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Abstract

:

Leishmaniasis is a vector-borne disease against which there are no approved vaccines, and the treatment is based on highly toxic drugs. The alkaloids consist of a chemical class of natural nitrogen-containing substances with a long history of antileishmanial activity. The present study aimed at determining the antileishmanial activity and in silico pharmacokinetic and toxicological potentials of tryptanthrin alkaloid. The anti-Leishmania amazonensis and anti-L. infantum assays were performed against both promastigotes and intracellular amastigotes. Cellular viability was determined by parasites’ ability to grow (promastigotes) or differentiate (amastigotes) after incubation with tryptanthrin. The mechanisms of action were explored by mitochondrion dysfunction and apoptosis-like death evaluation. For the computational pharmacokinetics and toxicological analysis (ADMET), tryptanthrin was submitted to the PreADMET webserver. The alkaloid displayed anti-promastigote activity against L. amazonensis and L. infantum (IC50 = 11 and 8.0 μM, respectively). Tryptanthrin was active against intracellular amastigotes with IC50 values of 75 and 115 μM, respectively. Mitochondrial membrane depolarization was observed in tryptanthrin-treated promastigotes. In addition, parasites undergoing apoptosis-like death were detected after 18 h of exposure. In silico ADMET predictions revealed that tryptanthrin has pharmacokinetic and toxicological properties similar to miltefosine. The results presented herein demonstrate that tryptanthrin is an interesting drug candidate against leishmaniasis.
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1. Introduction


Leishmania spp. are obligate intracellular protozoan parasites that invade and proliferate inside phagocytes, mainly macrophages. In the first step of infection, metacyclic promastigotes are transmitted during the bloodmeal of female phlebotomine sand flies and rapidly infect the host cells, where they differentiate into amastigotes. The last ones are the evolutive form responsible for the clinical manifestations of the so-called leishmaniasis in the vertebrate host [1]. The disease can evolve clinically as cutaneous or mucocutaneous lesions (tegumentary leishmaniasis) or as visceral injuries (visceral leishmaniasis) as a consequence of infection by dermotropic or viscerotropic species, respectively. Brazil is one of the few countries in which both clinical manifestations are endemic. In fact, in 2020, 16,056 and 1954 cases of cutaneous and visceral leishmaniasis were reported in this country, respectively [2].



Despite the efforts of several research groups to develop effective vaccines, none are available to fight human leishmaniasis [3]. In this scenario, leishmaniasis treatment still relies on the use of chemotherapeutic agents, mainly pentavalent antimony, amphotericin B (conventional or liposomal formulations), and miltefosine. It has been reported that these drugs act in distinct ways on parasite killing, which include the inhibition of metabolic pathways, cellular membrane damage and alteration of signal transductions, as recently reviewed [4]. However, the treatment of leishmaniasis is not ideal due to its toxicity and serious side effects, the high cost, and the prospect of the emergence of resistant parasites [5]. Therefore, new drug candidates, which are safer and more effective, are needed to improve the arsenal against this devastating disease.



Tryptanthrin (Figure 1) is a naturally occurring compound that belongs to the alkaloid chemical class. It was identified in several botanical individuals including Phaius mishmensis [6]; Couroupita guianensis [7], Polygonum tinctorium Lour. [8], and [9] Wrightia spp. This indoloquinazoline alkaloid is described as a pharmacologically active agent against various illnesses [10]. Recently, tryptanthrin was reported as antiviral [11], antibacterial [7,12], antifungal [13], and antiprotozoal [14]. Regarding the antileishmanial activity, tryptanthrin and derivatives were active against axenic Leishmania donovani amastigotes [15]. Here, we investigated the mechanisms of action of this alkaloid against L. amazonensis and L. infantum. In addition, cytotoxicity and ADMET analysis were performed to provide first insights on tryptanthrin safety.




2. Materials and Methods


2.1. Chemicals


Tryptanthrin, amphotericin B, annexin V-FITC kit, rhodamine 123, tetrazolium salt (MTT), monodansylcadaverine, and Dulbecco’s Modified Eagle Medium (DMEM) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Dimethylsulfoxide (DMSO) was obtained from Dinâmica (Indaiatuba, SP, Brazil). Fetal bovine serum (FBS) was obtained from LGC Biotecnologia (Cotia, SP, Brazil).




2.2. Macrophage Viability Assay


The viability of the RAW 264.7 macrophage line was evaluated using the colorimetric method of tetrazolium salt (MTT) [16]. Initially, macrophages were cultured in DMEM supplemented with 10% FBS at 37 °C and 5% CO2 atmosphere. After sub-confluence was achieved (48 h), the cells were harvested, washed twice with cold PBS, and a macrophage suspension (106 cells/mL) was prepared in a cold fresh medium. Aliquots of 100 µL were distributed into 96-well microplates, where the cells were allowed to adhere for 2 h. Subsequently, the alkaloid (1.97 to 252 µM, final concentrations) or amphotericin B (0.8 to 12.8 µM, final concentrations) were serially diluted and added to macrophage cultures. The cells were incubated for 48 h under the same conditions for cellular growth. After this period, the macrophage cultures were washed with PBS (phosphate saline buffer, pH 7.2) and re-incubated with 12 mM MTT solution for 3 h. Macrophage viability was determined spectrophotometrically at 570 nm (SpectraMax i3x, Molecular Devices, San Jose, CA, USA) after formazan crystal solubilization with DMSO. The results were expressed as mean values obtained from two independent experiments performed in duplicate. The CC50 was calculated based on the non-linear regression curves generated from the viability percentages.




2.3. Anti-Promastigote Assay


Leishmania (Leishmania) amazonensis (MHOM/BR/75/Josefa) and Leishmania (Leishmania) infantum (MHOM/BR/1974/PP75) promastigotes were maintained as previously reported [17]. For the anti-promastigote assays, parasites were harvested at the late exponential phase (96 h) and washed twice with PBS. A parasite suspension was prepared (106 cels/mL) from which 100 µL were transferred to 96-well plates containing several concentrations of a tryptanthrin solution (7.8 to 252 µM, final concentrations in PBHIL culture medium, and 1% DMSO). In addition, 1% DMSO-treated parasites were used as a negative control. The parasite cultures were incubated at 26 °C, and the growth inhibition effect was evaluated at the end of treatment (48 h) by optical density (OD) at 600 nm [18]. Percentages of inhibition were calculated considering the growth of controls (untreated parasites) as 100%. In addition, parasite viability at the end of treatment was determined after washing the treated cultures with PBS by centrifugation (2000 rpm/5 min) and re-incubation in a fresh medium (100 µL) for 96 h. The absence of growth indicated a leishmanicidal effect of the alkaloid. The minimal leishmanicidal concentration (MLC) was determined as the lowest concentration that completely abrogated the growth of parasites. The sub-leishmanicidal concentration (SLC) was defined as a two-fold dilution of MLC. The 50% (IC50) inhibitory concentrations were calculated by non-linear dose-response analysis. The results were expressed as mean values obtained from three independent experiments performed in duplicate.




