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Abstract
Visceral leishmaniasis (VL) is a neglected tropical disease found in tropical and subtropical regions in the world. The therapeutics used for the treatment against disease presents problems, mainly related to drug toxicity, route of administration, high cost and/or by emergence of resistant strains. In this context, the search for alternative antileishmanial candidates is desirable. Recently, a naphthoquinone derivative namely 2-(2,3,4-tri-O-acetyl-6-deoxy-β-L-galactopyranosyloxy)-1,4-naphthoquinone or Flau-A showed an effective in vitro biological action against Leishmania infantum. In the present study, the efficacy of this naphthoquinone derivative was evaluated in an in vivo infection model. BALB/c mice (n=12 per group) were infected and later received saline or were treated with empty micelles (B/Mic), free Flau-A or it incorporated in Poloxamer 407-based micelles (Flau-A/Mic). The products were administered subcutaneously in the infected animals, which were then euthanized one (n=6 per group) and 15 (n=6 per group) days post-therapy, when immunological and parasitological evaluations were performed. Results showed that animals treated with Flau-A or Flau-A/Mic produced significantly higher levels of antileishmanial IFN-(, IL-12, TNF-α, GM-CSF, nitrite and IgG2a isotype antibody, when compared to data found in the control (saline and B/Mic) groups; which showed significantly higher levels of parasite-specific IL-4, IL-10 and IgG1 antibody. In addition, animals receiving free Flau-A or Flau-A/Mic presented also significant reductions in the parasite load in their spleens, livers, bone marrows and draining lymph nodes, when compared to the controls. A low hepatic and renal toxicity was also found. Overall, Flau-A/Mic showed better immunological and parasitological results, when compared to the use of free molecule. In conclusion, preliminary data suggest that this composition could be considered in future studies as promising therapeutic candidate against VL.
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1. Introduction
Leishmaniasis is a tropical disease complex caused by protozoan parasites of the genus Leishmania, which affect poorest populations in tropical and subtropical regions in the world, where it is endemic in 98 countries [1]. There are about 20 parasite species able to cause disease in humans [2], and clinical manifestations vary from self-limiting cutaneous lesions to mucosal tissue destruction in the tegumentary leishmaniasis (TL), until the systemic infection found in the visceral leishmaniasis (VL), which can cause fever, anaemia, hepatosplenomegaly, hypergammaglobulinemia, pancytopenia and, if not adequately treated, patient death [3-5].
Laboratorial methods used for the diagnosis of VL present problems mainly related to their variable sensitivity and/or specificity; while clinical evaluation is inconclusive due to the similarity of symptoms with other related diseases [6,7]. Additionally, there are few vaccines available to protect against canine disease, while a human vaccine does not exist [8,9]. In this context, an effective treatment against VL is desirable. Pentavalent antimonials, such as sodium stibogluconate (Pentostam®, GlaxoSmithKline, United Kingdom) and meglumine antimoniate (Glucantime®, Aventis, France), have been used as first-line drugs against disease in some countries; however, they are toxic and require a long therapy timeframe [10,11]. There is also the emergence of resistant strains, which has been registered [12,13]. Other drugs have been also used for the treatment against VL, such as free amphotericin B (AmpB) and its liposomal formulations, pentamidine, paramomycin, miltefosine, amongst others. However, these products cause also toxicity in the patients; they are difficult to administrate and/or present high cost [14,15]. Therefore, the treatment against disease still presents important drawbacks, which should be solved by the identification of new therapeutics.
An ideal candidate to treat against VL should be able to stimulate the development of specific Th1-type immune response in infected hosts, by means of activation of both CD4+ and CD8+ T cell subtypes to produce pro-inflammatory cytokines, such as IFN-γ, IL-12, IL-2, TNF-α, amongst others [16,17]. These molecules induce the activation of infected macrophages via nitric oxide (NO) generation to kill internalized parasites and, as a consequence, subvert the disease profile. Conversely, the occurrence of Th2-type response based on the production of anti-inflammatory cytokines, such as IL-4, IL-5, IL-10, IL-13, amongst others, contributes to the establishment of active disease [18]. In this context, therapeutic candidates should alter the infected host immune profile and stimulate the development of Th1-type response.

