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Abstract: Vernonanthura brasiliana (L.) H. Rob is a medicinal plant used for the treatment of several
infections. This study aimed to evaluate the antileishmanial activity of V. brasiliana leaves using
in vitro and in silico approaches. The chemical composition of V. brasiliana leaf extract was determined
through liquid chromatography-mass spectrometry (LC-MS). The inhibitory activity against Leishma-
nia amazonensis promastigote was evaluated by the MTT method. In silico analysis was performed
using Lanosterol 14alpha-demethylase (CYP51) as the target. The toxicity analysis was performed in
RAW 264.7 cells and Tenebrio molitor larvae. LC-MS revealed the presence of 14 compounds in V. brasil-
iana crude extract, including flavonoids, flavones, sesquiterpene lactones, and quinic acids. Eriodictol
(∆Gbind = −9.0), luteolin (∆Gbind = −8.7), and apigenin (∆Gbind = −8.6) obtained greater strength
of molecular interaction with lanosterol demethylase in the molecular docking study. The hexane
fraction of V. brasiliana showed the best leishmanicidal activity against L. amazonensis in vitro (IC50

12.44 ± 0.875 µg·mL−1) and low cytotoxicity in RAW 264.7 cells (CC50 314.89 µg·mL−1, SI = 25.30)
and T. molitor larvae. However, the hexane fraction and Amphotericin-B had antagonistic interaction
(FICI index ≥ 4.0). This study revealed that V. brasiliana and its metabolites are potential sources of
lead compounds for drugs for leishmaniasis treatment.

Keywords: antileishmanial; medicinal plant; toxicity; Vernonanthura brasiliana

1. Introduction

Leishmaniasis is among the neglected tropical diseases (NTDs). It has a wide geo-
graphic distribution and is endemic in underdeveloped countries [1,2]. According to the
World Health Organization (WHO), an estimated 12 million people are infected annually,
with about 20.000 to 30.000 deaths, and 350 million people are at risk of infection [2]. It
is a complex and spectral anthropozoonosis caused by several species of the Leishmania
genus. According to the infecting species and the immunological development of each
person, it can evolve into different clinical forms. Among the clinical presentations of
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leishmaniasis, the cutaneous form stands out, which has Leishmania amazonensis as the
major causative agent [3].

Pentavalent antimonials are still the drugs of choice for treating the disease. These
medications have high toxicity, adverse effects during and after treatment, and prolonged
time of parenteral administration, which leads to low patient adherence to treatment [4,5].
In addition, when used in sub-doses or discontinuously, they do not have the desired effect,
which favors parasite resistance or relapses [6,7]. This context indicates the need to discover
new alternatives for therapy against leishmaniasis.

A wide range of traditional medicine and natural products can be considered for
therapy against several diseases, including COVID-19 [8,9], cancer [10,11], parasitic infec-
tions [12,13], diabetes [14,15], and obesity [16]. In fact, the WHO recognizes the importance
of traditional medicine, especially in underdeveloped countries, where approximately
85% of the population uses medicinal plants as a therapeutic alternative. In Brazil, the
species Vernonanthura brasiliana (L.) H. Rob. belongs to the list of plants of interest to the
public health system. V. brasiliana, popularly known as “assa-peixe”, is endemic to the
Brazilian Cerrado (Brazilian Savannah) biome but can be found in other biomes due to its
cosmopolitan and pantropical aspect [17–20]. It belongs to the Asteraceae family, the tribe
Vernonieae, with more than 1000 species cataloged in the tribe. Among these, some species
have been used in traditional medicine to treat numerous diseases [17].

The plants from the genus Vernonanthura are widely used, especially the leaves and
roots, in cases of flu, colds, cough, bronchitis, bruises, hemorrhoids, rheumatism, hepatic
colic, bleeding, and uterine infections [17,21]. Studies show the potential of this plant
as a therapeutic alternative with anti-inflammatory, antimicrobial, antifungal, insectici-
dal, antioxidant, immunomodulatory, anthelmintic, antinociceptive, and antiprotozoal
action [12,18,22–25]. Some studies also report the activity of the essential oil of V. brasiliana
against L. amazonensis, L. infantum, and L. donovani promastigotes [23,26,27].

Due to the difficulties in treating leishmaniasis, this research aimed to investigate the
anti-Leishmania action of V. brasiliana extract and fractions. The in silico interactions of the
compounds detected in the V. brasiliana extract were assessed using the enzyme cytochrome
P450 Lanosterol 14alpha-demethylase (CYP51) as the target. Furthermore, the toxicity of
these products was evaluated in the RAW 264.7 cell line and Tenebrio molitor larvae, seeking
to support the idea of this plant as a source for new compounds with less toxicity and
leishmanicidal efficacy.

