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SUMMARY
Aims: Treatment for visceral leishmaniasis (VL) is hampered by the toxicity and/or high cost of drugs, as well as by emergence of parasite resistance. Therefore, there is an urgent need for new antileishmanial agents. Methods and results: In this study, the antileishmanial activity of a diprenylated flavonoid called 5,7,3,4`-tetrahydroxy-6,8-diprenylisoflavone (CMt) was tested against Leishmania infantum and L. amazonensis species. Results showed that CMt presented selectivity index (SI) of 70.0 and 165.0 against L. infantum and L. amazonensis promastigotes, respectively, and of 181.9 and 397.8 against respective axenic amastigotes. Amphotericin B (AmpB) showed lower SI values of 9.1 and 11.1 against L. infantum and L. amazonensis promastigotes, respectively, and of 12.5 and 14.3 against amastigotes, respectively. CMt was effective in the treatment of infected macrophages and caused alterations in the parasite mitochondria. L. infantum-infected mice treated with miltefosine, CMt alone or incorporated in polymeric micelles (CMt/Mic) presented significant reductions in the parasite load in distinct organs, when compared to the control groups. An antileishmanial Th1-type cellular and humoral immune response was developed one and 15 days after treatment, with CMt/Mic-treated mice presenting a better protective response. Conclusion: Our data suggest that CMt/Mic could be evaluated as a chemotherapeutic agent against VL.
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INTRODUCTION
Leishmaniasis is a vector-borne disease complex caused by distinct species of Leishmania parasites, with an estimated incidence of 12 million cases worldwide. According to the World Health Organization, the disease represents a major public health concern, with 2.4 million disability-adjusted life years and 380 million individuals exposed to risks of infection.1 The main clinical manifestations are tegumentary leishmaniasis (TL), composed by cutaneous, mucosal and cutaneous-diffuse disease, and visceral leishmaniasis (VL), a fatal disease if acute and untreated. The clinical manifestations of leishmaniasis depends on several factors, such as the parasite species, genetic background and host´s immune response.2 Some Leishmania species, such as Leishmania major, L. tropica, L. aethiopica, L. braziliensis, L. amazonensis and L. mexicana cause tegumentary leishmaniasis (TL), while others, such as L. donovani and L. infantum cause visceral leishmaniasis (VL).3 
Treatment against VL mainly depends on the use of pentavalent antimonials, which are unpleasant to the patient due to their endovenous or intramuscular administration.4 Most importantly, antimonials are toxic, since they can cause chemical pancreatitis, increase in serum aminotransferase levels and electrocardiographic abnormalities. In addition, development of parasitic resistance to pentavalent antimonials has been reported.5 Amphotericin B (AmpB) is another effective antileishmanial drug but it is similarly toxic to mammalian hosts.6,7 Liposomal formulations of these compounds can reduce their toxicity while maintaining their efficacy against Leishmania, but at the expense of significantly higher costs.8 Alternative therapeutic agents include miltefosine, which was originally developed as an anticancer drug9 and it was the first orally administered drug in patients with VL.10,11 However, miltefosine can cause teratogenicity and parasitic resistance to this compound has also been reported, limiting its clinical use to treat VL. 12,13 Therefore, there is an urgent need to identify novel and low-cost antileishmanial agents to improve treatment quality and effectiveness against this disease.
In the recent decades, attention has been given to secondary compounds extracted from plants as substitute antileishmanial medicines.14,15 Several studies evaluating semi-purified fractions and/or purified molecules have been performed, some of which showing promising results. However, no effectively formulated product to treat Leishmania infection has been made available to date.15-17 Flavonoids are secondary metabolites extracted from plants which present diverse biological functions, such as antimicrobial, larvicidal, antiallergic and anti-inflammatory activity. Studies have shown that these molecules can act also as antileishmanial agents.17-19 Maclura tinctoria is a plant popularly known as mulberry, taiúva or amarelinho, which belongs to the Moraceae family and is found in tropical countries worldwide.20,21 Numerous studies have reported that some flavonoids isolated from M. tinctoria leaves extracts,22,23 such as 5,7,3`,4`-tetrahydroxy-6,8-diprenylisoflavone (CMt), have neuroprotective activity and anti-Trypanosoma brucei action.24,25