In this aspect, the association of delivery systems could help to obtain better results. Poloxamer P407 (Pluronic F127)-based polymeric micelles have been considered promising nanocarrier and multifunctional agents with distinct biological applications [19,20]. These micelles are amphiphilic triblock copolymers, which have showed potential to use as drug delivery, since they present stability characterized by low critical micelle concentration, glass state (solid) core and kinetic stability [21]. These products have amphiphilic nature with a hydrophilic outer shell and a hydrophobic inner core, which allow to group into small micellar structures in aqueous solutions with a narrow size distribution of 10 to 200 nanometers (nm) [22]. In fact, studies have showed that Poloxamer P407 micelles act as delivery systems carrying antileishmanial molecules, being used for the treatment of mice infected with Leishmania species able to cause TL [23,24] and VL [8,25]. 
Drug discovery is a long and expensive process and requires an average of 15 to 20 years, besides an investment of more than $1.0 billion, to obtain a new therapeutic compound [26,27]. VL is a neglected disease and, as a consequence, low interest of the pharmaceutical industries is devoted to the search for new antileishmanial targets. Otherwise, natural products have traditionally played as an important role in drug discovery against diseases, such as leishmaniasis [28,29]. In fact, medicinal plants and their derivatives, such as quinones, alkaloids, terpenes, amongst others, have showed in vitro and in vivo action against distinct Leishmania spp. [30-34]. In a recent study, a naphthoquinone derivative, namely 2-(2,3,4-tri-O-acetyl-6-deoxy-β-L-galactopyranosyloxy)-1,4-naphthoquinone or Flau-A, was evaluated as therapeutic target against L. amazonensis infection in mice. The molecule was administered in chronically infected animals in a free format or incorporated in Poloxamer 407-based micelles (Flau-A/Mic). Amphotericin B and Ambisome® were used as controls. Results showed that Flau-A/Mic-treated mice presented satisfactory therapeutic response against infection, which was based on development of specific Th1-type cellular and humoral response, which correlated with significant reductions in the parasite load in the infected tissue and distinct organs of treated animals. A low renal and hepatic toxicity was also found in the treated animals [35].

In this context, and following the rationale to identify new antileishmanial targets against VL; in the present work, Flau-A/Mic was evaluated as therapeutic candidate against L. infantum infection in a murine model. Two endpoints after treatment were used to evaluate the drug efficacy (one and 15 days after therapy), and distinct immunological, parasitological and toxicological parameters were investigated. Results showed that the micellar composition induced the development of a specific antileishmanial Th1-type immune response, which was characterized by high levels of IFN-(, IL-12, TNF-α, GM-CSF, and IgG2a isotype antibody. The animals receiving free Flau-A and Flau-A/Mic presented also significant reductions in the parasite load in their spleens, livers, bone marrows and draining lymph nodes (dLN), when compared to the control (saline and B/Mic) groups, in both periods of time; having the micellar composition presented better parasitological and immunological results than free Flau-A in this preliminary study.
2. Materials and Methods
2.1. Preparation and characterization of Flau-A-containing micelles
Poloxamer P407 (18% w/w, catalog number 16758) was purchased from Sigma-Aldrich (USA). Flau-A-containing micelles were prepared by self-assembly using the solvent evaporation method [35]. Briefly, 15 mg Poloxamer P407 were dissolved in phosphate buffered saline (PBS) 1x pH 7.4 added with 1 mL methanol PA under moderate magnetic agitation and on an ice bath for 6 h, at room temperature. The residual organic solvent was removed by vacuum evaporation. Flau-A (8.0 mg) was added to a microtube containing 500 µL dichloromethane PA and solubilized with vortex-mixing. The solution was added immediately to the previous Poloxamer P407 solution, with vigorous magnetic agitation and on ice until a viscous emulsion was obtained (Flau-A/Mic). The dichloromethane solution was removed by vacuum evaporation and the composition was obtained as transparent yellow gel at room temperature. The prepared micelles were obtained by filtering with 0.45 μm microfiltration membrane and conserved at 4°C. Flau-A content in the solution was evaluated spectrophotometrically using ultraviolet method as described previously [36]. Briefly, Flau-A/Mic samples were collected and diluted in methanol PA, and absorbances were measured in UV/Vis spectrophotometer (Double beam AJX-6100 PC; Micronal, São Paulo, Brazil) at a wavelength of 380 nm. The concentration of Flau-A was calculated using a standard curve (0 to 18 µM), which was previously prepared in methanol PA. The analyses were carried out using three replicates. To perform the physical-chemical characterization of the composition, dynamic light scattering (DLS) was employed to measure the average particle size and zeta potential using the Zetasizer Nano ZSP system (Malvern Instruments, UK). The micelle morphology was evaluated by transmission electron microscopy (TEM; Tecnai G20, FEI Company, USA) and the stability of the preparation was evaluated by measuring the particle size and zeta potential during seven days [37]. As in vivo treatment control, empty micelles (18% w/w) were prepared using the same protocol described for preparation of Flau-A/Mic.
2.2. Murine model