2. Materials and Methods
2.1. Plant Material

Aerial parts of V. brasiliana were collected in the city of Bacabeira, Maranhão State,
Brazil (3◦03′34.5” S 44◦20′12.4” W), at the dry period, 8:00 a.m. The plant material was
identified at the Herbarium “Prisco Bezerra” of the Federal University of Ceará, and a
voucher specimen was deposited (number 55227).

2.2. Preparation of Crude Extracts and Fractions

The leaves were dried and ground in a knife mill. The hydroalcoholic crude extract
of V. brasiliana (EBVb) was obtained after maceration and agitation in 70% ethyl alcohol
for seven days, in a proportion of 3:1 (v:m) (alcohol and plant material, respectively). The
aqueous crude extract was obtained in the same conditions as EBVb [28]. EBVb was
concentrated in a rotary evaporator (Fisatom® 802, São Paulo, SP, Brazil) and lyophilized
(Terroni® Enterprise, São Carlos, SP, Brazil). EBVb (1 g) was successively partitioned with
hexane, ethyl acetate, and methanol to obtain the respective fractions (FHVb, FAEVb, and
FMVb). The samples were stored under refrigeration and protected from light until analysis.

2.3. Liquid Chromatography-Mass Spectrometry Analyses (LC-MS)

For chemical characterization, 10 mg of each sample was dissolved in methanol
(1.0 mL). The samples were filtered on a PTFE® filter (0.22 µm and 20 mL) and injected
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into a liquid chromatograph coupled to a mass spectrometer (Amazon Speed® ETD-Bruker,
Billerica, MA, USA). The chromatographic profile of EBVb and fractions were analyzed
in the LCQ mass spectrometer (Thermo Scientific®, San Jose, CA, USA), equipped with a
column (Phenomenex® Luna C18 columns, California, CA, USA) 250 mm × 4.6 mm; 5 µm,
with a flow rate of 0.9 mL/min. The identification of EBVb compounds and fractions was
performed by fragmentation mechanisms in negative mode, comparing mass spectral data
with the literature.

2.4. In Silico Studies and Molecular Docking

The compounds identified in EBVb were structurally schematized in 3D with the
GaussView® 5.0.8, Wallingford, CT, EUA, program [29]. The geometric and vibrational
properties were calculated and vacuum optimized at the Density Functional Theory (DFT)
level, using the hybrid function B3LYP combined with the base set 6–31 ++ G (d, p) with
the Gaussian® 09, Wallingford, CT, EUA [30].

The sterol 14-alpha-demethylase (CYP51) of L. infantum (99.3% similarity with
L. amazonensis) was obtained from the Protein Data Bank (PDB) (#3L4D), resolved by X-ray
crystallography with a resolution of 2.75 Å. Fluconazole and other molecules in the crystal
were removed, keeping only one of the two homologous chains and the HEME group.

Molecular docking procedures were performed using Autodock® Vina (La Jolla, Cali-
fornia, EUA) [31]. The L. infantum CYP51 (LiCYP51) structure and ligands were prepared
for molecular anchorage calculations using Autodock® Tools 1.5.7, (La Jolla, California,
EUA [32]. The docking methodology described in the literature [33] was used, with mod-
ifications [33]. Gasteiger partial charges were calculated after adding all hydrogens for
both ligands and LiCYP51 structure. The dimensions of the cubic box on the X, Y, and
Z axes were 30 × 30 × 30. The grid box was centered on the Iron atom of the LiCYP51
HEME group.

The conformations of the initial interaction coordinates of the LiCYP51 complexes and
V. brasiliana compounds were chosen based on the best binding free energy parameters and
visual inspection.

2.5. Parasites

Promastigote forms of L. amazonensis (MHOM/BR/1987/BA-125) were cultured at
26 ◦C in Schneider’s Insect Medium, supplemented with 10% fetal bovine serum, 100 U/mL
of penicillin, and 100 µg·mL−1 of streptomycin.

2.6. Activity against Promastigote Forms

L. amazonensis promastigotes (106 parasites. mL−1) were plated into 96-well plates
and treated with different concentrations of EBVb and fractions obtained by serial dilutions
(512 to 4 µg·mL−1). After 24, 48, and 72 h of incubation, the viability of the parasites
was measured by the colorimetric method with tetrazolium-dye 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) [34] and Neubauer chamber counting. As-
pects such as mobility, size, and shape of the parasites were also evaluated. MTT so-
lution (10 µL; 5 mg·mL−1) was added to each well and, after four hours, 100 µL of
DMSO was added to dissolve the formazan crystals. The absorbance was analyzed on
a spectrophotometer at a wavelength of 570 nm. Data were normalized using the for-
mula: % survival = sample OD − blank OD/control OD − blank OD × 100. The results
were used to calculate the IC50 (inhibitory concentration for 50% of parasites). Meglumine
antimoniate and amphotericin-B were used as reference drugs. All tests were performed in
triplicate and repeated at least twice.