2.4. Mitochondrial Membrane Potential (ΔΨm)


The analysis of changes in ΔΨm of L. amazonensis and L. infantum promastigotes (2 × 106 parasites) was carried out as previously reported [19], with some modifications. Initially, parasites were harvested as described above and then treated with IC50 values and a sub-leishmanicidal concentration (MLC/2) of tryptanthrin for 4 h at 26 °C. After the incubation period, the promastigote cultures were washed twice with PBS by centrifugation (2000 rpm/5 min), and the cell concentration was adjusted to 107 parasites/mL in 200 µL PBS. The parasites were then transferred to 96-well microplates incubated in the presence of Rhodamine 123 (0.5 μg/mL) for 20 min in the dark at 26 °C. Finally, the fluorescence was measured at 485/528 nm (excitation/emission) using a spectrofluorometer (SpectraMax i3x, Molecular Devices, San Jose, CA, USA). Two independent experiments were performed in duplicate, using 1% DMSO-treated parasites as a negative control.




2.5. Assay for Autophagy


L. amazonensis and L. infantum promastigotes were harvested in the exponential phase (72 h), washed twice with PBS, and then resuspended in a fresh medium. Aliquots of 100 µL containing 2 × 106 parasites were transferred to 96-well microplates containing 100 µL of tryptanthrin (IC50 values). Untreated parasites were used as a negative control. After a 24 h incubation period at 26 °C, both cultures (treated and untreated cells) were washed with PBS, resuspended in 100 µM monodansylcadaverine (MDC), and incubated for 1 h at 26 °C in the dark [20]. MDC is an autofluorescent autophagolysosome marker that specifically labels autophagic vacuoles in vivo and in vitro [21]. The parasite cultures were washed twice with PBS and fixed with 2% formaldehyde (20 min at room temperature). Finally, tryptanthrin-induced parasitic autophagy was determined fluorometrically at 335/460 nm (excitation/emission) using a SpectraMax i3x spectrofluorometer (Molecular Devices, San Jose, CA, USA).




2.6. Determination of Ergosterol Content in Promastigotes


The ergosterol content in L. amazonensis and L. infantum promastigotes was evaluated as described by Arthington-Skaggs et al. (1999), with modifications [22]. Parasites (105 cells) were treated with tryptanthrin (IC50) for 18 h at 26 °C. After this time, the cells were washed with PBS and the wet cell weight was determined. Subsequently, 3 mL of alcoholic KOH solution was added, and the cells were subjected to vortex motion for 1 min. The samples were then incubated in a water bath (85 °C for 1 h) and cooled to room temperature. After this step, 1 mL of distilled water was added and the sterols were extracted by a liquid-liquid partition with 3 mL of cyclohexane. An aliquot of the organic phase was diluted (1:5) in ethanol, and this mixture was scanned (240–300 nm) on a SpectraMax i3x spectrofluorometer. The percentage of ergosterol was calculated as follows: % ergosterol + % 24(28)DHE = [(A281,5/290) × F]/cell wet weight, where F: ethanol dilution factor; % 24(28)DHE = [(A240/518) × F]/cell wet weight, where F: ethanol dilution factor; and % ergosterol = [% ergosterol + % 24(28)DHE] − % 24(28)DHE.




2.7. Annexin V-FITC/PI Dual Staining


Leishmania death by the apoptosis-like process was determined using an annexin V-FITC apoptosis detection kit as reported by Gabriel et al. (2019) with slight modifications [23]. First, L. amazonensis or L. infantum promastigotes in the exponential phase of growth were harvested, washed twice with PBS, and parasite suspensions (106 parasites/mL) were prepared in a fresh medium containing tryptanthrin (IC50 value). Subsequently, the cultures were incubated for 18 h at 26 °C. Untreated parasites were used as a negative control. Amphotericin B was used as a reference drug and a positive control due to inhibition of the metacaspase pathway [24]. The annexin V-FITC/propidium iodide (PI) staining procedures were performed according to the manufacturer’s recommendations. Parasite death was determined by flow cytometry (BD FACSVerse™, BD Biosciences, San Jose, CA, USA), and data analysis was performed using Flowing Software 2.5.1 (Perttu Terho, Turku, Finland). The results were expressed as a percentage of positively stained cells relative to the total number of cells analyzed. PI-stained parasites indicate death by necrosis processes, while annexin- and annexin + PI-stained parasites indicate early and late apoptosis, respectively.




2.8. Macrophage Infection and Anti-Amastigote Assay


Cell suspensions containing RAW 264.7 macrophages were prepared and distributed into microplates as described above. L. amazonensis and L. infantum promastigotes were harvested at the stationary phase of growth (120 h). After the washing procedures, parasite suspensions were prepared in a fresh DMEM medium. The number of parasites was determined using a Neubauer chamber, and macrophage infection was then performed in a ratio of 10 parasites per host cell. Macrophage-parasite interaction occurred for 4 h at 37 °C and in an atmosphere of 5% CO2. The infected adherent cells were washed and then re-incubated for 24 h allowing promastigote-amastigote differentiation [25]. After this period, the infected macrophages were treated with increasing concentrations of tryptanthrin (16 to 201 µM) or amphotericin B (0.1 to 135 µM) for 48 h. The culture supernatants were collected at the treatment end to determine nitric oxide production by macrophages using the Griess reaction. Subsequently, the cells were washed with PBS before the addition of 200 µL of Schneider medium containing 0.05% SDS (sodium dodecyl sulfate). The addition of a low concentration of detergent induced controlled macrophage lysis, enabling the release of amastigotes and further differentiation into promastigotes [26,27]. Macrophage lysis was accompanied by light microscopy, and the released amastigotes were harvested and incubated in a fresh medium for 72 h at 26 °C to differentiate into promastigote forms. The MTT colorimetric assay was used to determine the viability of recovered promastigotes. It is noteworthy that only viable amastigotes can differentiate into promastigote forms. The IC50 was calculated based on the non-linear regression curves generated from the viability percentages.