The diversity of clinical manifestations of leishmaniasis is influenced by the host´s immune response,26 generally characterized by a CD4+ T cell subtype expansion with resulting production of Th1- or Th2-type cytokines.27 Interferon-gamma (IFN-(), tumor necrosis factor-alpha (TNF-α) and Interleukin-12 (IL-12), among other cytokines, stimulate the development of Th1-type cellular responses, usually associated with resistance against infection since parasitized macrophages are stimulated to kill parasites.28 On the other hand, Th2-type cytokines, such as IL-4, IL-5, IL-6, IL-10, among others, are associated with susceptibility to infection, since macrophages are deactivated and hence parasites are not eliminated.29,30 In leishmaniasis, IL-10 fulfils a wider role, since it is not only related to parasite survival, but also to the immunological counterbalance necessary for resolution of infection, avoiding an otherwise exacerbated inflammatory response. What is more, Th1- and Th2-type response profiles cannot be generalized for all forms of leishmaniasis. In fact, exacerbated Th1-type response to TL can cause tissue damage and contribute to lesion progression.26,31 In addition, other T cell populations, such as regulatory T cells and Th17 cells, are associated with immunity to leishmaniasis, since they are recruited to the infection site32,33 and contribute to balance the production of Th1- and Th2-type cytokines during disease.34 In this context, effective therapeutic candidates would be those capable of inducing a specific Th1-type response in treated hosts, sufficient to combat Leishmania parasites while avoiding an exacerbated inflammatory response.
In the present study, CMt was evaluated for its in vitro antileishmanial action against L. infantum and L. amazonensis species, as well as for its efficacy and toxicity in the treatment of infected macrophages. Results showed that CMt was effective against both parasite species, without presenting toxicity to murine cells. Higher selectivity indexes were found against promastigotes and axenic amastigotes when compared to values obtained using AmpB, suggesting higher in vitro CMt-specific therapeutic efficacy. Furthermore, treatment of L. infantum-infected mice with miltefosine (control), CMt alone or incorporated in polymeric micelles resulted in significant reductions of the parasite load in their spleens, livers, bone marrows (BM) and draining lymph nodes (dLN) one and 15 days post-treatment, in comparison to the untreated and infected control mice. In addition, in vitro stimulation of murine spleens induced an antileishmanial Th1-type immune response, suggesting potential therapeutic efficacy in vivo against L. infantum infection.
MATERIALS AND METHODS
CMt and CMt-containing micelles preparation
5,7,3`,4`-tetrahydroxy-6,8-diprenylisoflavone (CMt) was acquired from the in-house compound library belonging to the Biodiversity Laboratory at Federal University of Viçosa (Viçosa, Minas Gerais, Brazil).21 CMt was obtained from Maclura tinctoria leaves extracts and identified by spectroscopic assays such as ESI-MS, UV, 1H NMR and 13C NMR.23,35 CMt-containing micelles (CMt/Mic) were prepared as previously described.36 Briefly, Poloxamer 407 (18% w/w; catalog number 16758, Sigma-Aldrich, USA) was diluted in Phosphate Buffered Saline (PBS) pH 7.4) under magnetic agitation for 18 h at 4oC. CMt (10 mg) was dissolved in 500 µL dichloromethane by vortexing and added to the previously prepared solution under vigorous magnetic agitation in an ice bath, until a viscous emulsion was obtained. The dichloromethane was then evaporated using a rotary evaporator (Buchi, Flawil, Switzerland), resulting in a transparent, yellow gel at room temperature. Empty micelles (called B-Mic; 18% w/w Poloxamer) were prepared following the same protocol, without the incorporation of CMt.
Mice
Female BALB/c mice (8 weeks old) were purchased from the Institute of Biological Sciences of Federal University of Minas Gerais (UFMG; Belo Horizonte, Minas Gerais, Brazil) and were kept in pathogen-free conditions. The study was approved by the Committee for the Ethical Handling of Research Animals of UFMG (protocol number 085/2017).