2.7. Fluorescence Microscopy

L. amazonensis promastigotes (106 parasites·mL−1) were incubated with EBVb and FHVb
(1 × IC50 and 2 × IC50). After 48 h, acridine orange (3,6-dimethyl-amino-acridine;
10 µg·mL−1) was added to each sample, for 20 min. Phosphate buffer solution, 70% methanol,
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and Amphotericin-B were used as controls. For fluorescence evaluation, slides were pre-
pared and analyzed in Axio Imager fluorescence microscope (Zeiss®, Jena, Germany) (Alexa
Filter-488 nm).

2.8. Determination of Drug Interactions

After preliminary tests, the hexane fraction of V. brasiliana (FHVb) and amphotericin-B
were selected to conduct drug interaction assays. The interaction of the two substances was
assessed using the adapted isobologram method [35]. The IC50 values of the compounds
were used to establish the concentrations of each drug in the combination:

Combination 1 (5:0): 160 µg·mL−1 FHVb + 0.0 µg·mL−1 amphotericin-B.

Combination 2 (4:1): 80 µg·mL−1 FHVb + 0.25 µg·mL−1 amphotericin-B.

Combination 3 (3:2): 40 µg·mL−1 FHVb + 0.5 µg·mL−1 amphotericin-B.

Combination 4 (2:3): 20 µg·mL−1 FHVb + 1 µg·mL−1 amphotericin-B.

Combination 5 (1:4): 10 µg·mL−1 FHVb + 2 µg·mL−1 amphotericin-B.

Combination 6 (0:5): 5 µg·mL−1 FHVb + 4 µg·mL−1 amphotericin-B.

The experiments were performed in the same way as described in item 2.6. After
72 h, the viability of L. amazonensis promastigotes were measured by Neubauer chamber
counting. The results were normalized in percentage. After data normalization, fractional
inhibitory concentrations (FIC) at the IC50 level were calculated for both drugs. The value
obtained was used to classify the nature of the interaction as synergistic (FICI < 0.5),
additive (0.5 < FICI < 4), or antagonist (FICI > 4).

2.9. Cytotoxicity Assay in RAW 264.7 Cells

The RAW 264.7 cell line, provided by the Immunophysiology Laboratory of the Federal
University of Maranhão—UFMA, was cultured in RPMI medium, supplemented with
10% FBS, 20 mM of L-glutamine, 7.5% sodium bicarbonate, penicillin (100 µg·mL−1), and
streptomycin (50 µg·mL−1), at 37 ◦C and 5% CO2. The cytotoxic effect of natural products of
V. brasiliana was performed using the RAW 264.7 cell line. The cells were seeded in 96-well
plates (5× 104 cells/well) and, after 24 h, were treated with different concentrations of EBVb
and FHVb (1024 to 8 µg·mL−1). After 48 h, cell viability was measured by MTT colorimetric
assay [34,36]. Culture medium and DMSO 20% (40 µg·mL−1) were used, respectively, as
negative and cytotoxic controls. The plates were analyzed in a microplate reader, at a
wavelength of 570 nm. Data were normalized for CC50 (cytotoxic concentration for 50%
of cells) calculation and the selectivity index (CC50/IC50 ratio). Tests were performed
in triplicate.

2.10. Toxicity in Tenebrio Molitor Larvae

In vivo toxic effect of the compounds with leishmanicidal activity was evaluated on
larvae of the insect T. molitor. Larvae (100.0 mg) were randomly divided into groups
(10 larvae/group). Before inoculating the natural compounds, the cuticles were cleaned
with 70% alcohol, and then 10.0 µL of each test solution was injected. Glucantime® was
used as a positive control and 1% PBS as a negative control. The survival curve was
determined by the absence of movement or total melanization of the larvae over five days.
The damage caused by natural products used in T. molitor larvae was also evaluated. The
degree of suffering was observed through melanization, movement, reaction to stimuli,
and survival [37].