2.9. Selectivity Index


The selectivity indexes (SI) for intracellular amastigotes of L. amazonensis and L. infantum were calculated by taking the ratio between the CC50 obtained for the host cell and the IC50 obtained for the parasites.




2.10. Prediction of ADMET by Computational Analysis


In silico ADMET (absorption, distribution, metabolism, excretion, and toxicity) analysis was performed using the PreADMET® webserver (https://preadmet.bmdrc.kr/ (accessed on 31 March 2021)), in which pharmacokinetic properties (human intestinal absorption, plasma protein binding, CYP inhibition and substrate, and in vitro skin permeability), drug-likeness (Rule of 5), and toxicity (Ames test, carcinogenicity, and mutagenicity) were evaluated for tryptanthrin. Miltefosine was selected as a reference drug since the computational prediction of toxicity is based on experimental models that used the oral administration route.




2.11. Statistical Analysis


Statistical analysis was determined based on the Student’s t-test and two-way ANOVA with Sidak’s multiple comparisons test using the GraphPad Prism 8.0 software, considering p < 0.05 as significant.





3. Results


3.1. Tryptanthrin Cytotoxicity and Selectivity


Tryptanthrin cytotoxicity was evaluated against RAW 264.7 macrophages. The alkaloid showed a CC50 value of 465 µM (Table 1). After the anti-intracellular amastigote forms assays, the selectivity indexes of tryptanthrin were determined. We observed that the alkaloid was 6.2 and 4.0 times more toxic for L. amazonensis and L. infantum amastigotes than to host cells, respectively.




3.2. Antileishmanial Activity


Tryptanthrin drastically inhibited promastigote proliferation in concentrations ≥32 µM (Figure S1). The minimal leishmanicidal concentration (MLC) was determined after re-incubation of tryptanthrin-treated promastigotes in fresh tryptanthrin-free culture media. The absence of growth indicated no viable cells in cultures exposed to concentrations ≥126 µM. The alkaloid displayed similar IC50 values against L. amazonensis and L. infantum promastigotes, and was 24 and 25 µM, respectively. Regarding the anti-intracellular amastigote activity, tryptanthrin was more effective against L. amazonensis amastigotes with an IC50 value of 75 µM (SI = 6.2). Despite the higher concentration necessary to reduce the number of L. infantum intracellular amastigotes (IC50 = 115 µM) by 50%, it was about four times inferior to that determined in the cytotoxic assays (CC50 = 465 µM). In addition, the alkaloid was not able to induce NO production by infected macrophages (data not shown). The effective concentrations against promastigote and intracellular amastigote forms of L. amazonensis and L. infantum are shown in Table 1.




3.3. Inhibition of Ergosterol Biosynthesis


The effect of tryptanthrin on parasites’ ergosterol biosynthesis was evaluated after promastigote treatment with tryptanthrin (IC50 values for 18 h). Membrane sterols were extracted and quantified by spectrophotometry (Figure S2). We observed a slight decrease in the ergosterol content of L. amazonensis and L. infantum promastigotes treated with tryptanthrin (15% and 13%, respectively) when compared to controls. Likewise, the alkaloid poorly affected the content of 24(28)-dehydroergosterol (15% and 14%, respectively).




3.4. Mitochondrion Dysfunction


Alterations in mitochondrion membrane potential (ΔΨm) are a characteristic feature of apoptosis induction. Our results showed that tryptanthrin causes mitochondrion dysfunction on treated promastigotes by increasing ΔΨm (hyperpolarization). L. amazonensis and L. infantum promastigote forms treated with the sub-leishmanicidal concentration value (63 µM) showed an increase of 34% and 32% of their ΔΨm when compared to the untreated controls (Figure 2).




3.5. Autophagy Activity


Tryptanthrin’s effect on parasites’ viability and mitochondrion membrane hyperpolarization encourage us to investigate cellular death-related events to elucidate possible modes of action. Autophagy was investigated for treated L. amazonensis and L. infantum promastigotes after MDC staining procedures. MDC is a specific autofluorescent marker for autophagic vacuoles. After 18 h treatment (IC50 values), we observed an increase in fluorescence intensity of 192% and 234%, respectively, when compared to controls (untreated parasites) (Figure 3).




3.6. Leishmania Apoptosis-like Death


Promastigote forms of L. amazonensis and L. infantum were treated with their respective IC50 values of tryptanthrin for 18 h, and cellular death was determined after annexin V-FITC/PI dual staining by flow cytometry (Figure 4). We observed that approximately 26% of L. amazonensis and L. infantum promastigotes undergo apoptosis (early + late apoptosis), respectively. The reference drug amphotericin B induced about 17% and 22% of parasites to apoptosis, respectively (Table 2).




3.7. ADMET Features of Tryptanthrin


To perform the computational pharmacokinetics and toxicological analysis of tryptanthrin, we used the PreADMET® webserver. The alkaloid showed good bioavailability parameters, including intestinal absorption, cell permeability, plasma protein binding, and Lipinski’s Rule of Five (Table 3). In addition, the alkaloid is not an inhibitor of CYP enzymes and is just a weak substrate for CYP3A4. Nevertheless, tryptanthrin demonstrated mutagenic (Ames test) and carcinogenic potential (rodent models). These results were similar to those obtained for the reference drug miltefosine, the first oral drug approved for leishmaniasis treatment.





4. Discussion


Leishmania spp. susceptibility to the chemical class of alkaloids (natural or synthetic) has been demonstrated in the last decades [28,29]. Among them, N-based heterocyclic aromatic alkaloids have drawn attention due to their diverse pharmacological potential. Indeed, promising biological activities of quinoline and quinazoline alkaloids were recently reviewed [30,31]. Regarding the antiprotozoal activity, tryptanthrin and derivatives have been described as being effective against several parasite species. Onambele et al. (2015) demonstrated that the alkaloid displays remarkable antiplasmodial activity with IC50 values of 288 nM and 114 nM against chloroquine-sensitive and chloroquine-resistant strains of Plasmodium falciparum, respectively [32]. Previously, the antitrypanosomal activity of tryptanthrin and eleven other analogues were described against Trypanosoma brucei [33]. Here, we describe the indoloquinazoline alkaloid tryptanthrin as active against the dermotropic and viscerotropic species, L. amazonensis and L. infantum, respectively. The alkaloid was effective in the killing of both promastigote and intracellular amastigotes forms (Table 1). Concerning the anti-amastigote activity, we observed that the alkaloid did not stimulate NO production by infected macrophages. Indeed, tryptanthrin was described as an inhibitor of the expression of iNOS, the enzyme responsible for the synthesis of NO in macrophages [34]. Therefore, our results suggest that tryptanthrin eliminates intracellular amastigotes directly or by the activation of a nitrosative stress-independent mechanism.



