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Abstract
Plasmodium falciparum is the cause of malaria and has become resistant to the drugs used to treat the disease. Therefore, the
development for novel compounds with antimalarial activity has become urgent. Plant species, such as naphthoquinone-rich
Eleutherine plicata, may provide novel substances that exhibit antimalarial activity and serve as an alternative for the
treatment of this disease. From this plant species, ethanol extracts were obtained, fractionated, and the isolated substances
eleutherin, and isoleutherin were characterized by nuclear magnetic resonance. There in vitro activity against Plasmodium
falciparum was examined using the traditional Microtest method using the extract, fractions, and isolated molecules.
Eleutherin and isoleutherin showed the best activity toward the parasite with IC50 values of 10.45 and 8.70 µg/mL,
respectively. Characterization of the binding mode of the compounds with a target enzyme and identification of the
molecular interactions were revealed via molecular docking results. Eleutherin and isoeleutherin interacted with highly
conserved residues from the binding cavity of the cytochrome bc1 complex, a protein found in mitochondria. Therefore, the
eleutherin and isoeleutherin naphthoquinones showed antiplasmodial activity with a similar mechanism to that of
atovaquone were able to interact with the cytochrome bc1 complex, and showed promise for antimalarial treatments.
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Introduction

Malaria is an infectious disease caused by six species of
Plasmodium: P. falciparum, P. vivax, P. malariae, P. ovale,
P. knowlese, and P. cinomolgi. All of them capable of
infecting humans (Singh and Daneshvar 2013). The

lifecycle of this disease involves two hosts: the first one is
the human being and the other is the female Anopheles
mosquito, which also act as a vector. In humans (vertebrate
host), the asexual phase of the cycle occurs, with liver
preerythrocytic schizogony and erythrocytic schizogony; in
the mosquito, sporogony (sexual phase) is developed
(Siciliano and Alano 2015).

Disease manifestation takes place after a period of
plasmid incubation that varies according to each species.
The clinical picture occurs when schizonts break the ery-
throcyte and release together with the merozoites, proin-
flammatory cytokines, which activate the immune system
causing fever and chills. After fever, the patient might have
sweating. In addition, the clinical picture may be accom-
panied by nausea, vomiting, headache, and muscle pain
(Talapko et al. 2019). The symptoms cycle (fever-chills-
sweating) appears several times with intervals that vary
according to the Plasmodium species that infected the
patient. For P. falciparum, P. vivax, and P. ovale, the cycle
usually occurs at 3-day intervals; for P. malariae, every
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4 days; and for P. knowlese, every 24 h (Phillips et al.
2017). In some cases, P. falciparum infection may evolve to
severe malaria, which in addition to fever, may be accom-
panied by a syndrome with hypoglycemia, pulmonary
edema, renal failure, metabolic acidosis, severe anemia, and
cerebral malaria, which may progress to death (Geleta and
Ketema 2016; Cowman et al. 2016).

In 2017, 219 million cases of malaria were recorded
worldwide, two million more than in 2016, resulting in
435,000 deaths, of which 403,000 occurred on the African
continent. In Africa, the most widespread Plasmodium is
P. falciparum, which causes severe malaria (WHO 2018).

Malaria infection has become increasingly severe due to
parasite resistance to drugs used in its pharmacological
treatment (Wang et al. 2015). Due to this problem, the
search for new antimalarial drugs is urgent, and natural
compounds of plant origin can help in this search by pro-
viding unpublished substances or scaffolds that support
drug design (Newman and Cragg 2016; Das et al. 2017).

Several antimalarial drugs have been discovered from
natural products or are analogous to compounds of natural
origin. For example, the alkaloid quinine, isolated from
Cinchona officinalis, was one of the first natural compounds
of plant origin with reported antimalarial activity. From
these compounds, some antimalarial quinolines, such as
chloroquine and mefloquine, were synthesized. Artemisinin-
type compounds, such as artemisinin, obtained from
Artemisia annua, and its synthetic analogs artesunate and
artemether, are also used in malaria treatment, acting on the
parasite erythrocytic cycle, as well as molecules belonging
to quinoline class. Atovaquone, which belongs to the class
of naphthoquinones, is one of the main drugs used in malaria

treatment, being a structural analog of lapachol, which can
be isolated from trees of Bignoniaceae family.