2.11. Statistical Analyses

Values were expressed as mean ± standard deviation. The results were analyzed
using a two-way analysis of variance (ANOVA) followed by the Tukey post hoc test. For
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the toxicity tests in T. molitor larvae, the log-rank test (Mantel–Cox) was performed, and
to evaluate the difference between the severity degree, the two-way ANOVA was used.
Differences were considered significant when p < 0.05.

3. Results
3.1. Chromatography and Identification of Compounds

To chemically characterize and prospect the studied species, correlating it with its
biological potential investigated in this study, the EBVb was submitted to chromatographic
analysis (LC-MS), and 14 peaks were identified, listed according to the retention time, as
shown in Figure 1.
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Figure 1. Total ion chromatogram generated by LC-EM (270 nm) of the Hydroalcoholic Crude Extract
of Vernonanthura brasiliana (EBVb).

The identified compounds are classified as flavonoids, flavones, sesquiterpene lactones,
and quinic acids. The identification was elucidated by comparing data obtained by LC-MS
with the fragmentation profiles described in the literature (Table 1).

Table 1. Identification of compounds in the hydroalcoholic crude extract of Vernonanthura brasiliana
by LC-ESI-IT-MS/MS in negative mode.

No. Retention
Time (min) [M-H] - MS n Ion m/z (-) Proposed Substance

1 16.2 353; 191 353 chlorogenic acid or
5-o-caffeoylquinic acid

2 16.7 353; 289; 203 515 3,5-dicapheoylquinic acid

3 22.2 287; 151 463 eriodictyol-7-o-glucuronide

4 23.4 375; 191 537 hydroxylariciresinol-hexoside

5 24.0 149 177 esculetin

6 25.4 285 923/461 luteolin-7-o-glucuronide

7 27.2 151 575/287 eriodictyol

8 28.9 275; 231 293 octadecadienoic acid

9 30.9 285 571 luteolin

10 32.9 269; 151 539/269 apigenin

11 33.1 284 299 hispidulin

12 35.5 299 599 chrysoeriol

13 37.7 298; 283 313 3’,4’-dimethoxy luteolin

14 41.6 171 293 gingerol
Retention time (minutes); [M-H]-: ionization in negative mode.
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3.2. In Silico Studies and Molecular Docking

For molecular docking calculations, all compounds identified in EBVb were evaluated.
Among the evaluated compounds, the best free binding energy parameters were presented
by eriodyctiol, luteolin, and apigenin, with values of −9.0 kcal/mol, −8.7 kcal/mol, and
−8.6 kcal/mol, respectively.

In addition to the compounds present in the extract, the azole antifungal fluconazole
was also anchored. It is observed that eriodyctiol, luteolin, and apigenin showed higher
affinity parameters than the antifungal (Table 2). Fluconazole is the native molecule of the
LiCYP51 (Leishmania infantum CYP51) crystal structure, so fluconazole redocking was per-
formed to validate the docking protocol. The root-mean-square deviation (RMSD) between
the predicted coupling conformation and the observed X-ray crystal structure was 1.47 Å.
Values below 2 Å indicate that the coupling protocol is valid. Other compounds identified
in the V. brasiliana extract showed more discrete affinity parameters when compared with
eriodyctiol, luteolin, and apigenin, but still suggested a favorable interaction with LiCYP51.
The results of the free binding energy values of all ligands are shown in Table 2.

Table 2. Values of the free energy binding parameters of the compounds identified in the Vernonan-
thura brasiliana (L.) H. Rob extract with the Leishmania infantum CYP51.

Leishmania infantum CYP51

Ligand ∆Gbind (kcal/mol)

eriodictyol −9.0
luteolin −8.7
apigenin −8.6

hispidulin −8.5
chlorogenic acid −8.1

chrysoeriol −8.0
3’,4’-dimethoxyluteolin −8.0

gingerol −7.3
luteolin-7-o-glucuronide −7.2

eriodictiol-7-o-glucuronide −7.1
esculetin −6.9

quinic acid −6.9
hydroxylariciresinol-hexoside −6.8

Fluconazole −8.1

Evaluating the LiCYP51 complex with the ligands and the best binding free energy
parameters, it is observed that all ligands performed stable interactions with amino acid
residues of the active site of LiCYP51, those being eriodictyol with hydrogen bonds with
Tyr115, Ala286, Met357 and Met459 residues, and van der Waals interactions with Tyr102,
Met105, Phe109, Leu126, Phe289, Val356 residues and with the HEME group (Figure 2).

Luteolin was stabilized with the amino acid residues of LiCYP51 by hydrogen bonds
with the residues Tyr115, Ala286, Met357, and Met459, and van der Waals interactions
with Tyr102, Phe109, Phe289, Val356, Leu358, and Val460 residues and with the HEME
group. Another molecule is apigenin with stabilization in Tyr115, Ala286, Met459 residues
(hydrogen bonds) and Tyr102, Met105, Phe109, Phe289, Val356, Met357, Leu358 and Val460,
and the HEME group (van der Waals) (Figure 2).