Parasites
L. infantum (MHOM/BR/1970/BH46) and L. amazonensis (IFLA/BR/1967/PH-8) strains were used. Stationary promastigotes were grown in Schneider’s medium (Sigma-Aldrich, USA) supplemented with 20% v/v heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich, USA) and 20 mM L-glutamine (pH 7.4) at 24°C. Soluble Leishmania antigenic extract (SLA) was prepared from stationary promastigotes. Briefly, parasites (109 cells) were washed three times in cold, sterile PBS pH 7.4, subjected to five freeze-thaw cycles followed by five cycles of ultrasonication of 30 sec each at 38 MHz. The suspension was centrifuged at 9,000 x g for 30 min at 4oC, and supernatant containing SLA was collected and stored at -80oC until use.37 To obtain axenic amastigotes, 2 x 108 stationary promastigotes were washed three times in PBS pH 7.4, resuspended in 5 mL FBS and incubated for 48 or 72 h (L. amazonensis and L. infantum, respectively) at 37oC. Parasites were then washed three times in PBS and their morphology was evaluated by Giemsa staining and visualization using an optical microscope.
In vitro antileishmanial activity

50% Leishmania inhibitory concentration (IC50) was determined by incubating L. infantum or L. amazonensis stationary promastigotes or axenic amastigotes (1 x 106 cells, each) with CMt (0 to 50.0 µg/mL) or Amphotericin B (AmpB, 0 to 1.0 µg/mL; Cristália, São Paulo, São Paulo, Brazil) in 96-well culture plates (Nunc, Nunclon, Roskilde, Denmark) for 48 h at 24°C. Cell viability was assessed by 3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyl tetrazolium bromide (MTT, Sigma-Aldrich) method. Optical density (OD) values were measured using a microplate spectrophotometer (Molecular Devices, Spectra Max Plus, San Jose, CA, USA) at 570 nm. IC50 values were calculated by sigmoidal regression of dose-response curves with Microsoft Excel software (version 10.0).38
Cytotoxicity assay
CMt cytotoxicity to murine macrophages (CC50) and red blood cells (RBC50) was evaluated by determining the compound´s concentration required for 50% reduction of cell viability. Macrophages were obtained by peritoneal lavage with 5 mL cold PBS pH 7.4. Peritoneal exudate cells were centrifuged at 1,000 x g for 10 min and resuspended in RPMI 1640 medium. Thus, macrophages (5 x 105 cells/mL) or a 5% v/v red blood cells suspension were incubated with CMt (0 to 100.0 µg/mL) or AmpB (0 to 10.0 µg/mL) in RPMI 1640 medium in 96-well plates (Nunc) for 48 h (macrophages) or 1 h (red blood cells) at 37°C in 5% CO2. Macrophage viability was assessed by MTT method. The red blood cells suspension was centrifuged for 10 min at 1,000 x g and lysis percentage was determined spectrophotometrically at 570 nm. The absence of (blank) or 100% hemolysis was determined by replacing CMt for an equal volume of PBS or distilled water, respectively. CC50 and RBC50 values were calculated by sigmoidal regression of dose-response curves with Microsoft Excel software (version 10.0).38
Treatment of infected macrophages 
CMt efficacy for treatment of infected cells was evaluated in vitro using murine macrophages. Cells (5 x 105 cells/mL) were seeded in a microwell plate in RPMI 1640 medium supplemented with 20% v/v heat-inactivated FBS and 20 mM L-glutamine, pH 7.4. They were then incubated for 24 h at 37°C in 5% CO2. Next, cells were infected with stationary promastigotes at a ratio of 10 parasites per macrophage, followed by further 48 h incubation at 37°C in 5% CO2. Free parasites were removed by washing with RPMI 1640 medium and infected macrophages were then treated with CMt (0, 1.0, 5.0 and 10.0 µg/mL) or AmpB (0, 0.1, 0.5 and 1.0 µg/mL), for 48 h at 24°C in 5% CO2. After fixation with 4% w/v paraformaldehyde, cells were washed and stained with Giemsa. Percentage of infection and the number of amastigotes per infected cell were determined by counting 200 macrophages, in triplicate, using an optical microscope.39
Inhibition of infection by pre-treatment of parasites

Stationary promastigotes (5 x 106 cells) were pre-incubated with CMt (0, 1.0, 5.0 and 10.0 µg/mL) or AmpB (0, 0.1, 0.5 and 1.0 µg/mL), for 4 h at 24°C. Parasites were washed three times in RPMI 1640 medium, quantified and used to infect macrophages at a ratio of 10 parasites per macrophage for 24 h at 37°C in 5% CO2. After fixation with 4% w/v paraformaldehyde, cells were washed and stained with Giemsa. Percentage of infection and the number of amastigotes per infected cell were determined by counting 200 macrophages, in triplicate, using an optical microscope.39
Evaluation of the mitochondrial membrane integrity and potential
Stationary promastigotes (1 x 107 cells) were cultured in the absence or presence of CMt (6.36 and 12.72 µg/mL, corresponding to one and two times its IC50 value, respectively) for 24 h at 25°C. Parasites were washed in PBS and incubated with propidium iodide (1.0 µg/mL; Sigma-Aldrich, USA) or MitoTracker (500 nM; Invitrogen, USA) for 15 and 30 min, respectively, in the dark and at room temperature. After washing twice with PBS, samples were added to a black 96-well plate and fluorescence intensity was measured using a fluorometer (FLx800, BioTek Instruments, Inc., Winooski, VT, USA), with excitation and emission wavelengths of 540 and 600 nm, respectively. Promastigotes pre-heated for 10 min at 65ºC or carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazon (FCCP, 5.0 µM; Sigma-Aldrich, USA) were used as controls, respectively.39,40
Reactive oxygen species (ROS) production

Stationary promastigotes (1 x 107 cells) were cultured in the absence or presence of CMt (6.36 and 12.72 µg/mL) for 24 h at 25°C. Parasites were incubated with 20 µM cell-permeant 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA; Sigma-Aldrich, USA) for 30 min in the dark and at room temperature. Fluorescence intensity was measured in a spectrofluorometer (Varioskan® Flash, Thermo Scientific, USA), with excitation and emission wavelengths of 485 and 528 nm, respectively. H2O2-treated promastigotes (4.0 mM; Sigma-Aldrich, USA) were used as control.40
Infection and treatment
BALB/c mice (n=12 per group) were injected subcutaneoulsy with 107 L. infantum stationary promastigotes. 45 days post-challenge, infected mice were administered saline (control group), empty micelles (B/Mic; 10 mg/kg body weight), CMt (10 mg/kg body weight), CMt-containing micelles (CMt/Mic, 5 mg/kg body weight) or miltefosine (2 mg/kg body weight; catalog 58066-85-6, Sigma-Aldrich, USA) every two days for a period of 10 days. Except for miltefosine which was administered by oral route, all other compounds were administered by subcutaneous injection. Six mice of each group were euthanized one and 15 days post-treatment.
Evaluation of parasite load