Despite the use of tryptanthrins against other protozoal parasites, few reports described their antileishmanial activity. Bhattacharjee et al. (2002) screened twenty-seven tryptanthrin analogues for their anti-Leishmania donovani activity. The alkaloids exhibited remarkable IC50 values ranging from 16 ng/mL to 17 μg/mL against axenic amastigote forms. The authors suggested that the carbonyl groups at positions 5 and 6 of the tryptanthrin ring and electron transferability from a receptor are important for the observed antileishmanial activity [15]. In the search for a better understanding of how tryptanthrin leads parasites to death, we investigated some possible mechanisms of action. Previous reports showed that alkaloids can inhibit ergosterol’s biosynthesis of pathogenic yeasts [35,36]. In addition, the alkaloid magnoflorine affected the cell membrane by reducing the ergosterol content of Trichophyton rubrum, the etiological agent of Tinea pedis [37]. Medina et al. (2012) demonstrated that the glycoalkaloid tomatine induced some alterations in sterol metabolism of L. amazonensis in addition to ultrastructure damages and mitochondrion dysfunction [38]. These studies encourage us to evaluate a similar effect of tryptanthrin against L. amazonensis and L. infantum. Despite the fact that we observed that the alkaloid poorly inhibited total ergosterol content of both Leishmania species, it was able to cause mitochondrion dysfunction.



Alterations on ΔΨm have been correlated to elevated levels of reactive oxygen species (ROS) and mitochondrion damage. Taken together, all these events may culminate in the death of the parasites [39]. The isoquinoline alkaloid berberine chloride targeted the mitochondrion of Leishmania UR6 promastigotes. Berberine was described as an ROS inducer that increases mitochondrial superoxide levels. High levels of ROS led to mitochondrion membrane depolarization followed by depletion of ATP and apoptosis [40]. Similar results were previously described for L. donovani after exposure to camptothecin alkaloid [41]. Our results show that tryptanthrin affected L. amazonensis and L. infantum by mitochondrial membrane hyperpolarization. In addition, we observed that treated parasites increased autophagy activity, which is one feature of cells undergoing apoptosis.



The apoptotic effect of tryptanthrin on cancer cells is well documented [42,43,44]. Concerning its effects on trypanosomatid parasites, a study conducted by Frank et al. (2013) showed that C1, a thioamide-substituted imidazoquinolinone with a heterocyclic center similar to tryptanthrin, displayed anti-Trypanosoma cruzi activity (22.5 μM) through mitochondrion membrane depolarization and cytochrome c release into the cytoplasm. After 36 h exposure, C1 led about 58.7% and 7.7% of parasites to apoptosis (early + late apoptosis), respectively [45]. These results corroborate our findings, which demonstrate that tryptanthrin exerts its mode of action by the induction of Leishmania apoptosis.



Tryptanthrin displayed a cytotoxic effect against RAW 264.7 macrophages (CC50 value of 465 µM). It is worth noting that the alkaloid was 6.2 and 4.0 times more toxic for L. amazonensis and L. infantum intracellular amastigotes, respectively, than for the host cells. Despite the fact that a desirable SI >10 [46] was not achieved, we highlight the importance of testing multiple cells and complex organisms or using accurate analytical methods to generate evidence of the safe usage of tryptanthrin. In silico ADMET analysis is an interesting tool largely used for drug pharmacokinetics and toxicological predictions [47]. We performed a computational analysis of tryptanthrin and miltefosine using the PreADMET® webserver. Tryptanthrin displayed high bioavailability scores, including intestinal absorption and plasma protein binding capacity, making it suitable for oral administration. In addition, tryptanthrin appears to be poorly metabolized in the liver, which may contribute to a low hepatotoxic effect. Despite that, tryptanthrin showed mutagenicity for the Ames test and carcinogenicity for murine models. Altogether, these results were similar to those obtained for the reference drug miltefosine, suggesting the promising usage of this alkaloid in the treatment of leishmaniasis. Recently, an ADMET analysis revealed good bioavailability parameters and suitable toxicological aspects of the antileishmanial alkaloids harmaline and harmine [48,49,50]. It is noteworthy that the drug-likeness of these alkaloids, including tryptanthrin, reinforces this chemical class as an interesting source of drug candidates.




5. Conclusions


Tryptanthrin exhibited anti-L. amazonensis and anti-L. infantum activities. Indeed, the alkaloid reduced the parasite load inside macrophages and could be considered as an interesting drug candidate against both clinical forms of leishmaniasis. The investigation of the tryptanthrin mechanism of action showed that the alkaloid might trigger parasite apoptosis. In addition, computational pharmacokinetics and toxicological evaluations of tryptanthrin indicated similar features to the reference drug miltefosine, including good oral bioavailability. Tryptanthrin can be used as a lead compound for the development of antileishmanial drugs.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/tropicalmed7060112/s1, Figure S1: Antileishmanial activity of tryptanthrin; Figure S2: Ergosterol content of L. amazonensis and L. infantum promastigotes treated with tryptanthrin.





Author Contributions


Conceptualization, I.A.R., D.S.A. and A.B.V.; Formal analysis, I.A.R., A.R.G. and Y.P.G.S.-L.; Funding acquisition, I.A.R., A.B.V. and C.S.A.; Investigation, A.R.G. and Y.P.G.S.-L.; Resources, I.A.R., A.B.V., D.S.A. and C.S.A.; Supervision, I.A.R. and A.B.V.; Writing—original draft, I.A.R. and A.R.G.; Writing—review and editing, A.B.V., D.S.A. and C.S.A. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ, process number E-26/202.752/2018), Conselho Nacional Cientıfico e Tecnologico (CNPq), and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES). ARG is recipient of a FAPERJ graduate fellowship (process number E-26/203.126/2017).




Institutional Review Board Statement


The present study did not involve animals or human participants. The RAW 264.7 cell line was obtained from Banco de Células do Rio de Janeiro (Rio de Janeiro, Brazil).




Informed Consent Statement


Not applicable.




Data Availability Statement


The dataset analyzed during the current study is available from the last author on reasonable request.




Conflicts of Interest


The authors declare that they have no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Bates, P.A. Revising Leishmania’s life cycle. Nat. Microbiol. 2018, 3, 529–530. [Google Scholar] [CrossRef] [PubMed]

	



WHO. World Health Organization. Leishmaniasis—Status of Endemicity of Cutaneous Leishmaniasis. 2020. Available online: https://apps.who.int/neglected_diseases/ntddata/leishmaniasis/leishmaniasis.html (accessed on 20 January 2022).