Plants of the genus Eleutherine (Iridaceae family) pro-
duce many naphthoquinone secondary metabolites. Some
species of this genus include Eleutherine plicata herb. ex
Klatt, Eleutherine americana (Aubl.) Merr. ex K. Heyne,
and Eleutherine palmifolia (L.) Merr (Klotz et al. 2014).

The Eleutherine plicata herb species is popularly used
for the treatment of malaria, gastric ulcers, amoeba infec-
tion, parasitic infection, dysenteries, diarrhea, bowel dis-
orders, hemorrhoids, and menstrual disorders (Rahmatullah
et al. 2012; Couto et al. 2016).

From the bulbs of this species, several naphthoquinones,
naphthalene, anthraquinone, and terpene compounds have
been isolated. Among the isolated products, the major
constituents of the Eleutherine plicata extract include
eleutherol, eleutherin, and isoleutherin (Fig. 1).

Although this herb species is popularly used for malaria
treatment, the activity of the isolated compounds from
E. plicata towards the causative agent of malaria remains
unknown (Alves et al. 2003; Hong et al. 2008; Kusuma
et al. 2010). Therefore, here for the first time the anti-
malarial activities of eleutherol, eleutherin, and isoleutherin
isolated from E. plicata were determined. In addition,
molecular modeling approaches were used to analyze the
molecular binding mode of these compounds with the
mitochondrial cytochrome bc1 complex, as the mitochon-
dria was the main organelle that suffered damage after
treatment of P. falciparum with the isolated compounds.
The choice of this target was based on the fact that another
naphthoquinone and atovaquone, binds to this protein,
resulting in the antimalarial effect.

Fig. 1 Major substances isolated
from Eleutherine plicata:
a eleutherol, (b) eleutherin, and
(c) isoeleutherin
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Materials and methods

General experimental procedures

Nuclear magnetic resonance (NMR) spectra were measured
using a Bruker Advance DPX 300MHz NMR spectrometer
(Karlsruhe, Germany). Precoating of thin layer chromato-
graphy plates was performed using silica gel 60
(MACHEREY-NAGELY, Germany). Chromatographic
column was prepared using silica gel 60 (0.063–0.200 mm,
70–230 mesh, Merck, Germany). Hexane, dichloromethane,
ethyl acetate, and methanol (Isofar, Brazil) were used as the
mobile phase. Water was used in the high-performance
liquid chromatography (HPLC) procedure (model 2695,
PDA 2996, EUA), equipped with a RP-18 column (5 μm,
250 × 46 mm, LiChrospher, Merck, Germany).

Plant material and extraction procedure

E. plicata bulbs were collected from the municipality of
Traquateua, PA, Brazil (Lat. 1.1436°, Long. 46.95511°) in
the Amazon. The dried specimens were deposited at the
Emílio Goeldi Paraense Museum (exemplary voucher: MG.
202631). Subsequently, the bulbs were washed and dried in
a ventilated oven and ground using a knife mill.

The powder (0.5 kg) was macerated with ethanol (2 L,
for 7 days), followed by concentration in a rotary evaporator
to obtain an ethanol extract (42 g). Ethanol extract (7 g) was
fractionated by solid–liquid chromatography using silica gel
as the stationary phase of silica gel, eluting with increasing
polarity solvents (hexane, dichloromethane, acetate metha-
nol), thus obtaining four fractions: hexane (0.21 g),
dichloromethane (0.65 g), ethyl acetate (1.10 g), and
methanol (3.5 g).

The dichloromethane fraction was then refracted by
preparative CCD obtaining four subfractions. Fraction S1
was identified later. Subfraction 2 (S2; 70 mg) was then
refracted by column solid–liquid chromatography (235 ×
10 mm silica gel; 230 × 400 mesh, 40–63 µm) eluted with
dichloromethane, showing two isolated products identified
by 1H NMR.

Phytochemical study

The isolated substances were identified by 1H NMR and
compared with the literature data (Alves et al. 2019).
Deuterated chloroform solvent was used for the NMR
experiments.

The ethanol extract, fractions, and isolated substances
were evaluated by high-performance liquid chromatography
with a diode array detector (HPLC-DAD) and reverse col-
umn C-18 at 40 °C, 1 mL/min flow rate, and detection at
200–400 nm. As a mobile phase, a linear gradient of 20%

(acetonitrile) and 80% (water) at 0 to 30 min ending with
80% (acetonitrile) and 20% (water) was (Paramapojn et al.
2008).

