.; Feyziniya, S.; et al. Anticancer impacts of Terminalia catappa extract on SW480 colorectal neoplasm cell line. J. Gastrointest. Cancer 2021, 52, 99–105. [Google Scholar] [CrossRef]

	



Chang, C.K.; Chu, S.C.; Huang, J.Y.; Chen, P.N.; Hsieh, Y.S. Terminalia catappa leaf extracts inhibited metastasis of A2058 and A375 melanoma cells via downregulating p-Src and β-catenin pathway in vitro. Front. Farmacol. 2022, 13, 963589. [Google Scholar] [CrossRef] [PubMed]

	



Almeida-Souza, F.; de Souza, C.D.S.F.; Taniwaki, N.N.; Silva, J.J.M.; de Oliveira, R.M.; Abreu-Silva, A.L.; da Silva Calabrese, K. Morinda citrifolia Linn. Fruit (Noni) juice induces an increase in NO production and death of Leishmania amazonensis amastigotes in peritoneal macrophages from BALB/c. Nitric Oxide 2016, 58, 51–58. [Google Scholar] [CrossRef]

	



Almeida-Souza, F.; Silva, V.D.D.; Silva, G.X.; Taniwaki, N.N.; Hardoim, D.D.J.; Buarque, C.D.; Abreu-Silva, A.L.; Calabrese, K.D.S. 1,4-Disubstituted-1,2,3-Triazole compounds induce ultrastructural alterations in Leishmania amazonensis promastigote: An in vitro antileishmanial and in silico pharmacokinetic study. Int. J. Mol. Ciência 2020, 21, 6839. [Google Scholar] [CrossRef]

	



Ouattara, L.P.; Sanon, S.; Mahiou-Leddet, V.; Gansané, A.; Baghdikian, B.; Traoré, A.; Azas, N.; Ollivier, E.; Sirima, S.B. In vitro antiplasmodial activity of some medicinal plants of Burkina Faso. Parasitol. Res. 2014, 113, 405–416. [Google Scholar] [CrossRef]

	



Mahmoud, A.B.; Mäser, P.; Kaiser, M.; Hamburger, M.; Khalid, S. Mining sudanese medicinal plants for antiprotozoal agents. Front. Pharmacol. 2020, 11, 865. [Google Scholar] [CrossRef]

	



Muganga, R.; Bero, J.; Quetin-Leclercq, J.; Angenot, L.; Tits, M.; Mouithys-Mickalad, A.; Franck, T.; Frédérich, M. In vitro Antileishmanial, Antitrypanosomal, and Anti-inflammatory-like Activity of Terminalia mollis Root Bark. Planta Med. 2021, 87, 724–731. [Google Scholar] [CrossRef]

	



Djedjibegovic, J.; Marjanovic, A.; Panieri, E.; Saso, L. llagic acid-derived urolithins as modulators of oxidative stress. Oxidative Med. Cell. Longev. 2020, 2020, 5194508. [Google Scholar] [CrossRef]

	



Gupta, A.; Singh, A.K.; Kumar, R.; Jamieson, S.; Pandey, A.K.; Bishayee, A. Neuroprotective potential of ellagic acid: A critical review. Adv. Nutr. 2021, 12, 1211–1238. [Google Scholar] [CrossRef]

	



Yoganathan, S.; Alagaratnam, A.; Acharekar, N.; Kong, J. Ellagic acid and schisandrins: Natural biaryl polyphenols with therapeutic potential to overcome multidrug resistance in cancer. Cells 2021, 10, 458. [Google Scholar] [CrossRef] [PubMed]

	



Xue, P.; Zhang, G.; Zhang, J.; Ren, L. Synergism of ellagic acid in combination with radiotherapy and chemotherapy for cancer treatment. Phytomedicine 2021, 99, 153998. [Google Scholar] [CrossRef] [PubMed]

	