One and 15 days post-treatment, spleens, livers, bone marrows (BM) and draining lymph nodes (dLN) were collected from the infected and treated animals and the corresponding parasite load was estimated by limiting dilution technique. Briefly, organs were macerated in a glass tissue grinder with sterile PBS, tissue debris was removed by centrifugation at 150 × g for 10 min at 4oC, and cells were concentrated by centrifugation at 2,000 x g for 15 min at 4oC. Pellets were resuspended in 1 mL complete Schneider’s medium and a log-fold serial dilution (10-1 to 10-12 dilutions) was performed in Schneider’s medium. Each sample was plated in triplicate and incubated for 7 days at 24°C, and results were expressed as the negative log of the titer (the dilution corresponding to the last positive well) adjusted per milligram of organ. The splenic parasite load was also determined by quantitative polymerase chain reaction (qPCR).36 Briefly, spleen DNA was extracted using Wizard® Genomic DNA Purification Kit (Promega Corporation) and L. infantum kDNA was amplified by qPCR using the following primers: Forward (CCTATTTTACACCAACCCCCAGT) and Reverse (GGGTAGGGGCGTTCTGCGAAA). Mouse β-actin gene was used as an endogenous control. Standard curves for kDNA and β-actin quantification were obtained from DNA extracted from 108 parasites  or 108 peritoneal macrophages, respectively, in the same conditions used to quantify the spleen samples. Reactions were developed in an ABI Prism 7500 Sequence Detection System (96 wells-plate; Applied Biosystems) using 2x SYBRTM Select Master Mix (5 µL; Applied Biosystems), with 2 mM of each primer (1 µL) and 4 µL DNA (25 ng/µL). Samples were incubated at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min, with fluorescence data being recorded after each cycle. All experiments were performed at the Real-Time PCR Facility - RPT09D PDTIS/René Rachou Institute – FIOCRUZ/MG. Parasite load was quantified using the standard curve as a reference and converted to ‘number of parasites per nucleated cell’ by multiplying by 1,000 to facilitate visualization. The experiment was performed in duplicate.
Cellular response
Cellular response was evaluated using the spleens of infected and treated animals, one and 15 days post-treatment. In brief, splenocytes (5 x 106 cells/mL) were incubated in DMEM (medium) supplemented with 20% v/v heat-inactivated FBS and 20 mM L-glutamine at pH 7.4, or stimulated with L. infantum SLA (25.0 (g/mL), for 48 h at 37°C in 5% CO2. IFN-(, IL-4, IL-10, IL-12p70 and GM-CSF levels were measured in the cell supernatant by capture ELISA (BD Pharmingen®, San Diego, CA, USA), according to the manufacturer’s instructions. Nitrite production in the cellular supernatant was evaluated by Griess reaction.41 A flow cytometry assay was also performed to evaluate the IFN-γ, TNF-α and IL-10-producing CD4+ and CD8+ T-cell prevalence.42 Briefly, spleen cells (5 x 106 per mL) were incubated in complete RPMI 1640 medium only (control) or stimulated with L. infantum SLA (25 μg/mL) for 48 h at 37°C in 5% CO2. Intracytoplasmic cytokine-producing T-cell frequency was determined based on their relative flow cytometry size (forward laser scatter – FSC) and granularity (side laser scatter – SSC). After selection of FSCLow and SSCLow phenotype cells, density plots for CD4/FL1 or CD8/FL1 versus IFN-γ/FL2, TNF-α/FL2, or IL-10/FL2 were created to determine IFN-γ, TNF-α and IL-10-producing T cells frequency. Results were expressed as indexes, which were calculated by the ratio between CD4+ and CD8+ T-cell percentages in the stimulated versus unstimulated cultures.
Humoral response

Antibody production was evaluated in sera samples from infected and treated mice, one and 15 days post-treatment, by ELISA assay. Anti-parasite IgG1 and IgG2a isotype antibody levels were measured using L. infantum SLA as coating antigen (1.0 µg/well). Samples were diluted 1:100 in PBS-T (PBS plus 0.05% v/v Tween 20) and anti-mouse IgG1 and IgG2a horseradish-peroxidase conjugated antibodies (Sigma-Aldrich, USA) were used both at 1:10,000 dilution (in PBS-T). Reactions were developed in the presence of H2O2, ortho-phenylenediamine and citrate-phosphate buffer pH 5.0 for 30 min in the dark. Next, reactions were stopped by addition of 2 N H2SO4, after which OD values were measured at 492 nm using an ELISA microplate spectrophotometer (Molecular Devices, Spectra Max Plus, Canada).