	



Iborra, S.; Solana, J.C.; Requena, J.M.; Soto, M. Vaccine candidates against Leishmania under current research. Expert Rev. Vaccines 2018, 17, 323–334. [Google Scholar] [CrossRef] [PubMed]

	



Sasidharan, S.; Saudagar, P. Leishmaniasis: Where are we and where are we heading? Parasitol. Res. 2021, 120, 1541–1554. [Google Scholar] [CrossRef] [PubMed]

	



Ponte-Sucre, A.; Gamarro, F.; Dujardin, J.C.; Barrett, M.P.; López-Vélez, R.; García-Hernández, R.; Pountain, A.W.; Mwenechanya, R.; Papadopoulou, B. Drug resistance and treatment failure in leishmaniasis: A 21st century challenge. PLoS Negl. Trop. Dis. 2017, 11, e0006052. [Google Scholar] [CrossRef]

	



Jao, C.W.; Lin, W.C.; Wu, Y.T.; Wu, P.L. Isolation, structure elucidation, and synthesis of cytotoxic tryptanthrin analogues from Phaius mishmensis. J. Nat. Prod. 2008, 71, 1275–1279. [Google Scholar] [CrossRef]

	



Costa, D.C.M.; Azevedo, M.M.B.; Silva, D.O.E.; Romanos, M.T.V.; Souto-Padrón, T.C.B.S.; Alviano, C.S.; Alviano, D.S. In vitro anti-MRSA activity of Couroupita guianensis extract and its component tryptanthrin. Nat. Prod. Res. 2017, 31, 2077–2080. [Google Scholar] [CrossRef]

	



Lee, S.; Kim, D.C.; Baek, H.Y.; Lee, K.D.; Kim, Y.C.; Oh, H. Anti-neuroinflammatory effects of tryptanthrin from Polygonum tinctorium Lour. in lipopolysaccharide-stimulated BV2 microglial cells. Arch. Pharmacal Res. 2018, 41, 419–430. [Google Scholar] [CrossRef]

	



Garcellano, R.C.; Moinuddin, S.G.A.; Young, R.P.; Zhou, M.; Bowden, M.E.; Renslow, R.S.; Yesiltepe, Y.; Thomas, D.G.; Colby, S.M.; Chouinard, C.D.; et al. Isolation of tryptanthrin and reassessment of evidence for its isobaric isostere wrightiadione in plants of the Wrightia genus. J. Nat. Prod. 2018, 82, 440–448. [Google Scholar] [CrossRef]

	



Jahng, Y. Progress in the studies on tryptanthrin, an alkaloid of history. Arch. Pharmacal Res. 2013, 36, 517–535. [Google Scholar] [CrossRef]

	



Tsai, Y.C.; Lee, C.L.; Yen, H.R.; Chang, Y.S.; Lin, Y.P.; Huang, S.H.; Lin, C.W. Antiviral action of tryptanthrin isolated from Strobilanthes cusia leaf against human coronavirus NL63. Biomolecules 2020, 10, 366. [Google Scholar] [CrossRef]

	



Narendrakumar, L.; Theresa, M.; Krishnankutty Chandrika, S.; Thomas, S. Tryptanthrin, a potential biofilm inhibitor against toxigenic Vibrio cholerae, modulating the global quorum sensing regulator, LuxO. Biofouling 2019, 35, 1093–1103. [Google Scholar] [CrossRef] [PubMed]

	



Hesse-Macabata, J.; Morgner, B.; Elsner, P.; Hipler, U.C.; Wiegand, C. Tryptanthrin promotes keratinocyte and fibroblast responses in vitro after infection with Trichophyton benhamiae DSM6916. Sci. Rep. 2020, 10, 1863. [Google Scholar] [CrossRef] [PubMed]

	



Olson, J.A.; Terryn, R.J., 3rd; Stewart, E.L.; Baum, J.C.; Novak, M.J. New insight into the action of tryptanthrins against Plasmodium falciparum: Pharmacophore identification via a novel submolecular QSAR descriptor. J. Mol. Graph. Model. 2018, 80, 138–146. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharjee, A.K.; Skanchy, D.J.; Jennings, B.; Hudson, T.H.; Brendle, J.J.; Werbovetz, K.A. Analysis of stereoelectronic properties, mechanism of action and pharmacophore of synthetic indolo[2,1-b]quinazoline-6,12-dione derivatives in relation to antileishmanial activity using quantum chemical, cyclic voltammetry and 3-D-QSAR CATALYST procedures. Bioorg. Med. Chem. 2002, 10, 1979–1989. [Google Scholar] [CrossRef]

	



Garcia, A.R.; Oliveira, D.M.P.; Jesus, J.B.; Souza, A.M.T.; Sodero, A.C.R.; Vermelho, A.B.; Leal, I.C.R.; Souza, R.O.M.A.; Miranda, L.S.M.; Pinheiro, A.S.; et al. Identification of chalcone derivatives as inhibitors of Leishmania infantum arginase and promising antileishmanial agents. Front. Chem. 2021, 8, 624678. [Google Scholar] [CrossRef]

	



Rodrigues, I.A.; da Silva, B.A.; dos Santos, A.L.; Vermelho, A.B.; Alviano, C.S.; Dutra, P.M.; Rosa, M.S. A new experimental culture medium for cultivation of Leishmania amazonensis: Its efficacy for the continuous in vitro growth and differentiation of infective promastigote forms. Parasitol. Res. 2010, 106, 1249–1252. [Google Scholar] [CrossRef] [PubMed]

	



Proulx, M.E.; Désormeaux, A.; Marquis, J.F.; Olivier, M.; Bergeron, M.G. Treatment of visceral leishmaniasis with sterically stabilized liposomes containing camptothecin. Antimicrob. Agents Chemother. 2001, 45, 2623–2627. [Google Scholar] [CrossRef] [PubMed]

	



Machado, P.A.; Gomes, P.S.; Midlej, V.; Coimbra, E.S.; de Matos Guedes, H.L. PF-429242, a subtilisin inhibitor, is effective in vitro against Leishmania infantum. Front. Microbiol. 2021, 12, 583834. [Google Scholar] [CrossRef]

	