3.3. Leishmanicidal Activity

The natural products from the leaves of V. brasiliana demonstrated action against the
promastigote forms of L. amazonensis, with satisfactory in vitro inhibition, characterized by
low IC50 values, at the three evaluated times, 24 h, 48 h, and 72 h. The lowest IC50 was for
FHVb, equal to 5.76 µg·mL−1 in the first 24 h of treatment, as shown in Table 3.
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Figure 2. Detailed representation of conformations obtained by molecular docking of eriodictyol
(blue), luteolin (yellow), apigenin (green), fluconazole (cyan), and HEME group (white) at the
LiCYP51 active site (A). Two-dimensional diagram of the interactions performed by eriodyctiol (B),
luteolin (C), apigenin (D) and fluconazole (E) with the amino acid residues and HEME group of the
LiCYP51 active site. Dashed black lines represent hydrogen bonds, while full green lines represent
van der Waals interactions.

EBVb showed a moderate concentration-dependent inhibition against the promastigote
forms between 24 and 72 h of exposure. There was no significant difference between the
times of 24 and 48 h (p = 0.8890); however, there was a difference between the times of
48 and 72 h due to the reduction of the IC50 (p < 0.0001).

FAEVb also showed moderate activity against the parasites, but there was a resumption
of parasite growth and an increase in IC50 between 24 and 72 h (p < 0.0001). FHVb showed
a significant difference between its IC50 values in the incubation times (p < 0.0001). The
FMVb showed very divergent IC50 between the times evaluated, suggesting instability of
the fraction.

Among the fractions of V. brasiliana, FHVb was the one that best induced parasitic
inhibition at 24 and 48 h of exposure, showing a significant difference between its IC50
values in the treatment times (p < 0.0001).

The first-choice reference drug, meglumine antimoniate, was ineffective against the
clinical isolate used in our in vitro assays. Little or no change was observed in the mobility
and size of the parasites during 48 h of exposure. Therefore, it was not used as a positive
control for the experiment. However, amphotericin-B, used as a chemotherapy drug of
second choice in Brazil, proven to be effective, destroying or reducing the size and mobility
of the parasites at very low concentrations.
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Table 3. Leishmanicidal activity of the crude extract and fractions of Vernonanthura brasiliana (L.) H.
Rob against the promastigote forms of Leishmania amazonensis at three treatment times.

Natural
Products

24 h 48 h 72 h

IC50 ± SD
(µg·mL−1) R2 IC50 ± SD

(µg·mL−1) R2 IC50 ± SD
(µg·mL−1) R2

EBVb 24.63 ± 0.375 a,1 0.970 24.31 ± 0.625 a,1 0.904 19.04± 0.750 b,1 0.880

FHVb 5.76 ± 0.250 a,2 0.972 12.44± 0.875 b,2 0.941 22.53 ± 0.125 c,2 0.876

FAEVb 21.78 ± 0.500 a,3 0.947 28.24± 0.750 b,3 0.953 54.89 ± 0.375 c,3 0.879

FMVb 60.63 ± 0.250 a,4 0.940 353.3 ± 1.00 b,4 0.948 60.13 ± 0.125 c,4 0.862

Glucantime® >500 ND >500 ND >500 ND

Amphotericin-B 0.1644 ± 0.500 a 0.996 0.5388 ± 0.250 a 0.991 0.7793 ± 0.375 a 0.991

IC50—50% inhibitory concentration of promastigotes; ± Standard deviation; ND—Not determined. R2—Data
correlation index; EBVb (crude extract); FHVb (hexane fraction); FAEVb (ethyl acetate fraction); FMVb (methanolic
fraction); The comparison between the independent groups was performed by the ANOVA test (two-way) with
the Tukey post-test. In each line, different superscript letters (a–c) indicate significant difference (p < 0.05). In each
column, different superscript numbers (1–4) indicate significant difference (p < 0.05).

To verify and illustrate the action of the natural products evaluated on the promastigote
forms of L. amazonensis, an analysis was carried out by fluorescence microscopy, using
acridine orange. The exposure for 48 h of the promastigote forms to the IC50 of the test
solutions, EBVb, FHVb, and amphotericin-B, confirmed the leishmanicidal action of the
tested products, with a reduction of more than half of the load of the parasitic inoculum,
which was standardized at a concentration of 1.106 mL−1 cells. Also noteworthy is a
flagellar shortening in the promastigote forms of L. amazonensis treated with FHVb and
amphotericin-B (Figure 3).