The spectroscopic evidence of isolated substances is in
accordance with previous reports for eleutherin (Tewierik
et al. 2006; Hara et al. 2011) and isoeleutherin (Gallo et al.
2010; Hara et al. 2011).

Eleutherin—1H NMR 300MHz (CDCl3): δ 1.35 ppm
(3H, d, J= 6 Hz, Me-11); δ 1.53 ppm (3H, d, J= 6.6 Hz,
Me-1); δ 2.19 ppm (1H, dd, J= 10.2e 18.3 Hz, H-4ax); δ
2.74 ppm (1H, dt, J= 13.2e 18 Hz, H-4eq); δ 4.0 ppm (3H,
s, OMe-9); δ 7.64 ppm (1H, t, J= 8.1 Hz, H-6); δ 7.73 ppm
(1H, dd, J= 1.2; 7.8, H-7); δ 7.27 ppm (1H, d, J= 8.4, H-8)
(Fig. S1).

Isoeleutherin—1H NMR 300MHz (CDCl3): δ 1.35 ppm
(3H, d, J= 6 Hz, Me-3); δ 1.53 ppm (3H, d, J= 6.9 Hz,
Me-1); δ 2.23 ppm (1H, ddd, J= 18.9; 10.2; 1.8 Hz,
H-4ax); δ 2.69 ppm (1H, dd, J= 18.6; 2.7 Hz, H-4eq); δ 4.0
ppm (3H, s, OMe-9); δ 3.99 ppm (1H, m, H-3); δ 5.01 ppm
(1H, q, J= 6.9 Hz, H-1); δ 7.65 ppm (1H, t, J= 7.8 Hz,
H-6); δ 7.74 ppm (1H, dd, J= 7.5; 0.9 Hz, H-7); δ 7.27 ppm
(1H, dd, J= 7.5 Hz, H-8) (Fig. S2).

Eleutherol has been identified by co-injection into
HPLC-DAD, with a standard (Guide Chem, 480-00-2,
China).

In vitro antimalarial activity

For the biological assay, the methodology described by
Rieckmann et al. (1978) and modified by Carvalho and
Krettli (1991). A chloroquine sensitive P. falciparum clone
(3D7) was used, synchronized using the sorbitol method
(Lambros and Vanderberg 1979) followed by parasitemia
adjustment to 0.5% and hematocrit to 5%. The samples and
control was solubilized in methanol and serial dilutions
were performed, finally obtaining a dosed plate with the
samples at concentrations of 200, 100, 50, 25, 12.5, 6.25,
and 3.125 µg/mL. The plates were incubated at 37 °C and
5% CO2 atmosphere.

After 24 and 48 h, the supernatant was changed and new
complete medium was added to the samples and controls.
After 72 h, blood strains of red blood cell (3 µL) were fixed
with methanol and stained with Giemsa. Each sample was
tested in triplicate and three independent experiments were
performed.

In each stained slide, for determination of parasitaemia,
5000 red blood cells were counted. Slide counting was
performed in a blind experiment. The parasitaemia was
determined as a percentage. The reduction index was
determined from the negative control. The IC50 was deter-
mined from three independent experiments using the Graph
Pad Prism 7.0 program by linear regression. The samples
were classified as inactive (IC50 > 100 µg/mL), moderately
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active (IC50 100–10 µg/mL), active (IC50 < 10−1 µg/mL), or
very active (IC50 < 1 µg/mL) (Dolabela et al. 2015b).

Molecular docking simulations

Eleutherin and isoeleutherin molecular structures were
designed using GaussView 6 software (Dennington et al.
2016). The structures were optimized using density functional
theory with the B3LYP hybrid functional and the 6-31G *
basis set (Becke 1993). Structural optimization calculations
were performed using Gaussian 16 (Frisch et al. 2016).

Prediction of the binding mode of eleutherin and iso-
eleutherin to the mitochondrial cytochrome bc1 complex
(cyt bc1) was studied using Molegro Virtual Docker 5.5
(René Thomsen et al. 2006) with the MolDock score
function at a grid resolution of 0.30 and the MolDock SE
algorithm. The three-dimensional structure of cyt bc1 pro-
tein was obtained from the protein data bank (PDB ID:
4PD4) (Birth et al. 2014a).

To validate the docking protocol, the crystallographic
complex was re-docked. Redocking experiments with
known complexes with inhibitors of similar conformational
complexity are typically performed to evaluate the docking
protocol, as previously suggested (Junior et al. 2019; Neves
Cruz et al. 2019a; da Costa et al. 2019).