Brasil, P.F.; de Freitas, J.A.; Barreto, A.L.S.; Adade, C.M.; Reis de Sá, L.F.; Constantino-Teles, P.; Toledo, F.T.; de Sousa, B.A.; Gonçalves, A.C.; Romanos, M.T.V.; et al. Antiproliferative and ultrastructural effects of phenethylamine derivatives on promastigotes and amastigotes of Leishmania (Leishmania) infantum chagasi. Parasitol. Int. 2017, 66, 47–55. [Google Scholar] [CrossRef]

	



Niemann, A.; Baltes, J.; Elsasser, H.P. Fluorescence properties and staining behavior of monodansylpentane, a structural homologue of the lysosomotropic agent monodansylcadaverine. J. Histochem. Cytochem. 2001, 49, 177–185. [Google Scholar] [CrossRef]

	



Arthington-Skaggs, B.A.; Jradi, H.; Desai, T.; Morrison, C.J. Quantitation of ergosterol content: Novel method for determination of fluconazole susceptibility of Candida albicans. J. Clin. Microbiol. 1999, 37, 3332–3337. [Google Scholar] [CrossRef] [PubMed]

	



Gabriel, R.S.; Amaral, A.C.F.; Lima, I.C.; Cruz, J.D.; Garcia, A.R.; Souza, H.A.S.; Adade, C.M.; Vermelho, A.B.; Alviano, C.S.; Alviano, D.S.; et al. β-Carboline-1-propionic acid alkaloid: Antileishmanial and cytotoxic effects. Rev. Bras. Farm. 2019, 29, 755–762. [Google Scholar] [CrossRef]

	



Basmaciyan, L.; Casanova, M. Cell death in Leishmania. Parasite 2019, 26, 71. [Google Scholar] [CrossRef] [PubMed]

	



Garcia, A.R.; Oliveira, D.M.P.; Amaral, A.C.F.; Jesus, J.B.; Rennó Sodero, A.C.; Souza, A.M.T.; Supuran, C.T.; Vermelho, A.B.; Rodrigues, I.A.; Pinheiro, A.S. Leishmania infantum arginase: Biochemical characterization and inhibition by naturally occurring phenolic substances. J. Enzym. Inhib. Med. Chem. 2019, 34, 1100–1109. [Google Scholar] [CrossRef]

	



Passero, L.F.; Bonfim-Melo, A.; Corbett, C.E.; Laurenti, M.D.; Toyama, M.H.; de Toyama, D.O.; Romoff, P.; Fávero, O.A.; dos Grecco, S.S.; Zalewsky, C.A.; et al. Anti-leishmanial effects of purified compounds from aerial parts of Baccharis uncinella C. DC. (Asteraceae). Parasitol. Res. 2011, 108, 529–536. [Google Scholar] [CrossRef]

	



Pereira, A.H.C.; Marcolino, L.M.C.; Pinto, J.G.; Ferreira-Strixino, J. Evaluation of the photodynamic therapy with curcumin on L. braziliensis and L. major Amastigotes. Antibiotics 2021, 10, 634. [Google Scholar] [CrossRef]

	



Ashok, P.; Lathiya, H.; Murugesan, S. Manzamine alkaloids as antileishmanial agents: A review. Eur. J. Med. Chem. 2015, 97, 928–936. [Google Scholar] [CrossRef]

	



Mishra, B.B.; Singh, R.K.; Srivastava, A.; Tripathi, V.J.; Tiwari, V.K. Fighting against leishmaniasis: Search of alkaloids as future true potential anti-leishmanial agents. Mini-Rev. Med. Chem. 2009, 9, 107–123. [Google Scholar] [CrossRef]

	



Shang, X.F.; Morris-Natschke, S.L.; Liu, Y.Q.; Guo, X.; Xu, X.S.; Goto, M.; Li, J.C.; Yang, G.Z.; Lee, K.H. Biologically active quinoline and quinazoline alkaloids part I. Med. Res. Rev. 2018, 38, 775–828. [Google Scholar] [CrossRef]

	



Shang, X.F.; Morris-Natschke, S.L.; Yang, G.Z.; Liu, Y.Q.; Guo, X.; Xu, X.S.; Goto, M.; Li, J.C.; Zhang, J.Y.; Lee, K.H. Biologically active quinoline and quinazoline alkaloids part II. Med. Res. Rev. 2018, 38, 1614–1660. [Google Scholar] [CrossRef]

	



Onambele, L.A.; Riepl, H.; Fischer, R.; Pradel, G.; Prokop, A.; Aminake, M.N. Synthesis and evaluation of the antiplasmodial activity of tryptanthrin derivatives. Int. J. Parasitol. Drugs Drug Resist. 2015, 5, 48–57. [Google Scholar] [CrossRef] [PubMed]

	



Scovill, J.; Blank, E.; Konnick, M.; Nenortas, E.; Shapiro, T. Antitrypanosomal activities of tryptanthrins. Antimicrob. Agents Chemother. 2002, 46, 882–883. [Google Scholar] [CrossRef] [PubMed]

	



Ishihara, T.; Kohno, K.; Ushio, S.; Iwaki, K.; Ikeda, M.; Kurimoto, M. Tryptanthrin inhibits nitric oxide and prostaglandin E2 synthesis by murine macrophages. Eur. J. Pharmacol. 2000, 27, 197–204. [Google Scholar] [CrossRef]

	



Xu, Y.; Quan, H.; Wang, Y.; Zhong, H.; Sun, J.; Xu, J.; Jia, N.; Jiang, Y. Requirement for ergosterol in berberine tolerance underlies synergism of fluconazole and berberine against fluconazole-resistant Candida albicans isolates. Front. Cell. Infect. Microbiol. 2017, 7, 491. [Google Scholar] [CrossRef] [PubMed]

	



Shao, J.; Shi, G.; Wang, T.; Wu, D.; Wang, C. Antiproliferation of berberine in combination with fluconazole from the perspectives of reactive oxygen species, ergosterol and drug efflux in a fluconazole-resistant Candida tropicalis isolate. Front. Microbiol. 2016, 7, 1516. [Google Scholar] [CrossRef] [PubMed]

	



Luo, N.; Jin, L.; Yang, C.; Zhu, Y.; Ye, X.; Li, X.; Zhang, B. Antifungal activity and potential mechanism of magnoflorine against Trichophyton rubrum. J. Antibiot. 2021, 74, 206–214. [Google Scholar] [CrossRef]

	



Medina, J.M.; Rodrigues, J.C.; De Souza, W.; Atella, G.C.; Barrabin, H. Tomatidine promotes the inhibition of 24-alkylated sterol biosynthesis and mitochondrial dysfunction in Leishmania amazonensis promastigotes. Parasitology 2012, 139, 1253–1265. [Google Scholar] [CrossRef]