Statistical analysis

IC50, CC50 and RBC50 values were calculated by dose-response curves using Microsoft Excel software (version 10.0) and plotted in GraphPad Prism 5.03. Results were analyzed by one-way analysis of variance (ANOVA) followed by Bonferroni´s post-test for comparison between the groups. Results were expressed as mean ± standard deviation for each group. Two independent experiments were performed. Differences were considered significant when P < 0.05.

RESULTS
Analysis of biological activity in vitro
Antileishmanial activity of CMt was evaluated in vitro against L. infantum and L. amazonensis species. Results showed higher IC50 values against L. infantum and L. amazonensis promastigotes and amastigotes for CMt, when compared to AmpB (Table 1). Toxicity assays showed CC50 and RBC50 values for CMt of 445.5±21.5 µg/mL and 302.6±19.8 µg/mL, respectively, while for AmpB, values were of 1.0±0.2 µg/mL and 12.2±1.6 µg/mL, respectively. Thus, selectivity index (SI) values showed higher antileishmanial activity and lower toxicity in mammalian cells for CMt, when compared to AmpB (Table 2). Treatment of L. infantum-infected macrophages with CMt (10.0 µg/mL) and AmpB (1.0 µg/mL) resulted in infection percentages of 39.2±3.6% and 31.2±3.7%, respectively, with corresponding number of recovered amastigotes of 0.4±0.1 and 0.9±0.4 (Table 3). Control of infected and untreated macrophages presented instead 88.7±5.5% percentage of infection and 4.8±0.5 recovered amastigotes (Table 3). On the other hand, treatment of L. amazonensis-infected macrophages with CMt (10.0 µg/mL) and AmpB (1.0 µg/mL) resulted in infection percentages of 10.5±2.3% and 16.7±2.2%, respectively, with corresponding number of recovered amastigotes of 0.6±0.2 and 1.3±0.5%. Control of infected and untreated cells presented an infection percentage and number of recovered amastigotes of 78.9±5.5% and 5.8±0.4, respectively.
The efficacy of CMt to reduce infection was evaluated also by pre-treating the parasites with this drug before infection. With L. infantum species, infection percentages of 30.4±4.5% and 35.5±3.7% were observed, when parasites were pre-treated with CMt (10.0 µg/mL) or AmpB (1.0 µg/mL), respectively. The number of recovered amastigotes for pre-treatment with CMt or AmpB was 0.7±0.3 and 1.6±0.4, respectively (Table 4). With pre-treated L. amazonensis, infection percentages of 20.0±3.5% and 29.9±3.7% were observed for CMt (10.0 µg/mL) and AmpB (1.0 µg/mL), respectively, with a corresponding number of recovered amastigotes of 0.8±0.3 and 1.7±0.6.
Mechanism of action in L. infantum
The proof of concept for the mechanism of action of CMt on L. infantum was evaluated as follows. Parasite membrane integrity was analyzed by incubating the parasites with propidium iodide, a non-permeant nucleic acid stain which can cross parasites´ permeabilized membranes only. Results showed that the CMt, when used at a concentration of 6.36 µg/mL (IC50 value calculated for this parasite species), caused alterations in the parasite membrane integrity in the order of 56.8% (Fig. 1). In comparison, pre-heated L. infantum used as control showed 86.6% membrane permeabilization. Mitochondrial dysfunction after CMt treatment was also evaluated using MitoTracker fluorescent marker. Results showed that CMt used at a concentration of 6.36 µg/mL induced an alteration of 63.5% in L. infantum membrane potential (Fig. 2). Control with FCCP showed values in the order of 68.8%. Furthermore, ROS production was increased by 182.4% and 383.0% after treatment with CMt (6.36 µg/mL) or H2O2 (control), respectively (Fig. 3).
Evaluation of the parasite load
Parasite load was evaluated in infected and treated mice, one and 15 days post-treatment, using limiting dilution technique. Results showed that miltefosine, CMt or CMt/Mic-treated mice all presented significant reductions in the levels of parasitism in their liver, spleen, BM and dLNs, when compared to the control (saline and B/Mic) groups, both at one and 15 days post-treatment (Fig. 4). However, CMt/Mic-treated mice were those presenting the most significant reduction in parasitism, in comparison to mice treated with miltefosine or CMt only. In addition, analysis by qPCR assay showed that miltefosine-, CMt- and CMt/Mic-treated mice all presented significant reductions in their splenic parasitism levels, when compared to the controls groups (Fig. 5). Likewise, CMt/Mic treatment presented the best therapeutic action when compared to all other groups.
Analysis of murine immune responses developed after infection and treatment
The immune response of infected and treated mice was analyzed one and 15 days post-therapy. Results showed that miltefosine, CMt or CMt/Mic-treated mice presented significantly higher levels of IFN-γ, IL-12 and GM-CSF, with corresponding lower IL-4 and IL-10 levels, both one (Fig. 6A) and 15 (Fig. 6B) days post-treatment, in comparison to the control groups. Moreover, CMt/Mic-treated animals presented a more polarized Th1-type response, in comparison to those groups of mice treated with miltefosine and CMt. Additionally, flow cytometry assay showed significantly higher IFN-( and TNF-α-producing CD4+ and CD8+ T-cell frequency in the miltefosine-, CMt- and CMt/Mic-treated mice when compared to the controls, with CMt/Mic-receiving mice presenting slightly higher levels than the miltefosine-treated group (Fig. 7). As expected, saline and B/Mic control groups presented higher IL-10-producing T-cell frequency than treated mice.