BALB/c mice (female, 8 weeks old) were purchased from the Institute of Biological Sciences from Federal University of Minas Gerais (UFMG; Belo Horizonte, Minas Gerais, Brazil) and kept under pathogen-free conditions. The study was approved by the Committee for the Ethical Handling of Research Animals of UFMG with protocol number 85/2017.
2.3. Parasites



L. infantum stationary promastigotes (MHOM/BR/1970/BH46) were grown at 24ºC in complete Schneider's medium (Sigma-Aldrich, USA), which was added with 20% (v/v) heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich, USA), 20 mM L-glutamine, 200 U/mL penicillin and 100 µg/mL streptomycin at pH 7.4. The soluble Leishmania antigenic extract (SLA) was prepared as described [38]. Briefly, 109 stationary promastigotes were washed three times in sterile PBS and submitted to five cycles of freezing and thawing. The suspension was centrifuged at 10,000 x g for 15 min at 4oC, and aliquots containing SLA were collected and stored at -80oC until use. The protein concentration was estimated by Bradford method [39].

2.4. Experimental infection and treatment regimens
BALB/c mice (n=12 per group) were infected subcutaneously with 107 L. infantum stationary promastigotes and, 45 days post-infection, they were grouped and received by subcutaneous route one of the following treatment regimens: saline (50 µL); empty micelles (B/Mic, 5 mg/kg body weight); free Flau-A (5 mg/kg body weight) and Flau-A/Mic (5 mg/kg body weight). The products were administered every two days for a period of 10 days [40-42]. Animals were euthanized one and 15 days after treatment (n=6 per group, each), when immunological, parasitological and toxicological parameters were evaluated.

2.5. Cytokine assay and nitrite production
The cellular response was evaluated in the treated and infected mice, one and 15 days after treatment. In both cases, animals (n=6 per group, each) were euthanized and their spleens were collected, and spleen cells (5 x 106 per mL) were cultured in 24-well plates (Nunc, Nunclon), in duplicate, in DMEM added with 20% (v/v) FBS and 20 mM L-glutamine at pH 7.4. Cells were kept in the medium (negative control) or stimulated with SLA (50.0 (g/mL) for 48 h at 37°C in 5% CO2. IFN-(, IL-4, IL-10, IL-12, and GM-CSF levels were measured in the culture supernatant by a capture ELISA using commercial kits (BD OptEIA TM set mouse, Pharmingen®, USA) according manufacturer instructions. In addition, cell supernatant was also used to evaluate the nitrite production by Griess reaction [43].
2.6. Flow cytometry

A flow cytometry assay was performed to evaluate the IFN-γ, TNF-α and IL-10-producing CD4+ and CD8+ T cell subtypes profile in the treated and infected animals. Analyses were performed only 15 days after treatment, by using protocol previously described [25]. Briefly, spleen cells (5 x 106 per mL) were cultured in RPMI 1640 medium in polypropylene tubes (Pharmingen®), and were kept in medium (negative control) or stimulated with SLA (50.0 μg/mL) for 48 h at 37°C in 5% CO2. IFN-(, TNF-α and IL-10-producing CD4+ and CD8+ T cell subtypes profile was evaluated by their relative flow cytometry size (forward laser scatter – FSC) and granularity (side laser scatter – SSC). After selection of the R1 region of containing FSCLow and SSCLow phenotype cells, IFN-γ+, TNF-α and IL-10+ CD4+ and CD8+ T cell subtypes profile was based on the analysis of density plot distribution of CD4/FL1 or CD8/FL1 versus IFN-γ/FL2+, TNF-α/FL2+ and IL-10/FL2+ cells. Results were expressed as indexes, which were calculated as the ratio between CD4+ and CD8+ T cells percentage present in the SLA-stimulated culture versus those found in the non-stimulated (negative control) culture.