	



Mukherjee, S.; Moitra, S.; Xu, W.; Hernandez, V.; Zhang, K. Sterol 14-α-demethylase is vital for mitochondrial functions and stress tolerance in Leishmania major. PLoS Pathog. 2020, 16, e1008810. [Google Scholar] [CrossRef]

	



De Sarkar, S.; Sarkar, D.; Sarkar, A.; Dighal, A.; Staniek, K.; Gille, L.; Chatterjee, M. Berberine chloride mediates its antileishmanial activity by inhibiting Leishmania mitochondria. Parasitol. Res. 2019, 118, 335–345. [Google Scholar] [CrossRef]

	



Sen, N.; Das, B.B.; Ganguly, A.; Mukherjee, T.; Tripathi, G.; Bandyopadhyay, S.; Rakshit, S.; Sem, T.; Majumder, H.K. Camptothecin induced mitochondrial dysfunction leading to programmed cell death in unicellular hemoflagellate Leishmania donovani. Cell Death Differ. 2004, 11, 924–936. [Google Scholar] [CrossRef]

	



Yang, S.; Li, X.; Hu, F.; Li, Y.; Yang, Y.; Yan, J.; Kuang, C.; Yang, Q. Discovery of tryptanthrin derivatives as potent inhibitors of indoleamine 2, 3-dioxygenase with therapeutic activity in Lewis lung cancer (LLC) tumor-bearing mice. J. Med. Chem. 2013, 56, 8321–8331. [Google Scholar] [CrossRef] [PubMed]

	



Miao, S.; Shi, X.; Zhang, H.; Wang, S.; Sun, J.; Hua, W.; Miao, Q.; Zhao, Y.; Zhang, C. Proliferation-attenuating and apoptosis-inducing effects of tryptanthrin on human chronic myeloid leukemia k562 cell line in vitro. Int. J. Mol. Sci. 2011, 12, 3831–3845. [Google Scholar] [CrossRef] [PubMed]

	



Yu, S.T.; Chen, T.M.; Tseng, S.Y.; Chen, Y.H. Tryptanthrin inhibits MDR1 and reverses doxorubicin resistance in breast cancer cells. Biochem. Biophys. Res. Commun. 2007, 358, 79–84. [Google Scholar] [CrossRef] [PubMed]

	



Frank, F.M.; Ciccarelli, A.B.; Bollini, M.; Bruno, A.M.; Batlle, A.; Lombardo, M.E. Trypanocidal activity of thioamide-substituted imidazoquinolinone: Electrochemical properties and biological effects. Evid. Based Complement. Altern. Med. 2013, 2013, 945953. [Google Scholar] [CrossRef]

	



Katsuno, K.; Burrows, J.N.; Duncan, K.; Hooft van Huijsduijnen, R.; Kaneko, T.; Kita, K.; Mowbray, C.E.; Schmatz, D.; Warner, P.; Slingsby, B.T. Hit and lead criteria in drug discovery for infectious diseases of the developing world. Nat. Rev. Drug Discov. 2015, 14, 751–758. [Google Scholar] [CrossRef]

	



Ferreira, L.L.; Andricopulo, A.D. ADMET modeling approaches in drug discovery. Drug Discov. Today 2019, 24, 1157–1165. [Google Scholar] [CrossRef]

	



Rahimi-Moghaddam, P.; Ebrahimi, S.A.; Ourmazdi, H.; Selseleh, M.; Karjalian, M.; Haj-Hassani, G.; Alimohammadian, M.H.; Mahmoudian, M.; Shafiei, M. In vitro and in vivo activities of Peganum harmala extract against Leishmania major. J. Res. Med. Sci. 2011, 16, 1032–1039. [Google Scholar]

	



Di Giorgio, C.; Delmas, F.; Ollivier, E.; Elias, R.; Balansard, G.; Timon-David, P. In vitro activity of the beta-carboline alkaloids harmane, harmine, and harmaline toward parasites of the species Leishmania infantum. Exp. Parasitol. 2004, 106, 67–74. [Google Scholar] [CrossRef]

	



Linani, A.; Benarous, K.; Bou-Salah, L.; Yousfi, M. Hispidin, Harmaline, and Harmine as potent inhibitors of bovine xanthine oxidase: Gout treatment, in vitro, ADMET prediction, and SAR studies. Bioorg. Chem. 2021, 112, 104937. [Google Scholar] [CrossRef]








[image: Tropicalmed 07 00112 g001 550] 





Figure 1. Chemical structure of tryptanthrin. 
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Figure 2. Effect of tryptanthrin on the mitochondrion membrane potential of Leishmania spp. Promastigote forms of L. amazonensis and L. infantum were treated with IC50 (11 and 8.0 µM, respectively) or SLC (63 µM, for both parasite species). A statistical analysis of the differences between mean values obtained for the experimental groups was done by two-way ANOVA with Sidak’s multiple comparisons test. Asterisks indicate treatment that was significantly different compared to the control, in which * p < 0.05 and ** p < 0.005. IC50, half-maximal inhibitory concentration; SLC, sub-leishmanicidal concentration (MLC/2). 
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Figure 3. Effect of tryptanthrin on the autophagic activity of Leishmania spp. Promastigote forms of L. amazonensis and L. infantum were treated with IC50 values (11 and 8.0 µM, respectively) of tryptanthrin. The results are presented as the mean percentage relative to the control. Statistical analysis of the differences between mean values obtained for the experimental groups was done by Student’s t-test. The asterisks indicate significant differences (* p < 0.05) in the autophagic activity between treated parasites and their respective controls (100% activity). 
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Figure 4. Representative flow cytometry dot-plots of apoptosis-like cell death of Leishmania spp. promastigotes induced by tryptanthrin. (A) Untreated L. amazonensis; (B) L. amazonensis treated with amphotericin B (IC50 = 0.68 µM); (C) L. amazonensis treated with tryptanthrin (IC50 = 11 µM); (D) Untreated L. infantum; (E) L. infantum treated with amphotericin B (IC50 = 0.86 µM); (F) L. infantum treated with tryptanthrin (IC50 = 8.0 µM). 
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Table 1. Inhibition effects and cytotoxicity of tryptanthrin alkaloid. The results are expressed as a mean ± standard error of at least two independent experiments. Amphotericin B was used as a reference drug in the treatment of amastigote-infected macrophages.
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Drugs

	
MØ

	

	
L. amazonensis

	

	
L. infantum




	
CC50 (µM)

	
MLCPro (µM)

	
SLCPro (µM)

	
IC50Pro (µM)

	
IC50Ama (µM)

	
SI

	
MLCPro (µM)

	
SLCPro (µM)

	
IC50Pro (µM)

	
IC50Ama (µM)

	
SI






	
Tryp

	
465 ± 31.05

	
126

	
63

	
11 ± 1.06

	
75 ± 11.63

	
6.2

	
126

	
63

	
8.0 ± 2.60

	
115 ± 2.79

	
4.0




	
Amph B

	
5.0 ± 0.89

	
n.d.

	
n.d.