Furthermore, when using concentrations of twice the IC50 value, there was an almost
total reduction of the parasites, in agreement with the indices of leishmanicidal activity
obtained. The controls, negative (only parasites in Schneider culture medium) and positive
(parasites treated with 70% methanol) were as expected, agglomeration of promastigote
forms and destruction of promastigote forms, respectively (Figure 3).

3.4. Determination of Drug Interactions

Among the natural products evaluated, FHVb presented the best results, and so was chosen
for the drug interaction test. The results of the interaction analysis, combined or isolated in
each association, are shown in Table 4. The interaction between FHVb and amphotericin-B
was classified as antagonistic, with a FICI index greater than or equal to 4.0.

Table 4. Assessment of drug interaction between the hexane fraction of Vernonanthura brasiliana (L.)
H. Rob with amphotericin-B against Leishmania amazonensis in the promastigote form.

Combination Ratio
Combined Drugs

FICIIC50 µg·mL−1 FIC50 ∑FIC50

FHVb Anf-B FHVb Anf-B FHVb Anf-B

5 0 160 0 7.101 0 7.101

23,691

4 1 80 0.25 3550 0.320 3.870
3 2 40 0.5 1775 0.641 2416
2 3 20 1 0.887 1283 2.170
1 4 10 2 0.443 2567 3.010
0 5 0 4 0 5134 5124

FHVb: Hexane fraction of Vernonanthura brasiliana; Anf-B: Amphotericin-B; IC50: inhibitory concentration for 50%
of parasites. FIC50: fractional inhibitory concentrations; ∑FIC50: sum of fractional inhibitory concentrations; FICI:
fractional inhibitory concentration index.
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in the Zeiss® Axio Fluorescence Microscope Imager (50 μm and 100 μm). 

Figure 3. Microscopic fluorescence analysis of promastigote forms of Leishmania amazonensis after
treatment for 48 h with natural products of Vernonanthura brasiliana (L.) H. Rob. Viable parasites
were labeled with acridine orange and presented in dark field. (A) Parasites in Schneider medium;
(B) Parasites with 70% methanol; (C) Parasites with EBVb-IC50; (D) Parasites with EBVb-2xIC50;
(E) Parasites with FHVb-IC50; (F) Parasites with FHVb-2xIC50; (G) Parasites with Amphotericin-B-
IC50; (H) Parasites with amphotericin-B-2xIC50. To capture the images, the Alexa filter (488 nm) was
used in the Zeiss® Axio Fluorescence Microscope Imager (50 µm and 100 µm).
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In the first combination, no L. amazonensis promastigotes were seen, therefore, there
was a clear field of view. In the second combination, only one promastigote form was seen
per field of view, with low mobility and flagellar shortening. The other combinations and
amphotericin-B alone reduced the cell viability of the parasites by 100%. These results
classified FHVb as a natural product with antagonistic action (FICI≥ 4.0) on amphotericin-B
in vitro.

3.5. In Vitro Cytotoxicity

In the search for a natural product with less toxicity and leishmanicidal efficiency,
cytotoxic tests were conducted in RAW 264.7 cells for the natural compounds of V. brasiliana,
with better leishmanicidal action. After 48 h of exposition, the cytotoxic concentration
values for 50% of the cells (CC50) ranged from 8 to 314, 8 µg·mL−1 (Table 5).

Table 5. Cytotoxic evaluation of crude extract and fractions from leaves of Vernonanthura brasiliana
(L.) H. Rob, after 48 h of treatment in RAW 264.7 cells.

Natural Compounds CC50
(µg·mL−1)

95% CI
(µg·mL−1) R2 SI

EBVb <8 ND ND ND
FHVb 314.8 90.23–106.6 0.964 25.30
FAEVb 32.4 95.60–147.4 0.979 1, 14

DMSO (40µg·mL−1) <1 ND ND ND

CC50: cytotoxic concentration of 50% of cells. CI: confidence interval. R2: correlation of the data. SI:
selectivity index.

EBVb and FAEVb showed low CC50 values. The EBVb showed abnormal data, and the
lowest concentration used for the assays (8 µg·mL−1) resulted in a total reduction of cell
viability in 48 h, a result confirmed with visualization under an inverted optical microscope
and a Neubauer chamber.