Results and discussion

Phytochemistry

E. plicata ethanol extract (7 g) was fractionated by silica gel
packed chromatographic column and eluted with increasing
polarity solvents to obtain four fractions: hexane (0.21 g,
0.3%), dichloromethane (0.65 g, 9.28%) ethyl acetate (1.1 g,
15.7%), and methanol (3.5 g, 50%). HPLC-DAD analyses
of the fractions are shown in Fig. S3.

HPLC-DAD analysis of the ethanol extract (Fig. S3A)
suggested the presence of high and medium polarity com-
pounds. The moderately polar peaks at 16.4 and 16.8 min
showed the same absorption profile with maxima at 247 and
270 nm. It is likely that they correspond to isomeric naph-
thoquinone as they contain the same chromophore, likely
eleutherin, and isoeleutherin (Hong et al. 2008). The peak at
17.2 min showed maximum absorptions at 247, 315, and
363 nm, likely corresponding to naphthalene.

The dichloromethane fraction showed more intense
peaks with retention times of between 16 and 17.9 min. The
ultraviolet absorbances of at 218, 315, and 363 nm, corre-
sponding to naphthalene chromophore previously men-
tioned (Fig. S3B). This fraction was chosen for fractionation
because it contains higher content of substances of interest
(eleutherin and isoeleutherin).

The ethyl acetate fraction (Fig. S3C) showed overlap of
three peaks at 16.9 min with maximum ultraviolet absor-
bances at 247 and 270 nm. These spectra repeat at peak
within 17.4 min, demonstrating that they may be isomers.
The peak at 17.8 min has absorption maxima at 247, 315,
and 363 nm.

The methanol fractions (Fig. S3D) also contained naph-
thoquinones of interest, but these fractions exhibited greater
chemical complexity. This effect was expected as polar
substances can be solubilized in organic solvents with these
characteristics due to the polar, acidic, and basic character
of the solvent (Nam et al. 2015).

The subfraction S1 (Fig. S3E) presented maximum
absorption peak (18.9 min) suggestive of naphthalene, pre-
viously discussed. The subfraction S2 (Fig. S3F) presented
peaks at 16.8 and 17.2 min in the dichloromethane, ethyl
acetate, and methanol fractions showed absorption maxima at
247 and 268 nm, suggestive of 1,4-naphthoquinone com-
pounds. Naphthoquinones with ketone substitutions at posi-
tions 1 and 4 have maximal ultraviolet absorption at ~250 nm
(lawsone and plumbagin), which is characteristic of this class
(Rodrigues et al. 2006). Another characteristic of naphtho-
quinones is their visible color ranging from yellow spots to
shades of red. Here, both the ethanol extract and the frac-
tions, when analyzed on TLC, presented yellow bands which
is characteristic of this class of secondary metabolites.

Earlier studies have described the isolation of eleutherin
and isoleutherin naphthoquinones as well as that of
eleutherol, which belongs to the class of naphthalene
(Paramapojn et al. 2008). To obtain the abovementioned
naphthoquinones, the dichloromethane fraction of E. plicata
was fractionated via solid–liquid chromatography. After
successive purifications, three compounds were isolated,
whose chromophores were used to identify eleutherol
(Fig. S3E), eleutherin, and isoleutherin.

Eleutherol (RT= 18.9 min) was identified by co-
injection with an eleutherol standard. Eleutherin (Table
S1) and isoeleutherin (Table S2) were identified via NMR
1H and the obtained spectra were compared with the
literature data.

Antiplasmodial activity

In the microtest assay, the ethanol extract exhibited an IC50

of 55.65 ± 9.34 µg/mL, dichloromethane fraction (81.94 ±
32.09 µg/mL), and methanol fraction (89.91 ± 29.67 µg/mL)
were classified as poorly active. Ethyl acetate (10.22 ±
2.32 µg/mL), eleutherin (10.45 ± 3.13 µg/mL), isoeleutherin
(8.70 ± 2.45 µg/mL), and S2 fraction (eleutherin+ iso-
eleutherin: 3.67 ± 1.01 µg/mL) were classified as active.
However, the methanol fraction and S1 fraction (eleutherol)
were inactive, exhibiting IC50 values of >200 µg/mL.
Chloroquine was used as a positive control (Table 1).
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Dolabela et al. (2015b) demonstrated that the ethanol
extract of E. plicata bulbs (6.57 µg/mL) and its dichlor-
omethane fraction (2.87 µg/mL) were active against chlor-
oquine resistant P. falciparum clone (W2) (Dolabela et al.
2015a). The results indicate that the naphthoquinones
eleutherin and isoeleutherin are responsible for anti-
plasmodial activity, since the lowest IC50 values were
obtained from the samples that have these compounds in
greater quantity. When comparing the IC50 values obtained
here with those reported by Dolabela et al. (2015b), these
samples showed greater activity towards the chloroquine
resistant stain.