Nitrite production was also evaluated one and 15 days post-treatment. Results showed that nitrite levels were significantly higher in the miltefosine, CMt and CMt/Mic groups, when compared to the controls (Fig. 8). Moreover, CMt/Mic-treated mice presented the highest nitrite levels, when compared to all other mice groups. In addition, evaluation of the humoral response showed that CMt- and CMt/Mic-treated mice presented significantly higher anti-parasite IgG2a isotype levels than IgG1 levels, both one and 15 days post-treatment (Fig. 9). Unsurprisingly, control mice groups presented higher IgG1 levels as compared to IgG2a levels.
DISCUSSION
Treatment against leishmaniasis is currently hampered by drugs’ toxicity, their high cost and/or the emergence of parasite resistance.1,5 In this scenario, an urgent need to identify novel antileishmanial agents has led to an alternative line search focused on the study of plant-extracted molecules, such as flavonoids.18,43-45 Thus, in the present study, the antileishmanial activity of a non-described diprenylated flavonoid known as CMt, obtained from M. tinctoria leaves extracts, was evaluated against Leishmania species capable of causing TL and VL worldwide. Results showed that the flavonoid presented an effective antileishmanial action in vitro, low toxicity to murine cells and, most importantly, the ability to control L. infantum infection in vivo. Miltefosine was used as a well-characterized control drug.46,47 All in all, results suggested that CMt displayed similar immunological and parasitological effects to those obtained when miltefosine was used, mainly when the flavonoid was incorporated into micelles as its delivery system.
Initially, antileishmanial action of CMt against L. amazonensis and L. infantum species was analyzed in vitro. Results showed that the flavonoid presented higher selectivity index than AmpB, a well-known and widely used antileishmanial agent,5,6 against both promastigotes and amastigotes stages of the parasite. CMt treatment was also effective in reducing the parasite burden of infected macrophages, as well as in inhibiting infection of phagocytic cells when parasites pre-treated with the molecule were used to infect. AmpB was similarly efficient in killing parasites in vitro. However, its higher toxicity to murine macrophages and red blood cells suggested CMt as a better alternative for treatment with diminished adverse effects to mammalian hosts.36,39,45 A mechanism of action for the flavonoid was evaluated in L. infantum. Results showed that CMt altered the parasite mitochondrial membrane integrity and potential, as well as stimulated parasitic ROS production. These observations imply that CMt is potentially leading to parasite death by disturbing Leishmania mitochondria stability. Future studies, however, will need to analyze further the mechanism of action of CMt on intra-macrophage or axenic amastigotes, and use ROS-chelating substances to evaluate ROS contribution to the effectiveness of CMt. Regardless, other studies investigating plant-extracted flavonoids as antileishmanial agents have shown also that these molecules function in the parasite mitochondria.17,48 For instance, a study on the in vitro leishmanicidal activity of strychnobiflavone, a flavonoid isolated from Strychnos pseudoquina St. Hil., showed its effective action against L. infantum promastigotes and amastigotes, as well as alterations in the parasite mitochondrial membrane potential when treated with this compound.48 The authors therefore suggested that strychnobiflavone could be considered as an antileishmanial agent which exerts its action in the Leishmania mitochondria. On the whole, this and other studies acknowledge the fact that the parasite mitochondria seems to be a preferred target of purified antileishmanial agents. 
The immune response developed after treatment of infected mice was evaluated by means of dosage of Th1- or Th2-type cytokines levels, which can be usually correlated to the outcome of leishmanial infection. In general, IFN-γ plays a role in the pathogen control, since it activates infected macrophages to kill internalized parasites.49 On the other hand, anti-inflammatory cytokines, such as IL-4 and IL-10, are associated with deactivation of macrophages, maintenance of parasite integrity and consequential disease progression.50 In our study, miltefosine, CMt and CMt/Mic-treated mice produced significantly higher levels of IFN-(, IL-12 and GM-CSF, with corresponding low IL-4 and IL-10 levels, both one and 15 days post-treatment, suggesting induction of specific antileishmanial Th1-type response. This observation was also reported elsewhere. For instance, antileishmanial activity of a flavonoid extracted from Bergenia ligulata (Wall.) Engl. was analyzed, and the immune response of L. donovani-infected mice was evaluated after treatment. Results showed that the flavonoid reduced in significant levels the parasite load in the treated animals, as well as increased IFN-γ and IL-12 production, which was associated with low levels of IL-4 and IL-10. In addition, a predominance of antileishmanial IgG2a isotype antibody levels, when compared to IgG1 levels, and an increased delayed-type hypersensitivity (DTH) response were also observed after treatment.51 In this context, development of a specific Th1-type response by Leishmania-infected mammalian hosts seems to be relevant for the effective control of the disease..