2.7. Antibody production
Levels of parasite-specific IgG1 and IgG2a isotype antibodies were evaluated in sera collected of treated and infected mice, one and 15 days after treatment. Previous titration curves were performed to determine the most appropriate concentration of L. infantum SLA and sera dilutions to be used in the assays. Microtiter immunoassay plates (Jetbiofil®, Belo Horizonte) were coated with SLA (1.0 µg per well) in coating buffer (50 mM carbonate buffer at pH 9.6) for 16 h at 4°C. Free binding sites were blocked using 250 µL of PBS-T (PBS plus Tween 20 0.05% v/v) added with 5% (w/v) bovine serum albumin (BSA) for 1 h at 37°C. After washing plates five times with PBS-T, they were incubated with 100 µL of individual sera (1:100 dilution in PBS-T) for 1 h at 37°C. Plates were washed five times in PBS-T and incubated with peroxidase-labelled antibodies specific to mouse IgG1 and IgG2a antibody (both 1:10,000 dilution in PBS-T, Sigma-Aldrich) for 1 h at 37°C. Plates were washed five times with PBS-T and reactions were developed using a solution of H2O2, ortho-phenylenediamine and citrate-phosphate buffer at pH 5.0, for 30 min and in the dark. Reactions were stopped by adding 2N H2SO4, and optical density (OD) values were read in an ELISA microplate reader (Molecular Devices, Spectra Max Plus, Canada) at 492 nm.
2.8. Parasite load evaluated by limiting dilution technique
The parasite load was evaluated in the treated and infected mice, one and 15 days post-therapy, by a limiting dilution technique [25]. Briefly, spleens, livers, bone marrows and draining lymph nodes (dLN) of the animals were collected after animals´ euthanasia and macerated in a glass tissue grinder using sterile PBS. Debris was removed by centrifugation at 150 × g and cells were concentrated by centrifugation at 2,000 x g. Pellets were resuspended in 1 mL of complete Schneider’s medium and serially diluted (10-1 to 10-12) in the same medium. They were then cultured in triplicate at 24°C for 7 days before being analyzed. Results were expressed as the negative log of the titer (the dilution corresponding to the last positive well) adjusted per milligram of organ.

2.9. Splenic parasitism estimated by quantitative Polymerase Chain Reaction (qPCR)
The parasite load was also evaluated in the animals spleens by qPCR [35]. Briefly, DNA content was extracted from 108 L. infantum promastigotes using the Wizard Genomic DNA Purification Kit (Promega Corporation) and suspended in UltraPure™ DNase/RNase-Free distilled water (Invitrogen, Carlsbad, CA, USA). The qPCR reaction was performed with the following primers used to amplify L. infantum kDNA: Forward: 5’-CCTATTTTACACCAACCCCCAGT-3’ and Reverse: 5´-GGGTAGGGGCGTTCTGCGAAA-3’. Standard curves using β-actin gene (Forward: 5’-CAGAGCAAGAGAGGTATCC-3’ and Reverse: 5’-TCATTGTAGAAGGTGTGGTGC-3’) obtained from 108 peritoneal macrophages was applied as endogenous control. Cells were obtained from BALB/c mice (n=5) after peritoneal lavage performed with 5 mL cold PBS. Peritoneal exudate cells were centrifuged at 1,000 x g for 10 min and resuspended in RPMI 1640 medium, when macrophages were quantified in Newbauer chamber [44]. Reactions were processed in an ABI Prism 7500 Sequence Detection System (96 wells-plate; Applied Biosystems) using 2x SYBRTM Select Master Mix (5 µL; Applied Biosystems), with each primer at 2 mM (1 µL) and 4 µL DNA (25 ng/µL). Samples were incubated for 10 min at 95°C and subjected to 40 cycles of 95°C for 15 s and 60°C for 1 min. After each cycle, fluorescence data were recorded. Parasite load was estimated by interpolation of the standard curve, which was performed in duplicate, and expressed as the number of parasites per nucleated cell (multiplied by one thousand to facilitate visualization).
2.10. In vivo toxicity
Levels of urea, creatinine, alanine transaminase (ALT) and aspartate transaminase (AST) were measured in sera collected of treated and infected animals, one and 15 days after treatment, by using commercial kits (Labtest Diagnostica®, Belo Horizonte) and according manufacturer instructions. Sera of non-infected and non-treated mice (n=6) were used as control.

2.11. Statistical analysis

Microsoft Excel (version 10.0) spreadsheets and GraphPad PrismTM were used to evaluate the results. The One-way analysis of variance (ANOVA) followed by the Bonferroni’s post-test were used to compare data between the groups. Differences were considered significant with P < 0.05. Experiments were repeated twice and results were similar.