FAEVb showed a moderate value of CC50; however, when the ratio between its
indices (CC50/IC50) was calculated as a low index, selectivity was obtained. FHVb was
the least cytotoxic among the evaluated compounds, presenting high selectivity to the
parasites (SI = 25.3). The cytotoxic control (DMSO) reduced the cell viability by 100% in
48 h of exposure; therefore, the confidence interval values and data correlation (R2) were
not determined.

3.6. In Vivo Toxicity against Tenebrio Molitor

Subsequently, it was decided to conduct an assay of the natural products, EBVb
and FHVb, and the leishmanicidal reference drug (Glucantime®), in an alternative model
(in vivo), with larvae of T. molitor. The larvae exposed to Glucantime® suffered melanization
and reduced mobility, an aspect of suffering from the third day of evaluation, where 30% of
the larvae did not resist a concentration of 200 µg·mL−1. This fact was noticed with greater
intensity for the EBVb: in 24 h of exposition, only 40% of the larvae were alive, also with
melanization and low mobility. After the third day, only 30% of the larvae were alive at
both concentrations used in the assays (Figure 4).

The percentage of larval survival against exposure to FHVb was high compared to the
others evaluated, where only one larva did not survive in both concentrations evaluated,
that is, 90% of the larvae survived. The larvae that remained alive until the fifth day did
not show melanization, and remained with unaltered mobility (Figure 4).

When multiple comparisons of the degree (score) of the suffering of larvae exposed
to natural products (EBVb and FHVb) and Glucantime® were performed, there was no
difference between EBVb and Glucantime® (p = 0.9958) and the score was lower. However,
FHVb was the one that least attacked the larvae (highest score), with no difference from the
negative control (PBS 1%) (p = 0.9344)(Figure 5).
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Figure 4. Survival curve of Tenebrio molitor larvae treated with crude extract or hexane fraction of
Vernonanthura brasiliana (L.) H. Rob and leishmanicidal reference drug Glucantime®. The larvae were
treated and evaluated daily for a period of 5 days. (a) Larvae with hydroalcoholic crude extract
(EBVb); (b) Larvae with Glucantime®; (c) Larvae with hexane fraction (FHVb). Solid lines represent
survival over time and dotted lines represent the 95% confidence interval. Larvae treated with sterile
1% PBS were considered negative control.
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of Vernonanthura brasiliana (L.) H. Rob and leishmanicidal reference drug Glucantime®. The difference
between the tested groups was considered significant when p < 0.05 using two-way ANOVA.

4. Discussion

This research evaluated the chemical composition of natural products obtained from
the leaves of V. brasiliana, to elucidate their ability to inhibit the growth of promastigote
forms of L. amazonensis, in addition to evaluating the in vitro cytotoxicity and in vivo
toxicity, an alternative model.

The genus Vernonanthura has bioactive potential as they are rich in terpenes and
sesquiterpenes, with reports of in vitro antiplasmodic, anti-Leishmania, antimicrobial, anti-
schistosomiasis, and anti-inflammatory activity [20]. This genus has previous reports of
activity against the promastigote forms of L. amazonensis and L. infantum species [12,28].

Chemical and chromatographic analyses of EBVb revealed the presence of 14 com-
pounds, classified as flavonoids, flavones, sesquiterpene lactones, and quinic acids. There
was disagreement regarding the number and types of compounds identified in our research
group by previous chromatographic analyses, where they identified 24 different compounds
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in the same plant species. It is understood that the variation of metabolites produced by a
plant can be attributed to physical, chemical, and biological factors (phytopathogens) and
edaphoclimatic characteristics (weather, climate, wind, altitude, etc.) [38,39].

In silico studies were conducted to evaluate the binding strength between the com-
pounds identified in this work, described in Table 1. The flavonoids eriodyctiol, lute-
olin, and apigenin obtained higher binding energy with Lanosterol demethylase [40],
a fundamental compound for the biosynthesis of ergosterol specific to the Leishmania
genus. Lanosterol demethylase is an enzyme complex (P45014DM) essential for ergosterol
metabolic pathways that participate in the organization of the cytoplasmic membrane of
the parasites [41].

Amphotericin-B is a drug that traditionally acts on fungal infections, binding to
ergosterol in the plasma membranes of the cells of these organisms, causing disruption
of membrane function, and allowing the leakage of electrolytes (particularly potassium)
and small molecules, resulting in death of the cell [42], and has been successfully used
for the treatment of Leishmaniasis. Another noteworthy fungicide fluconazole, which
inhibits CYP51, which is responsible for the synthesis of ergosterol; this drug is also capable
of inhibiting CYP51 of L. infantum [43]. Thus, CYP51 is a relevant target for research of
compounds with leishmanicidal activity. This enzyme plays a key role in the synthesis of
lanosterol to ergosterol. Ergosterol is an essential compound in the fungal cell membrane,
and once lanosterol accumulation occurs due to non-conversion to ergosterol, the plasma
membrane is disrupted, damaging the cell [42,43].

