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Abstract

Background Despite advances in malaria chemotherapy, the disease continues to claim thousands of lives annu-
ally. Addressing this issue requires the discovery of new compounds to counteract resistance threatening the current
therapeutic arsenal. In this context, bi-triazoles are substances with diverse biological activities, showing promise

as lead compound to fight malaria. Triazoles are heterocyclic structures composed of five members, including three
nitrogen atoms and two double bonds. Bi-triazoles, the focus of this study, are derivatives of triazoles consisting

of two triazole rings (nitrogen heterocyclic) with isolated nuclei lacking a spacer and two substituents at each end.
The goal of the present study was to assess the in vitro and in silico, antimalarial activity of bi-triazole compounds 14c,
14d, 13¢, and 13d against asexual and sexual forms of Plasmodium falciparum.

Methods For in silico predictions, the software OSIRIS, Molinspiration, and ADMETlab were employed. To determine
the 50% inhibitory concentration (ICs) on the asexual forms, the W2 clone was used, while the strain NF54 was used
to assess inhibition of sexual forms. Cytotoxicity was evaluated using the HepG2 cell line, and haemolysis tests were
conducted. Additionally, the selectivity index (Sl) of each compound was calculated.

Results In silico analyses of physicochemical properties revealed that all compounds have favorable potential

for drug development. Pharmacokinetics predictions also provided important, novel insights into this chemical class.
Antimalarial activity tests showed that compounds 14d and 13d exhibited promising activity, with 1Cs, values of 3.1
and 4.4 uM, respectively. Antimalarial activity of compounds 14d and 13d may be related to the presence of methyl
acetate in substituent R, conjugated to the bi-triazole. None of the compounds demonstrated cytotoxic or haemo-
lytic activity, with Sl values above 51 for the three most active compounds, highlighting their selectivity. For the sexual
forms, compounds 14c and 14d were classified as having a high potential to block malaria transmission.
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Conclusion Overall, the in vitro and in silico results showed that bi-triazole compounds may guide new biologi-
cal investigation for malaria, enabling the identification and development of more active and selective antimalarial

agents.

Keywords Bi-triazoles, Gametocytes, Transmission blocking, Plasmodium falciparum, In silico

Background

Despite recent advances in public health, malaria
remains a leading causes of death worldwide. Data from
the World Health Organization (WHO) indicate that
between 2000 and 2022, the total mortality caused by
malaria decreased by 30%, although new cases increased
by 2.4% during the same period. This significant reduc-
tion in mortality reflects progress in malarial control
efforts across endemic regions. However, the increase in
new cases is intrinsically related to the COVID-19 pan-
demic, which exacerbated political and social instability
in many countries [1].

Over time, resistance to antimalarial drugs has been
observed in Plasmodium falciparum and Plasmodium
vivax around the world [2, 3]. Notably, resistance of P
Jalciparum to artemisinin derivatives has been reported
in Southeast Asia [4], posing a major threat to malaria
control efforts. In this scenario, there is an urgent need
for new chemical compounds target multi-stage of the
parasite’s lifecycle, including as asexual erythrocytic,
hepatic, sexual, and sporogonic stages, to function as
multi-stage antimalarials [5]. The parasite’s complex life-
cycle, involving both invertebrate and vertebrate hosts
and encompassing asexual and sexual stages, complicates
the development of effective treatments [6].

The current arsenal of antimalarial drugs is limited,
which varying efficacy against asexual and sexual stages
of the parasite [7]. Artemisinin-based compounds effec-
tively target asexual erythrocytic stages (rings, mature
trophozoites, and schizonts) and early gametocyte stages
(I-III), but their efficacy against mature stage V game-
tocytes is limited [8]. Consequently, artemisinins alone
do not completely prevent post-treatment transmission.
Currently, primaquine is the only approved compound
for gametocyte elimination [9]. However, its use is lim-
ited by serious side effects, including acute haemolytic
anaemia in individuals with glucose-6-phosphate dehy-
drogenase (G6PD) deficiency, and contraindications in
pregnant women and young infants [10]. WHO guide-
lines recommend a low dose of primaquine (0.25 kg/
mg) for the eliminate mature P. falciparum gametocytes,
which minimizes the risk of causing haemolysis in G6PD-
deficient individuals [11]. Primaquine is also used to
prevent relapses in P. vivax and Plasmodium ovale infec-
tions, through with some limitations [12]. Therefore, it
is essential to seek new compounds that block malaria