3. Results
3.1. Characterization of the Flau-A-containing micelles

Flau-A/Mic composition showed mean particle size of 90.34±6.45 nm and narrow distribution of 0.203±0.035 by DLS. Micelles presented negative zeta potential of -8.96±1.25 mV and, when evaluated by TEM, they showed morphology assay with homogeneous spherical shapes and smooth surfaces, making possible to suggest that it will be benefit for accumulation in host phagocytes. The zeta potential evaluation showed that Flau-A/Mic was stable by seven days tested. The polydispersity index was 0.14, after examining the size distribution by DLS.
3.2. An antileishmanial Th1-type cellular response was generated in treated mice
The cellular response developed in treated and infected mice was evaluated in two distinct endpoints post-treatment, one and 15 days post-therapy. Results showed that, in both periods of time, spleen cells collected of Flau-A and Flau-A/Mic-treated mice produced significantly higher levels of IFN-(, IL-12 and GM-CSF, when compared to data obtained in control (saline and B/Mic) groups (Fig. 1). On the other hand, these animals showed significantly higher levels of antileishmanial IL-4 and IL-10, both one (Fig. 1A) and 15 (Fig. 1B) days after treatment. The nitrite production was also evaluated in the cell culture supernatant, and results showed that this antileishmanial molecule was produced in significantly higher levels in mice treated with Flau-A or Flau-A/Mic, when compared to the controls, one (Fig. 2A) and 15 (Fig. 2B) days post-therapy. Next, spleen cell cultures were stimulated with SLA and a flow cytometry assay using antibodies labelling against CD4+ and CD8+ T cells was performed to evaluate the intracytoplasmic production of IFN-γ, TNF-α and IL-10 cytokines (Fig. 3). Results showed higher levels of IFN-γ+ and TNF-α+-producing CD4+ and CD8+ T cell subtypes in the cell culture of mice treated with Flau-A or Flau-A/Mic, when compared to the control groups, which presented higher levels of IL-10+-producing T cells, with evaluations performed 15 days after therapy. Overall, Flau-A/Mic induce to a more polarized Th1-type cellular response as compared to the administration of free Flau-A in the animals.
3.3. Higher IgG2a isotype antibody production occurred in treated animals
The humoral response was evaluated in the treated and infected animals, one and 15 days post-therapy. Results showed that mice treated with free Flau-A or Flau-A/Mic produced significantly higher levels of anti-parasite IgG2a isotype antibody, when compared to IgG1 levels, both one (Fig. 4A) and 15 (Fig. 4B) days post-therapy. On the other hand, saline and B/Mic groups mice produced significantly higher levels of antileishmanial IgG1 antibody. In addition, higher antileishmanial IgG2a levels were found in Flau-A/Mic-treated mice, as compared to values found in animals receiving the free molecule, in both periods of time.
3.4. Reduction of the parasitism was found in treated mice
The parasite load was investigated in organs of treated and infected animals by a limiting dilution technique, one and 15 days after treatment. Results showed that mice treated with free Flau-A or Flau-A/Mic presented significant reductions in the parasite load in their livers, spleens, bone marrow and dLN, when compared to the saline and B/Mic groups (Fig. 5). In this context, when parasitism was evaluated one day post-therapy, mice receiving free Flau-A or Flau-A/Mic showed reductions in the parasite load in the order of 72.7% and 90.0%, respectively, in their livers (Fig. 5A); of 64.3% and 85.7%, respectively, in their spleens (Fig. 5B); of 68.7% and 87.5%, respectively, in their dLN (Fig. 5C), and of 62.5% and 87.5%, respectively, in their bone marrows (Fig. 5D), when compared to values found in saline group mice. Evaluating the parasitism 15 days after treatment, reductions in the parasite load in Flau-A or Flau-A/Mic-treated mice groups were in the order of 57.1% and 85.7%, respectively, in their livers; of 68.8% and 87.6%, respectively, in their spleens; of 68.4% and 84.2%, respectively, in their dLN; and of 54.6% and 81.8%, respectively, in their bone marrows; when compared to values found in saline group mice.
The splenic parasitism was also evaluated by qPCR, and results showed significant reductions in the parasitism in mice treated with free Flau-A or Flau-A/Mic in the order of 75.8% and 97.0%, respectively, when compared to the saline group (Fig. 6), one day after treatment. When evaluations were performed 15 days post-therapy, reductions in the order of 66.7% and 92.3% were found in these groups, respectively, in comparison to the values found in the saline group. By using both the limiting dilution technique and qPCR, parasitism found was lower in Flau-A/Mic-treated mice, when compared to values found in the animals receiving the free molecule.