Naphthoquinones are widely reported in the literature
due to their antimalarial activity (López et al. 2014;
Imperatore et al. 2019). Lapachol, a para-naphthoquinone,
and similar compounds have been screened against chlor-
oquine resistant P. falciparum (W2) strains. Lapachol
exhibited an IC50 of 80.4 µM, but its methylated derivative
(IC50 15.8 µM) and that acetylated at hydroxyl position 2
(IC50 2.3 µM) were more active, which was related to
inefficient hemozoin formation by the parasite. Lapachol
isomers, alpha-lapachone (IC50 15.8 µM) and its methylated
structure (IC50 19.4 µM) as well as beta-lapachone (IC50

20.5 µM) and another methylated derivative (IC50 15.8 µM),
were less promising than acetylated lapachol (Moreira et al.
2015). Thus, it was suggested that the orientation of the
para-positioned naphthoquinone ketones contributes to the
antimalarial activity. This hypothesis is further reinforced
by atovaquone, which is a well-known para-naphthoqui-
none and a potent antimalarial drug whose mechanism of
action involves the inhibition of ubiquinone oxireduction at
the mitochondrial cytochrome bc1 complex site (Vaidya and
Mather 2009).

Molecular binding analysis

The three-dimensional structure of cyt bc1 protein was
obtained from the protein data bank (PDB ID: 4PD4) (Birth
et al. 2014a). Previous study demonstrated high homology
between the protein of the S. cerevisiae and the P. falci-
parum, with conservation of amino acid residues (Phe129,
Met139, Trp142, Gly143, Val146, Ile147, Ile269, Pro271,
Tyr279, Leu282) present at the atovaquone binding site
(Birth et al. 2014a). Because there was no crystallography
of the cyt bc1 of P. falciparum mitochondrial, the protein of
the S. cerevisiae.

Atovaquone, another naphthoquinone, binds to Plasmo-
dium’s mitochondrial cyt bc1 complex. Since isoleuterine
and eleuterine belong to the same chemical class, the same
molecular target was selected for docking (Kessl et al. 2003;
Birth et al. 2014a, 2014b; Siregar et al. 2015).

To validate the developed methodology, the position of
the atovaquone crystallographic ligand was reproduced in
silico in the binding pocket of cyt bc1. Thus, atovaquone
was re-docked at the protein binding site using the Molegro
Virtual Docking 5.5 docking feature.

To evaluate the conformations observed upon redocking,
RMSD values were considered. The RMSD value for ato-
vaquone showed a small deviation (1.05 Å), where the
mode of connection obtained in silico is very close to the
experimentally determined values from crystallographic
studies. This demonstrates that the docking protocol is
capable of generate binding conformations capable of pre-
dicting the experimentally observed mode of interaction
(Fig. 2). This molecular docking approach has been suc-
cessfully used to investigate the interaction of naturally
occurring compounds with various receptors (Neves Cruz
et al. 2019b; Ramos et al. 2019).

After validating the docking protocol, the interaction mode
of eleutherin and isoleutherin with cyt bc1 was investigated.
The overlap of eleutherin and isoleutherin binding modes can
be seen in Fig. S4. These molecules showed MolDock Score
values similar to those obtained for the atovaquone positive
control (MolDock score=−89.05 kcal/mol). The MolDock
scores for eleutherin and isoleutherin were −80.17 and

Table 1 IC50 values of the E. plicata against chloroquine sensitive
P. falciparum stain 3D7

Samples IC50 µg/mL ± DP Classification

EEEP 55.65 ± 9.34 Moderately active

FrDCM EP 81.94 ± 32.08 Moderately active

FrAcOET EP 10.22 ± 2.38 Active

FrMeOH EP 89.91 ± 29.67 Moderately active

Fr S1 (eleutherol) >200 Inactive

Fr S2(eleutherin+
isoeleutherin)