Teles, A.M.; Silva-Silva, J.V.; Fernandes, J.M.P.; Abreu-Silva, A.L.; Calabrese, K.D.S.; Mendes Filho, N.E.; Mouchrek, A.N.; Almeida-Souza, F. GC-MS characterization of antibacterial, antioxidant, and antitrypanosomal activity of Syzygium aromaticum essential oil and eugenol. Evid. Based Complement. Altern. Med. 2021, 2021, 6663255. [Google Scholar] [CrossRef] [PubMed]

	



Alvarez, M.N.; Peluffo, G.; Piacenza, L.; Radi, R. Intraphagosomal peroxynitrite as a macrophage-derived cytotoxin against internalized Trypanosoma cruzi: Consequences for oxidative killing and role of microbial peroxiredoxins in infectivity. J. Biol. Chem. 2011, 286, 6627–6640. [Google Scholar] [CrossRef]

	



Paiva, C.N.; Bozza, M.T. Are reactive oxygen species always detrimental to pathogens? Antioxid. Redox Signal. 2014, 20, 1000–1037. [Google Scholar] [CrossRef]

	



Paiva, C.N.; Medei, E.; Bozza, M.T. ROS and Trypanosoma cruzi: Fuel to infection, poison to the heart. PLoS. Pathog. 2018, 14, e1006928. [Google Scholar] [CrossRef]

	



Montenote, M.C.; Wajsman, V.Z.; Konno, Y.T.; Ferreira, P.C.; Silva, R.M.G.; Therezo, A.L.S.; Silva, L.P.; Martins, L.P.A. Antioxidant effect of Morus nigra on Chagas disease progression. Rev. Inst. Med. Trop. Sao Paulo 2017, 59, e73. [Google Scholar] [CrossRef]

	



Quintero, W.L.; Moreno, E.M.; Pinto, S.M.L.; Sanabria, S.M.; Stashenko, E.; García, L.T. Immunomodulatory, trypanocide, and antioxidant properties of essential oil fractions of Lippia alba (Verbenaceae). BMC Complement. Med. Ther. 2021, 21, 187. [Google Scholar] [CrossRef]

	



Sánchez-Villamil, J.P.; Bautista-Niño, P.K.; Serrano, N.C.; Rincon, M.Y.; Garg, N.J. Potential role of antioxidants as adjunctive therapy in Chagas disease. Oxidative Med. Cell. Longev. 2020, 2020, 9081813. [Google Scholar] [CrossRef]

	



Maldonado, E.; Rojas, D.A.; Urbina, F.; Solari, A. The use of antioxidants as potential co-adjuvants to treat chronic chagas disease. Antioxidants 2021, 10, 1022. [Google Scholar] [CrossRef] [PubMed]

	



Nam, Y.J.; Hwang, Y.S.C. Antibacterial and antioxidant effect of ethanol extracts of Terminalia chebula on Streptococcus mutans. Clin. Exp. Dent. Res. 2021, 7, 987–994. [Google Scholar] [CrossRef] [PubMed]

	



Shahzad, M.N.; Ahmad, S.; Tousif, M.I.; Ahmad, I.; Rao, H.; Ahmad, B.; Basit, A. Profiling of phytochemicals from aerial parts of Terminalia neotaliala using LC-ESI-MS2 and determination of antioxidant and enzyme inhibition activities. PLoS ONE 2022, 17, e0266094. [Google Scholar] [CrossRef] [PubMed]

	



Ullah, I.; Wakeel, A.; Shinwari, Z.J.; Sohail, K.A.; Khalil, A.; Ali, M. Antibacterial and antifungal activity of Isatis tinctoria L. (Brassicaceae) using the micro-plate method. Pak. J. Bot. 2017, 49, 1949–1957. [Google Scholar]

	



Chekroun-Bechlaghem, N.; Belyagoubi-Benhammou, N.; Belyagoubi, L.; Gismondi, A.; Nanni, V.; Di Marco, G.; Canuti, L.; Canini, A.; El Haci, I.A.; Atik Bekkara, F. Phytochemical analysis and antioxidant activity of Tamarix africana, Arthrocnemum macrostachyum and Suaeda fruticosa, three halophyte species from Algeria. Plant Biosyst. 2019, 153, 843–852. [Google Scholar] [CrossRef]

	