3.5. Evaluation of organic toxicity in treated mice 
The organ toxicity was evaluated in sera collected of treated and infected animals, one and 15 days post-therapy. Results showed that saline and B/Mic groups mice presented higher levels of creatinine (Fig. 7A) and urea (Fig. 7B), used as renal damage markers; and ALT (Fig. 7C) and AST (Fig. 7D), which were used as hepatic damage markers. Otherwise, mice treated with free Flau-A or Flau-A/Mic presented lower levels of these enzymes, as compared to values found in the control groups; although the values had been higher in these treated groups, when compared to values found in non-infected and non-treated mice, which were used as control (Fig. 7).
4. Discussion
The treatment against VL presents problems mainly related to the toxicity of drugs, high cost and/or emergence of resistant strains [10]. In this context, there is urgent need to improve the quality of treatment, and the search for effective and less toxic antileishmanial agents is desirable. Natural products have been exploited with such biological activity, since works have showed promising antileishmanial action from plant extracts and their derivatives in distinct in vitro and in vivo experimental studies against Leishmania spp. [45-48]. In a previous work developed, a naphthoquinone derivative namely Flau-A was in vivo tested as an antileishmanial target against infection with L. amazonensis in BALB/c mice. The molecule, when incorporated into Poloxamer 407-based polymeric micelles (Flau-A/Mic), showed high therapeutic efficacy in the treated animals, since significant reductions in the parasite load in distinct evaluated organs, as well as the development of an antileishmanial Th1-type immune response was found in such animals [35]. In this context and aiming to identify new therapeutic targets against VL; in the present study, Flau-A/Mic was administered in mice chronically infected with L. infantum, and its therapeutic efficacy was evaluated in two endpoints after treatment, by means of distinct parasitological, immunological and biochemical assays.

Parasitological assays showed that Flau-A/Mic was effective for the treatment against infection, since significant reductions in the parasitism in spleen, liver, bone marrow and dLN were found in treated mice, when compared to those receiving the free molecule, empty micelles or saline. BALB/c mice usually develop an exponential infection with parasite burden increasing in the first weeks after infection, in organs such as liver and dLN, when high infective inoculum is administered into animals [49]. After some weeks of infection, parasite multiplies in other sites, such as spleen and bone marrow, and the infection becomes chronic in the animals [50-53]. In our study, parasitological analyses were performed between eight and 10 weeks after infection and treatments, and results showed that all evaluated organs of saline group showed high parasitism. On the other hand, animals treated with free Flau-A or, mainly, Flau-A/Mic, presented significant reductions in parasite load in distinct organs, in both endpoints evaluated. These results are in concordance with others, where naphthoquinone derivatives such as lapachol [54], epoxymethoxylawsone [55], diospyrin [56], amongst others, were evaluated as antileishmanial targets; suggesting then that Flau-A in the micellar composition could be also considered as a promising therapeutic candidate against VL.