Based on the results obtained, it was observed that EBVb and its fractions have
leishmanicidal activity against L. amazonensis. The compounds identified in the extract were
submitted to molecular docking to evaluate the possible interaction of these compounds
with the crystallographic structure of LiCYP51, which has a similarity of 99.3% with
the enzyme of L. amazonensis, which was not available. Negative values of free binding
energies indicate that these interactions are favorable for the formation of the ligand-
receptor complex [33]. Through molecular docking, we found that, among the compounds
identified in the extract, eriodictiol, luteolin, and apigenin were the compounds that
presented the most favorable parameters for complex formation with LiCYP51.

Thus, our results suggest that the biological activity of V. brasiliana against L. amazo-
nensis may also be associated with an inhibition of ergosterol biosynthesis, mediated by
CYP51. Thus, it is inferred that the metabolites of V. brasiliana can be considered potential
new leishmanicidal candidates. These metabolites found in V. brasiliana have already been
detected in other plants, such as Pistacia atlantica Desf and Limonium aureum, species found
in the East. P. atlantica has been reported to reduce the development of cutaneous lesions
triggered by Leishmania major in Balb/c [44–46].

Some molecules present in EBVb have antimicrobial and leishmanicidal activities, such
as eriodictiol, previously isolated from Psorothamnus polydenius and Limonium brasiliense. Eri-
odictiol showed excellent inhibition against promastigote forms of L. donovani
(IC50 = 25 ± 4 µg·mL−1, CC50 = 32.8 ± 12.3 µg·mL−1) with a reduction in the num-
ber of infected macrophages by 55 ± 16% [41,47], and against Leishmania amazonensis
(IC50 = 12.38 µg·mL−1) [46,48]. Another example is the flavonoid luteolin which has in vitro
and in vivo ability to inhibit L. donovani. In silico studies also revealed that luteolin can inhibit
the action of topoisomerase II, an important kinetoplast DNA (kDNA) replication enzyme,
promoting apoptosis of parasites and inducing low toxicity to mammalian cells [49–51].

Apigenin is another flavonoid with several known pharmacological actions, including
antibacterial, anti-inflammatory, antioxidant, and leishmanicidal effects [52–57]. Apigenin
inhibits arginase in L. amazonensis and L. donovani in vitro and in vivo; blocking this enzyme
can trigger oxidative stress, controlling the infection. The effect of apigenin on L. amazonensis
and L. tropica may be associated with the production of reactive oxygen species (ROS)
leading to mitochondrial collapse [58–60]. Drug combinations, such as miltefosine and
apigenin, have already been studied, demonstrating a reduction in the parasite load of the
amastigote form of L. amazonensis in Balb/c mice [61,62].
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In vitro studies about the interaction (synergistic, indifferent, or antagonistic effects)
of natural products and reference drugs are few reported. An additive effect between
Glucantime® and a natural compound isolated against L. amazonensis has already been
observed by Gonçalves-Oliveira et al. [62]. The synergism of isolated products can be
effective for the development of new chemotherapeutics combined with natural com-
pounds [62,63]. Moreover, the incorporation of natural products and conventional drugs
into nanoformulations opens a new avenue for antileishmanial therapy [64–66].

The toxicity of the natural products used in this study was also evaluated using larvae
of T. molitor. As expected, the reference drug for the treatment of cutaneous leishmaniasis
(Glucantime®) presented high toxicity and suffering for T. molitor larvae compared to the
negative control. When the larvae were exposed to EBVb, suffering and a lower percentage
of survival were also observed compared to FHVb, which demonstrated the lowest toxicity,
a low index of suffering, and a higher percentage of survival of T. molitor larvae.

5. Conclusions

The hexane fraction of V. brasiliana is a promising source of leishmanicidal compounds,
demonstrating greater potency (dose inhibition) against parasites. This fraction has low
toxicity towards RAW 264.7 cells and T. molitor larvae and showed a good selectivity index.
The compounds identified in the crude extract, such as eriodictiol, luteolin, and apigenin,
demonstrate excellent strength of molecular interaction on lanosterol demethylase, an
important enzyme that participates in the formation of membrane ergosterol in the parasites.
Therefore, these results reinforce the continuity of studies with this plant species for further
biomedical explanations, further strengthening the idea of the hexane fraction as a raw
material for the isolation of metabolites and/or development of new chemotherapeutics
for the treatment of leishmaniasis.
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