Dehkharghanian, M.; Adenier, H.; Vijayalakshmi, M.A. Study of flavonoids in aqueous spinach extract using positive electrospray ionisation tandem quadrupole mass spectrometry. Food Chem. 2010, 121, 863–870. [Google Scholar] [CrossRef]

	



Rufin Marie, T.K.; Mbetyoumoun Mfouapon, H.; Madiesse Kemgne, E.A.; Jiatsa Mbouna, C.D.; Tsouh Fokou, P.V.; Sahal, D.; Fekam Boyom, F. Anti-plasmodium falciparum activity of extracts from 10 Cameroonian medicinal plants. Medicines 2018, 5, 115. [Google Scholar] [CrossRef]

	



Ohashi, M.; Amoa-Bosompem, M.; Kwofie, K.D.; Agyapong, J.; Adegle, R.; Sakyiamah, M.M.; Ayertey, F.; Owusu, K.B.; Tuffour, I.; Atchoglo, P.; et al. In vitro antiprotozoan activity and mechanisms of action of selected Ghanaian medicinal plants against Trypanosoma, Leishmania, and Plasmodium parasites. Phytother. Res. 2018, 32, 1617–1630. [Google Scholar] [CrossRef]

	



Camara, A.; Haddad, M.; Traore, M.S.; Chapeland-Leclerc, F.; Ruprich-Robert, G.; Fourasté, I.; Balde, M.A.; Royo, J.; Parny, M.; Batigne, P.; et al. Variation in chemical composition and antimalarial activities of two samples of Terminalia albida collected from separate sites in Guinea. BMC Complement. Med. Ther. 2021, 21, 64. [Google Scholar] [CrossRef]

	



Griebler, A.; Banhuk, F.W.; Staffen, I.V.; Bortoluzzi, A.A.M.; Ayala, T.S.; Gandra, R.F.; Schuquel, I.T.A.; da Silva, A.E.A.; Marinho Jorge, M.T.C.; Menolli, R.A. Anti-Trypanosoma cruzi activity, cytotoxicity and, chemical characterization of extracts from seeds of Lonchocarpus cultratus. J. Infect. Dev. Ctries. 2021, 15, 270–279. [Google Scholar] [CrossRef]

	



Chaves, A.C.T.A.; Rocha, V.P.C.; Bastos, T.M.; Soares, M.B.P.; Rodrigues, A.C.B.D.C.; Bezerra, D.P.; Silva Júnior, L.J.C.; Paula, V.F.; Silva, E.R.; Queiroz, R.F. Antioxidant, antibacterial, leishmanicidal and trypanocidal activities of extract and fractions of Manilkara rufula stem bark. Int. J. Adv. Eng. Res. Sci. 2019, 6, 672–687. [Google Scholar] [CrossRef]

	



García-Huertas, P.; Olmo, F.; Sánchez-Moreno, M.; Dominguez, J.; Chahboun, R.; Triana-Chávez, O. Activity in vitro and in vivo against Trypanosoma cruzi of a furofuran lignan isolated from Piper jericoense. Exp. Parasitol. 2018, 189, 34–42. [Google Scholar] [CrossRef] [PubMed]

	



Barbosa, J.M.C.; Pedra-Rezende, Y.; Pereira, L.D.; de Melo, T.G.; Barbosa, H.S.; Lannes-Vieira, J.; de Castro, S.L.; Daliry, A.; Salomão, K. Benznidazole and amiodarone combined treatment attenuates cytoskeletal damage in Trypanosoma cruzi-infected cardiac cells. Front. Cell. Infect. Microbiol. 2022, 12, 1238. [Google Scholar] [CrossRef] [PubMed]








[image: Biology 12 00895 g001 550] 