3.67 ± 1.01 Active

Isoeleutherin 8.70 ± 2.45 Active

Eleutherin 10.45 ± 3.13 Active

Chloroquine 0.023 ± 0.009 Very active

EEEP ethanol extract of E. plicata, FrDCM EP dichloromethane
fraction of E. plicata, FrAcOEt ethyl acetate fraction of E. plicata,
FrMeOH EP methanol fraction the E. plicata, Fr S1 eleutherol, Fr S2
eleutherin and isoeleutherin mixture, NR not performed, SD standard
deviation

Fig. 2 The structure obtained by redocking (blue), overlapping the
crystallographic structure (yellow) of atovaquone-bound complex
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−83.21 kcal/mol, respectively (Table 2), indicating that
ligands interacted favorably with the protein.

To further understand the binding mode of eleutherin and
isoeleutherin, structural analyses were performed to identify
the interactions between the compounds and amino acids of
the cyt bc1 binding cavity. In this manner, the interactions
established between atovaquone and cyt bc1 were identified
(Fig. 3 and Table S3).

The antimalarial drug atovaquone showed pi–alkyl
interactions with the following amino acids: Val146,
Gly143, Met139, Ile269, Pro271, and Phe296 (Fig. 3a). In
addition, π–π interactions were established between the
amino acid side chain phenol of Tyr279 and the inhibitor
head group. Two additional alkyl-like interactions were
formed between the ligand and Leu275 and Ile299.

Eleutherin established hydrophobic pi–alkyl interactions
with Met139, Ile269, Pro271, Phe129, and Tyr279 (Fig. 3b).
An amide–pi interaction was established with Trp142 and two
hydrophobic alkyl interactions were formed with Ile147 and
Leu275. The Glu272 carboxyl formed a hydrogen bond
with the inhibitor. Isoeleutherin established pi–alkyl
interactions with Met139, Val146, Ile269, and Pro271, as
well as an amide–pi hydrophobic interaction with Trp142
(Fig. 3c).

Naphthoquinones, unlike atovaquone, do not contain
long side chains, often referred to as a tail, attached to the
core formed by the three rings, referred to as the head
group. These compounds interacted with the binding pocket
portion occupied by the head group of the atovaquone.
Although the analyzed molecules exhibited a larger mole-
cular volume than the atovaquone head group, it did not
interfere with binding pocket accommodation and allowed
interactions with several amino acids in the active site.

Birth et al. (2014a, 2014b) observed that the head group
of the atovaquone is capable of forming interactions with
cyt bc1 amino acids from S. cerevisiae which presents high
homology to P. malariae, P. ovale, P. knowlesi, P. vivax,
and P. falciparum in their crystallography studies (Birth
et al. 2014a). Eleutherin and isoleutherin established highly
conserved amino acid interactions in the abovementioned
Plasmodium species (Ile269, Gly143, Met139, Pro271,
His181, Tyr279, and Val146).

The interactions with these residues were hydrophobic in
the complexes established by eleutherin and isoleutherin,
occurring mainly with the head groups. This indicates that
these compounds can be active against different species
(P. malariae, P. ovale, P. knowlesi, P. vivax, and P. falci-
parum) because the binding cavity of cyt bc1 is highly
conserved.

Conclusions

Ethanol extract of E. plicata, your dichloromethane, and
ethyl acetate fractions showed antipalsmodial activity, this

Table 2 Docking results obtained by the MolDock score

Ligand MolDock score (kcal/mol)

Atovaquone −89.05

Eleutherin −80.17

Isoeleutherin −83.21

Fig. 3 Binding mode of (a)
atovaquone, (b) eleutherin, and
(c) isoeleutherin in the binding
cavity of cyt bc1. Carbon atoms
are represented in gray, nitrogen
in blue, oxygen in red, sulfur in
yellow, and hydrogen in white.
Hydrophobic interactions are
represented by green dashed
lines and hydrogen bonds are
represented by yellow
dashed lines
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activity is related to isoeleutherin (IC50 8.70 ± 2.45 µg/mL)
and eleutherin (IC50 10.45 ± 3.13 µg/mL). Through in silico
analysis compounds interacted with highly conserved
cytochrome bc1 residues, establishing hydrophobic inter-
actions and hydrogen bonds. Thus, this study demonstrated
that isoleutherin and eleutherin are promising candidates as
novel antimalarial drugs capable of causing mitochondrial
damage to the parasite.
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