	
0.68 ± 0.03

	
0.37 ± 0.14

	
13.5

	
n.d.

	
n.d.

	
0.86 ± 0.36

	
1.11 ± 0.21

	
4.5








Tryp, tryptanthrin; Amph B, amphotericin B; MØ, RAW 264.7 macrophages; MLC, minimal leishmanicidal concentration; SLCPro, sub-leishmanicidal concentration (MLC/2); IC50Pro, 50% inhibitory concentration of the drug against promastigote forms; IC50Ama, 50% inhibitory concentration of the drug against intracellular amastigote forms; SI, selectivity index (CC50/IC50Ama). n.d., not determined.
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Table 2. Flow cytometry analysis of L. amazonensis and L. infantum promastigotes treated with tryptanthrin. The results are demonstrated as the percentage of propidium iodide (necrosis), annexin FITC-V (early apoptosis), and propidium iodide/annexin FITC-V (late apoptosis) positive parasites.
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Drugs

	
L. amazonensis

	
L. infantum




	
PI

	
AV

	
PI/AV

	
Total

Apoptosis

(AV + PI/AV)

	
PI

	
AV

	
PI/AV

	
Total

Apoptosis

(AV + PI/AV)






	
Tryp

	
0.79 ± 0.07

	
24.73 ± 5.94

	
1.35 ± 0.51

	
26.08

	
0.06 ± 0.02

	
22.90 ± 0.42

	
2.80 ± 0.20

	
25.70




	
Amph B

	
0.09 ± 0.04

	
15.98 ± 2.81

	
0.88 ± 0.02

	
16.86

	
0.09 ± 0.03

	
17.06 ± 7.53

	
4.81 ± 1.11

	
21.87




	
Control

	
0.23 ± 0.04

	
0.25 ± 0.13

	
2.5 ± 0.31

	
2.98

	
0.11 ± 0.02

	
1.42 ± 025

	
0.64 ± 0.32

	
2.06








Tryp, tryptanthrin; Amph B, amphotericin B; AV, annexin FITC-V; PI, propidium iodide.
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Table 3. In silico predicted pharmacokinetic and toxicological parameters of tryptanthrin and miltefosine.
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Drug

	
ADME

	
Druglikeness

	
Toxicity




	
SP a

(log Kp, cm/h)

	
HIA b

(%)

	
PPB c

(%)

	
MDCK d

(nm/s)

	
CYP e

Inhibitor

	
CYP f

Substrate

	
BBB g

[Brain]/[Blood]

	
Rule of 5 h

	
Ames Test i

	
CarR j

	
CarM j

	
hERG k






	
Tryp

	
−3.8

	
97.4

	
85.8

	
166.2

	
non

	
CYP3A4

(weakly)

	
1.94

	
Suitable

	
Mutagen

	
Positive

	
Positive

	
Medium risk




	
MTF

	
−0.80

	
98.1

	
86.2

	
43.4

	
CYP2D6

	
CYP3A4

	
0.13

	
Suitable

	
Mutagen

	
Positive

	
Negative

	
Low risk








Tryp, tryptanthrin; MTF, miltefosine; a In vitro skin permeability (transdermal delivery); b Human intestinal absorption data are the sum of bioavailability and absorption evaluated from ratio of excretion or cumulative excretion in urine, bile and feces; c In vitro plasma protein binding; d In vitro MDCK (Madin-Darby canine kidney) reliable cell model for the prediction of oral drug absorption; e In vitro inhibition of cytochrome P450 isoforms; f In vitro substrate of cytochrome P450 isoforms; g In vivo blood-brain barrier penetration expressed as the ratio between steady-state concentration of radiolabeled compounds in brain and peripheral blood; h Theoretical oral bioavailability based on the Lipinski’s Rule of Five (Lipinski, 2004); i Method to test mutagenicity of a compound based on its ability to cause a reversion on growth of histidine-dependent Samonella typhimurium in a histidine-free medium; j Rodent carcinogenicity two year assay of rat (CarR) and mouse (CarM) by backward elimination and Rprop neural net method; k Inhibition of the human Ether-a-go-go Related Gene (hERG) potassium channel.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Fluorescence inten5|ty (AU)

2%x109%=

1.5%10°%=

1%10°=

5x108=

=3 [. amazonensis

Control

IC5

== [, infantum

% %

L

SLC





nav.xhtml


  tropicalmed-07-00112


  
    		
      tropicalmed-07-00112
    


  




  





media/file2.png





media/file5.jpg
Fluorescence Intensity

)

X

(

400
350
300
250
200
150
100

50

Control  IC5y

Control  ICs

L. amazonensis

L. infantum





media/file3.jpg
Fluorescence intensity (AU)

-

2x10°9

¢ 2 @
£ z X
-
1 1 1

=3 L. amazonensis

== L infantum

Control

SLC





media/file1.jpg





media/file7.jpg
c
QR Qi v ]
o2sm| T

“% QIR

Co T

TR T TR T

Annexin FITC





media/file0.png





media/file8.png
Propidium iodide

ws_]m QI_UR
i 0.13% 0.96%
10"
]
10’—;
: ..--"..--
102 ?:"2-
RE ¢ 2 o 7 1.67%Q1_|
1
0 102 10° 104 10°%

s
7 24.59%Q1_|

Q1_UL Q1_UR F1_UL Q1_UR
10.05% 025%| 1 o% 1.86%
10%
10"
- ootk
- " -
77 13.17% Q1_ o i 30.67%Q1_
o ® ' oY .
10° 0 10° i0* 10°
E F
¢1Q1_UL QI_UR _s1Q1_UL QI_UR
1 0.12% 5.929%  10.08% 3.00%
10" . 10
i b , . : .;r.“' 3
'&i . .-f.t \;'-’f.'

Annexin FITC





media/file6.png
Fluorescence Intensity

400
350

9)
o O

e o e e
e e e
I*tﬁ+l*l++++111+t+
e MEEELAE

-

.
L) L

g
FE

Control ICs,

Control ICs,

. amazonensis

L. infantum