Figure 1. Chromatogram of Terminalia catappa. Hydroalcoholic extract (black) and ethyl acetate fraction (red). Chemical structure of ellagic acid (arrow). 
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Figure 2. Concentration-response curve of ethyl acetate fraction of Terminalia catappa against epimastigote, trypomastigote and intracellular amastigote forms of Trypanosoma cruzi. 
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Figure 3. Vero cells infected with Trypanosoma cruzi and treated for 24 h with ethyl acetate fraction of Terminalia catappa or benznidazole. Parameters of infection (A–F) and light microscopy (G) of cells untreated, treated with benznidazole (100 μg/mL) or treated with ethyl acetate fraction (250 μg/mL). Intracellular amastigotes inside cells (black arrows). The images and data (mean ± SD) represent two independent experiments performed in quadruplicate. * p < 0.01 when compared with untreated infected cells by the Mann-Whitney test. Giemsa, objective 100×. 
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Figure 4. Ultrastructural alterations of Trypanosoma cruzi epimastigote forms (A) Untreated parasites, with normal characteristics of the protozoan. (B–D) Parasites treated with Terminalia catappa ethyl acetate fraction at 8.8 μg/mL for 72 h. (C) Detachment of nuclear membrane (white arrow). (D) Severe damage of the cytoplasm and rupture of the plasma membrane (black arrow). n: nucleus; k: kinetoplast. 
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Table 1. Compounds identified in Terminalia catappa.
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Compound

	
Mode

	
Fragments






	
1

	
Hexahydroxydiphenyldigalloylglucose acid

	
−

	
MS2

	
785 [M-H]−/765; 633 [M-H-152]−; 483 [M-H-152-132-18]−; 419; 301




	
MS3

	
785→483/331 [M-H-152-132-18-152]−; 313 [M-H-152-132-18-152-18]−; 193; 169




	
+

	
MS2

	
805 [M + H2O]+/787 [M + H-18]+; 617 [M + H-18-152-18]+; 467; 303




	
MS3

	
805→787/769; 617; 467; 449; 303 [M + H-152-152-162-18]+; 277




	
2

	
Trigaloyl-hexoside

	
−

	
MS2

	
635 [M-H]−/483 [M-H-152]−; 465 [M-H-152-18]−; 313 [M-H-152-18-152]−;