Distinct delivery systems, such as liposomes, nanoemulsions, polymeric micelles, among others, have been used extensively in the field of drug development, since they can increase drug efficacy and thus allow lower drug concentration in their formulations.52-55 In a similar fashion, the use of polymeric micelles for delivery of antileishmanial agents has led also to increased drug efficacy against Leishmania.56,57 Espuelas et al. demonstrated that an AmpB-incorporated Poloxamer-based micelle system activated infected macrophages to kill L. donovani parasites. The authors suggested a synergic action between AmpB and the micelles, what might facilitate interaction with the parasite membrane and insertion of AmpB.58 In a more recent study, Singh et al. demonstrated that AmpB-loaded Pluronic micelles were also effective for the treatment of L. donovani-infected hamsters. In that study, the authors showed that the formulation effectively stimulated the development of an antileishmanial Th1 immune response and significantly reduced the parasite load in infected and treated animals, without causing toxicity to the host.59 In the present work, the CMt-containing micelle system had similar therapeutic efficacy in the treatment of L. infantum-infected mice, judged by significant reductions in the parasite load in spleen, liver, BM and dLN, analyzed by both limiting dilution technique and qPCR assay. 
It has been described previously that, in the early stages of murine infection with L. infantum, parasites multiply in large numbers in the liver and, once the infection becomes chronic, the hepatic parasite burden tend to decrease, while the splenic parasitism tends to increase.60,61 In this light, presence of parasites in the liver is a marker of early infection, while parasitic load in the spleen is a marker of chronic disease.62,63 In the present study, splenic parasitism was quantified by qPCR assay and corroborated by limiting dilution technique. Future studies will need to address a similar analysis of parasitism in the liver, BM and dLN. Despite the lack of these analyses in the current study, the therapeutic efficacy observed for CMt, one and 15 days post-treatment, strongly suggests the feasibility to test further the CMt/Mic formulation as a candidate chemotherapeutic agent against VL.
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LEGENDS TO TABLES AND FIGURES

Table 1. In vitro antileishmanial activity. L. infantum and L. amazonensis stationary promastigotes and axenic amastigotes (1 x 106 cells, each) were incubated with CMt (0 to 50 µg/mL) or AmpB (0 to 1.0 µg/mL) for 48 h at 24oC. Cell viability was analyzed by MTT method, and 50% Leishmania inhibitory concentration factor (IC50) was calculated for each compound by sigmoidal regression of their corresponding dose-response curves. Results are expressed as mean ± standard deviation.
Table 2. Determination of selectivity index. Selectivity index (SI) values were calculated as the ratio of the minimum concentration of the agent required for 50% inhibition of macrophages (CC50) to the 50% Leishmania inhibitory concentration (IC50). SI values were calculated for CMt and AmpB, both against L. infantum and L. amazonensis stationary promastigotes and axenic amastigotes, using murine macrophages as the infection model. Results are expressed as mean ± standard deviation.
Table 3. Treatment of infected macrophages. Murine macrophages (5 x 105 cells) were infected with L. amazonensis or L. infantum promastigotes (at a ratio of 10 parasites per macrophage), followed by treatment with CMt (0, 1.0, 5.0, and 10.0 µg/mL) or AmpB (0, 0.1, 0.5, and 1.0 µg/mL) for 48 h at 24oC in 5% CO2. Infection percentage values and the number of amastigotes per infected cell were calculated by counting 200 macrophages in triplicate. Results are expressed as mean ± standard deviation.

Table 4. Inhibition of infection by pre-treatment of parasites. L. amazonensis and L. infantum promastigotes (5 x 106 cells) were pre-incubated with CMt (0, 1.0, 5.0, and 10.0 µg/mL) or AmpB (0, 0.1, 0.5, and 1.0 µg/mL) for 4 h at 24°C. Parasites were washed three times in RPMI 1640 medium, quantified and used to infect murine macrophages (at a ratio of 10 parasites per macrophage) for 24 h at 37°C in 5% CO2. Infection percentage values and the number of amastigotes per infected cell were calculated by counting 200 macrophages in triplicate. Results are expressed as mean ± standard deviation.

Figure 1. Evaluation of the parasite membrane integrity. L. infantum stationary promastigotes (107 cells) were cultured in the absence (control) or presence of CMt (6.36 and 12.72 µg/mL, corresponding to one and two times its IC50 value, respectively) for 24 h at 25°C. Parasites were washed in PBS and incubated with 1.0 µg/mL propidium iodide for 15 min in the dark at room temperature. Fluorescence intensity was measured using a fluorometer. Promastigotes pre-heated at 65ºC for 10 min were used as a positive control. Bars indicate the mean plus standard deviation of the groups. (***) indicates statistically significant difference in relation to the control (P < 0.0001).