The development of Th1-type immune response characterized by production of cytokines, such as IFN-(, IL-12, GM-CSF, amongst others, is important for the protection against Leishmania infection by improvement of parasitological conditions of the infected hosts [57]. Otherwise, the development of Th2-type response, with the production of anti-inflammatory cytokines, is associated with the occurrence of the active disease [58,59]. In this study, spleen cells from mice treated with free Flau-A or Flau-A/Mic produced significantly higher levels of antileishmanial IFN-γ, IL-12 and GM-CSF, when compared to the control groups, which produced higher levels of antileishmanial IL-4 and IL-10, corroborating with similar findings described in the literature [8,32,60,61]. In addition, spleen cells of treated animals produced higher levels of antileishmanial nitrite, suggesting that the parasite death could be based on the activation of parasitized phagocytes to eliminate Leishmania [62,63]. The treatment using Flau-A/Mic induced to more significant reduction in the IL-10 levels, when compared to the other groups, being that cytokine an important anti-inflammatory marker found in high levels in the active infection; indicating then that the Th1-type response found more polarized in Flau-A/Mic-treated mice was effective in perform a more efficient control of the organic parasitism in these animals.
The in vivo toxicity of the compounds was evaluated in treated mice. Results showed that animals receiving Flau-A or Flau-A/Mic presented higher levels of renal and hepatic damage markers, when compared to values found in non-treated and non-infected mice; suggesting then toxicity associated with the use of this molecule to treat the infected animals. In fact, naphthoquinone derivates have been showed to cause toxicity in mammals, even presenting their desirable biological action [64,65]. Studies have suggested that chemical alterations performed in the structure of these compounds could reduce their toxicity evoked in mammalian cells [66,67]. In our work, we have observed that, when Flau-A was incorporated in polymeric micelles and used to treat mice, lower levels of the organic damage markers were found, when compared to values obtained in mice receiving the free molecule. This result could account to the prophylactic action of the micelles in protect host cells against toxicity caused by Flau-A. A pharmacokinetic study associating the use of Flau-A with possible toxic effects was not performed in our work, and this fact can be considered as limitation of work. However, the lower toxicity found after administration of Flau-A/Mic suggest that additional experiments using this composition could help to obtain a product as less toxic as possible to be used for the treatment against VL; aiming to reduce in minimal levels the toxicity caused by this naphthoquinone derivate.
The identification of new antileishmanial targets is a priority; however, the association of new or known drugs with effective delivery systems could improve the quality of therapeutic response, making possible the reduction of number of doses or concentration of drug, which in fact could reduce the toxicity and production cost, but without loss the antileishmanial action. In this sense, and like described above, Poloxamer P407-based polymeric micelles have been used as a delivery system to carry antileishmanial candidates, which are evaluated in distinct studies for the treatment against TL [23,24,35] and VL [8,25,40,44]. These micelles create a semi-rigid gel after subcutaneous administration, turning them into a reservoir system that maintains the molecule in the inoculation site [25]. Thus, after some hours, the gel matrix starts its dilution and the product is gradually released into the bloodstream, making possible its systemic action occurs in a controlled manner [35]. In our study, the association of Flau-A and Poloxamer P407 micelle contributed to a more effective therapeutic response, since more significant reductions of the parasite load and the development of a more polarized Th1-type response were found in Flau-A/Mic-treated mice, when compared to the use of free molecule. These data suggest that this composition was more effective against infection and cause lower organic toxicity, when compared to the administration of free Flau-A.
In our study, treated mice, although presented significant reductions in the parasite load in distinct evaluated organs, did not eliminate completely the organic parasitism. In this context, the adjustment of the number of doses and/or Flau-A/Mic concentration showed be evaluated, aiming to completely eliminate parasites in the treated animals, making possible a sterile cure of the mice. However, similar results have been also observed by others evaluating distinct antileishmanial candidates, highlighting then the need to improve the therapeutic schedule to reach the complete elimination of the parasites [41,42,68,69]. Our purpose was to evaluate treated animals longer than 15 days post-therapy; however, mice receiving saline showed high parasitism degree associated with loss of weight and weakness. In this context, all experimental groups were euthanized 15 days after treatment, when parasitological and immunological evaluations were performed, aiming to adhere to the Ethical experimental procedures. Nevertheless, a dose-response curve aiming to evaluate the number of doses and/or concentration of Flau-A/Mic should be performed, aiming to reach the complete elimination of organic parasitism. This is a limitation of work and future studies would be required to fully characterize Flau-A/Mic as an effective and safe antileishmanial agent.

Although we have tried to perform the physical-chemical characterization of Flau-A/Mic, other evaluations, such as the electrical conductivity, in vivo dose-response kinetics, amongst others, were not performed and such facts are also limitations of the study. In addition, the absence of a drug control also administered by subcutaneous route is a limitation of work, since the comparison of the therapeutic efficacy was performed only with mice receiving saline or empty micelles. In this context, additional experiments using drug controls also administered by subcutaneous route are certainly necessary to be performed. In conclusion, preliminary data showed here suggest that the Flau-A/Mic composition could be considered for future works as a therapeutic target to be used against VL.
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FIGURE LEGENDS
Fig. 1. Cellular response generated in treated mice. BALB/c mice (n=12 per group) were infected subcutaneously with 107 L. infantum stationary promastigotes and, 45 days after, they received saline, empty micelles (B/Mic), free Flau-A or Flau-A/Mic. One and 15 days after treatment, animals (n=6 in each time) were euthanized and spleen cells (5 x 106 per mL) were kept in culture medium (negative control) or stimulated with L. infantum SLA (50.0 μg/mL) for 48 h at 37°C in 5% CO2. IFN-(, IL-4, IL-10, IL-12 and GM-CSF levels were measured in the culture supernatant by a capture ELISA. Bars represent the mean plus standard deviation of the groups, one (A) and 15 (B) days after treatment. (*) indicate statistically significant difference in relation to the saline and B/Mic groups (P < 0.05). (+) indicate statistically significant difference in relation to the Flau-A and Flau-A/Mic groups (P < 0.05).