	
MS3

	
635→465/447; 313 [M-H-152-18-152]−; 295 [M-H-152-132-18-18]−; 169




	
+

	
MS2

	
659 [M + Na]+/489 [M + Na-152-18]+; 319




	
MS3

	
659→489/471; 337; 319 [M + Na-152-18-152-18]+




	
3

	
Galoyl-HHDP-hexoside

	
−

	
MS2

	
633 [M-H]−/463 [M-H-152-18]−; 301 [M-H-152-18-162]−; 275




	
MS3

	
633→301/301 [M-H-152-18-162]−




	
4

	
Luteolin 8-C-hexoside

	
−

	
MS2

	
447 [M-H]−/357 [M-H-90]−; 327 [M-H-120]−




	
MS3

	
447→327/327 [M-H-120]−; 299 [M-H-120-28]−




	
5

	
Luteolin 6-C-hexoside

	
−

	
MS2

	
447 [M-H]−/429 [M-H-18]−; 357 [M-H-90]−; 327 [M-H-120]−




	
MS3

	
447→327/327 [M-H-120]−; 299




	
6

	
Apigenin 8-C-hexoside

	
−

	
MS2

	
431 [M-H]−/341 [M-H-90]−; 311 [M-H-120]−; 283 [M-H-120-18]−




	
MS3

	
431→311/311 [M-H-120-18]−; 283




	
7

	
Luteolin-6-C-(2″-galloyl)-hexoside

	
−

	
MS2

	
599 [M-H]−/555 [M-H-44]−; 447 [M-H-152]−; 429 [M-H-152-18]−; 327 [M-H-152-120]−




	
MS3

	
599→447/429; 357; 327 [M-H-152-120]−




	
+

	
MS2

	
601 [M + H]+/583 [M + H-18]+; 481 [M + H-120]+; 449; 431 [M + H-170]+; 383; 329; 311




	
MS3

	
601→431/413;395; 383; 353; 311 [M + H-18-152-120]+




	
8

	
Apigenin 6-C-hexoside

	
−

	
MS2

	
431 [M-H]−/413 [M-H-18]−; 341 [M-H-90]−; 311 [M-H-120]−




	
MS3

	
431→311/311; 283 [M-H-120-28]−




	
9

	
Apigenin 6-C-(2″-galloyl)-hexoside

	
−

	
MS2

	
583 [M-H]−/431 [M-H-152]−; 413 [M-H-152-18]−; 311 [M-H-152-120]−; 169




	
MS3

	
583→431/341; 311 [M-H-152-120]−; 283




	
+

	
MS2

	
585 [M + H]+/567; 465; 415 [M + H-170]+; 379; 367; 313




	
MS3

	
585→415/397; 379 [M + H-170-18-18]+; 325; 295; 283




	
10

	
Quercetin 3-O-hexoside

	
−

	
MS2

	
463 [M-H]−/343 [M-H-120]−; 301 [M-H-162]−




	
MS3

	
463→301/301 [M-H-162]−; 179; 151




	
+

	
MS2

	
465 [M + H]+/303 [M + H-162]+




	
11

	
Ellagic acid

	
−

	
MS2

	
301 [M-H]−/301




	
+

	
MS2

	
627 [2M + Na]+/325 [2M + Na-302]+




	
12

	
Kaempferol 3-O-(6″-deoxyhexosyl) -hexoside

	
−

	
MS2

	
593 [M-H]−/447 [M-H-146]−; 429 [M-H-146-18]−; 309 [M-H-146-18-120]−; 285 [M-H-146-162]−




	
MS3

	
593→429/309 [M-H-146-18-120]−




	
+

	
MS2

	
595 [M + H]+/577; 449; 287 [M + H-146-162]+











[image: Table] 





Table 2. Antioxidant activity of the Terminalia catappa extract and fractions.
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	Terminalia catappa
	DPPH IC50 (µg/mL)
	FRAP (µM TE/mg Extract)





	Hydroalcoholic extract
	221.70 ± 2.43
	953.02 ± 0.16



	Hexanic fraction
	84.77 ± 1.05
	153.52 ± 0.02



	Ethyl acetate fraction
	7.77 ± 1.61
	687.61 ± 0.26



	Aqueous fraction
	5.26 ± 1.26
	1009.32 ± 0.13



	Trolox
	12.80 ± 1.09
	-







DPPH: 2,2-Diphenyl-1-picrylhydrazyl radical scavenging assay; IC50: inhibitory concentration of 50%; FRAP: ferric reducing antioxidant power assay; TE: Trolox equivalent.
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Table 3. Cytotoxicity, antitrypanocidal activity and selectivity index of Terminalia catappa.
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T. catappa

	
Cytotoxicity CC50 (µg/mL)

	
T. cruzi IC50 (µg/mL)




	
Vero

	
Epimastigote

	
SIepi

	
Tripomastigote

	
SItri

	
Intracellular Amastigote

	
SIama






	
Hydroalcoholic extract

	
>1000

	
70.85 ± 1.10

	
>14.11

	
25.42 ± 1.37

	
>39.33

	
-

	
-




	
Hexanic fraction

	
222.40 ± 1.51

	
148.40 ± 1.20

	
1.49

	
34.51 ± 1.15

	
6.44

	
-

	
-




	
Ethyl acetate fraction

	
>1000

	
8.86 ± 1.13

	
>112.86

	
24.91 ± 1.15

	
>40.14

	
85.01 ± 1.21

	
>11.76




	
Aqueous fraction

	
>1000

	
104.50 ± 1.11

	
>9.56

	
54.59 ± 1.13

	
>18.31

	
-

	
-




	
Ellagic acid

	
>1000

	
215.18 ± 1.57

	
>4.64

	
>500

	
nd

	
-

	
-




	
Benznidazole

	
>1000

	
8.66 ± 1.22

	
>115.47

	
9.29 ± 1.28

	
107.64

	
12.84 ± 1.08

	
77.88








CC50: inhibitory concentration of 50% of cells; IC50: inhibitory concentration of 50% of parasites; SIepi: selective index of cells (CC50) over epimastigote IC50; SIama: selective index of cells (CC50) over intracellular amastigote IC50.
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