Figure 2. Analysis of Leishmania mitochondrial membrane potential. L. infantum stationary promastigotes (107 cells) were cultured in the absence (control) or presence of CMt (6.36 and 12.72 µg/mL, corresponding to one and two times its IC50 value, respectively) for 24 h at 25°C. Cells were incubated for 30 min in the dark with 500 nM MitoTracker. After washing twice with PBS, treated promastigotes were transferred to a black 96-well plate and fluorescence intensity was measured using a fluorometer. FCCP (5.0 µM; Sigma-Aldrich, USA) was used as a positive control. Bars indicate the mean plus standard deviation of the groups. (***) indicates statistically significant difference in relation to the control (P < 0.0001).

Figure 3. Production of reactive oxygen species. L. infantum stationary promastigotes (107 cells) were cultured in the absence (control) or presence of CMt (6.36 and 12.72 µg/mL, corresponding to one and two times its IC50 value, respectively) for 24 h at 25°C, after which the parasites were probed with H2DCFDA for 30 min in the dark at room temperature. Fluorescence intensity was measured using a fluorometer. Promastigotes treated with 4.0 mM H2O2 were used as a positive control. Bars indicate the mean plus standard deviation of the groups. (*), (**) and (***) indicate statistically significant differences in relation to the control (P < 0.01, P < 0.001 and P < 0.0001, respectively). 

Figure 4. Parasite load evaluation by limiting dilution technique. BALB/c mice (n=12 per group) were infected with 107 L. infantum promastigotes and, 45 days post-challenge, subcutaneously injected with saline, empty micelle (B/Mic), free CMt, CMt/Mic or miltefosine, every two days for a period of 10 days. Half of the animals were euthanized one and 15 days after treatment, when their liver, spleen, bone marrow (BM) and draining lymph nodes (dLN) were collected for determination of the corresponding parasite loads by limiting dilution technique. Bars indicate the mean ± standard deviation of the groups, one (white bars) and 15 days (grey bars) post-treatment. (*) indicates statistically significant difference in relation to the saline and B/Mic groups (P < 0.001). (#) indicates statistically significant difference in relation to the miltefosine and CMt groups (P < 0.001).
Figure 5. Parasite load evaluation by quantitative PCR (qPCR) technique. The splenic parasitism was also evaluated by qPCR technique, one and 15 days after treatment. Results were converted to the number of parasites (log) per nucleated cell (multiplied by 1,000 to facilitate visualization). Bars indicate the mean plus standard deviation of the groups. (*), (#), (() and (() indicate significant statistically differences in comparison to saline, Mic/B, miltefosine and CMt groups, respectively (P < 0.05).

Figure 6. Cellular response analysis in infected and treated mice. Spleen cells of infected and treated animals were collected one and 15 days after treatment. Cells were stimulated with L. infantum SLA (25 μg/mL) for 48 h at 37°C in 5% CO2, or left untreated (medium) as controls. IFN-(, IL-4, IL-10, IL-12p70 and GM-CSF levels were measured in the cell supernatant, one (A) and 15 (B) days after treatment, using commercial kits. Bars indicate the mean ± standard deviation of the groups. (*) indicates statistically significant difference in relation to the saline and B/Mic groups (P < 0.001). (+) indicates statistically significant difference in relation to the miltefosine, CMt, and CMt/Mic groups (P < 0.001).
Figure 7. Intracytoplasmic cytokine-producing T-cell frequency in treated mice. L. infantum-infected mice and treated with saline, empty micelle (B/Mic), free CMt, CMt/Mic or miltefosine were euthanized 15 days after treatment, when their spleen cells were collected for stimulation with L. infantum SLA, or left unstimulated as control. Results are expressed as cytokine indexes (Stimulated culture/Control culture ratio) for IFN-(, TNF-(, or IL-10-producing T cells frequency in CD4+ and CD8+ T cells. Bars indicate the mean ± standard deviation of the groups. (*) and (#) indicate significant difference in relation to the saline and B/Mic groups, respectively (P < 0.05).

Figure 8. Nitrite production. Cell supernatants used to evaluate cytokine production was also utilized to evaluate nitrite production. The values correspond to unstimulated or SLA-stimulated cell cultures (white and grey bars, respectively). Bars indicate the mean ± standard deviation of the groups. (*) indicates statistically significant difference in relation to the saline and B/Mic groups (P < 0.0001). (#) indicates statistically significant difference in relation to the saline, B/Mic and miltefosine groups (P < 0.0001). ($) indicate statistically significant difference in relation to the saline, B/Mic, miltefosine and CMt groups (P < 0.001).
Figure 9. Humoral response analysis in infected and treated mice. Sera samples were collected from infected and treated animals, one and 15 days after treatment, and anti-parasite IgG1 (white bars) and IgG2a (grey bars) antibody levels were measured. Bars indicate the mean ± standard deviation of the groups. (*) indicates statistically significant difference in relation to the saline, B/Mic and miltefosine groups (P < 0.0001). (+) indicates statistically significant difference in relation to the CMt and CMt/Mic groups (P < 0.0001). (#) indicates statistically significant difference in relation to the saline, B/Mic, miltefosine and CMt groups (P < 0.001).
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