Fig. 2. Nitrite production after treatment. Mice (n=12 per group) were infected and later received saline, empty micelles (B/Mic), free Flau-A or Flau-A/Mic. One and 15 days after treatment, they (n=6 in each time) were euthanized and spleen cells (5 x 106 per mL) were kept in culture medium (negative control) or stimulated with L. infantum SLA (50.0 μg/mL) for 48 h at 37°C in 5% CO2. The nitrite presence was evaluated in the culture supernatant by Griess reaction. Bars represent the mean ± standard deviation of the groups, one (A) and 15 (B) days after treatment. (*) indicate statistically significant difference in relation to the saline and B/Mic groups (P < 0.05). (#) indicate statistically significant difference in relation to the Flau-A group (P < 0.05).

Fig. 3. Intracytoplasmic cytokine-producing CD4+ and CD8+ T cell subtypes frequency. BALB/c mice (n=12 per group) were infected and later received saline, micelles (B/Mic), free Flau-A or Flau-A/Mic. Fifteen days after treatment, they were euthanized and their spleen cells were cultured and kept in RPMI 1640 medium (negative control) or stimulated with L. infantum SLA (50.0 μg/mL) for 48 h at 37°C in 5% CO2. The IFN-(-, TNF-(- and IL-10-producing CD4+ and CD8+ T cell subtypes frequency was evaluated by flow cytometry, and data were expressed as cytokine indexes, which correspond to the ratio between the SLA-stimulated cultures versus those non-stimulated (negative control). Bars represent the mean ± standard deviation of the groups. (*) indicate statistically significant difference in relation to the saline group (P < 0.05). (**) indicate statistically significant difference in relation to the B/Mic group (P < 0.05). Connecting lines indicate statistically significant differences between the Flau-A and Flau-A/Mic groups (P < 0.05).
Fig. 4. Antibody response developed in treated mice. BALB/c mice (n=12 per group) were infected with 107 L. infantum promastigotes and, 45 days after, they received saline, empty micelles (B/Mic), free Flau-A or Fla-A/Mic. One and 15 days after treatment, they (n=6 in each time) were euthanized and sera were collected to evaluate the levels of anti-parasite IgG1 and IgG2a isotype antibodies. Bars represent the mean ± standard deviation of the groups, one (A) and 15 (B) days after treatment. (*) indicate statistically significant difference in relation to the saline and B/Mic groups (P < 0.05). (+) indicate statistically significant difference in relation to the Flau-A and Flau-A/Mic groups (P < 0.05).

Fig. 5. Parasite load estimated by a limiting dilution technique. Mice (n=12 per group) were infected and later received saline, empty micelles (B/Mic), free Flau-A or Flau-A/Mic. One and 15 days after treatment, they (n=6 in each time) were euthanized and the parasite load was estimated by limiting dilution technique. Bars represent the mean ± standard deviation of the groups in relation to the parasitism in the liver (A), spleen (B), draining lymph nodes (C) and bone marrow (D) of the animals, one and 15 days after treatment (n=6 in each time). (*) indicate statistically significant difference in relation to the saline and B/Mic groups (P < 0.05). (#) indicate statistically significant difference in relation to the Flau-A group (P < 0.05).

Fig. 6. Splenic parasite load evaluated by  qPCR in treated animals. BALB/c mice (n=12 per group) were infected with L. infantum promastigotes and, 45 days after, they received saline, empty micelles (B/Mic), free Flau-A or Fla-A/Mic. One and 15 days after treatment, their spleens were collected and the parasite load was estimated by qPCR technique, one and 15 days after treatment. Bars represent the mean plus standard deviation of the groups. (*) indicate statistically significant difference in relation to the saline group (P < 0.05). (#) indicate statistically significant difference in relation to the B/Mic group (P < 0.05). ($) indicate statistically significant differences in relation to the Flau-A group (P < 0.05).

Fig. 7. Evaluation of in vivo toxicity after treatment. Mice (n=12 per group) were infected and later received saline, empty micelles (B/Mic), free Flau-A or Fla-A/Mic. One and 15 days after treatment, they (n=6 in each time) were euthanized and sera were collected to evaluate the levels of creatinine (A), urea (B), alanine aminotransferase (C) and aspartate aminotransferase (D) by using commercial kits, one and 15 days after treatment. Sera collected of non-infected and non-treated mice (n=6) were used as control (naive). Bars represent the mean ± standard deviation of the groups. (*) indicate statistically significant difference in relation to the saline group (P < 0.05). (#) indicate statistically significant difference in relation to the B/Mic group (P < 0.05). ($) indicate statistically significant differences in relation to the Flau-A group (P < 0.05).
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