transmission. Some authors point out that, for countries
that are already in the advanced phase of malaria elimi-
nation, the fight against this pathology should include
the elimination of gametocytes from the host to prevent
transmission to malaria vectors [13, 14]. This approach
represents a critical step in the broader goal of eliminat-
ing malaria.

The diverse biological activities of bi-triazoles, such as
antiviral [15], antibacterial [16], and antiplasmodial [17]
properties, make this chemical class, derived from tria-
zoles, a promising candidate for the development of mol-
ecules with potential antiplasmodial activity. The limited
number of studies on bi-triazoles further underscores the
importance of exploring this chemical class for antiplas-
modial applications.

In the rational screening of potential antimalarial can-
didates, various software tools have been developed
to facilitate in virtual (in silico) screening of molecules.
These tools enable the modelling of pharmacokinetic,
pharmacodynamic (mechanism of action), and phys-
icochemical properties, providing valuable insights. The
results from such screenings can guide improvements in
the bioactivity of molecules in subsequent in vitro and
in vivo experiments, reducing research costs and opti-
mizing time in the selection of a potential drug candi-
dates [18].

This study aims to determine the physicochemical
and pharmacokinetic properties of bi-triazoles through
in silico tests and identify new compounds with blood
schizontocidal and gametocytocidal activity against P
falciparum.

Methods

Compound synthesis

The synthesis of bi-triazole was reported by Addla
et al. [17], with the methodology described in their
study. The synthetic route begins with the preparation
of amino triazoles (10a and 10b) as starting materials
(Fig. 1). The synthesis of 2-amino-1,2,4-1H-triazoles
substituted at position 5 involves the condensation and
cyclization of aminoguanidine bicarbonate (1) with
acetic or trifluoroacetic acids. Subsequently, azides (3a
and 3b) were synthesized via a diazotization reaction.
The desired bi-triazoles were then obtained through a
Huisgen 1,3-dipolar cycloaddition reaction between the
azide derivatives and commercially available terminal
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Fig. 1 Synthesis of substituted bi-triazoles. Structure of bi-triazoles derived from 1,2,3-triazoles by conventional heating (10a; 10b; 11a and 11b).
Structure of bi-triazole compounds 1-(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)-1H-1,2,3-triazole-4-carboxylate (14c); (1-(5-(trifluoromethyl)-1H-1,2,4-t
riazol-3-yl)-1H-1,2,3-triazol-4-yl)methyl acetate (14d); 1-(3-methyl-1H-1,2,4-triazol-5-yl)-1H-1,2,3-triazole-4-carboxylate (13c); (1-(5-methyl-1H-1,2,4-
triazol-3-yl)-1H-1,2,3-triazol-4-yl)methyl acetate (13d), showing the insertion of the respective R1 and R2 radicals through click chemistry synthesis.

CulCopper(l) iodide, DIPEAN N-Diisopropylethylamine, HOAc Acetic acid

alkynes. This reaction was catalyzed by Cu(I) in the
presence of diisopropylethylamine, acetonitrile, and
acetic acid. The formation of triazole required the
presence of Cu(I) as a catalyst. In the initial step of
the mechanism, Cu(I) facilitates m complexation with
the terminal alkyne, reducing the pKa of the alkyne
and enabling its deprotonation without the need for a
strong base. This step leads to the formation of copper
acetylide, which subsequently forms a complex with
azide. The copper catalyst enhances the electrophilicity
of the azide’s terminal nitrogen and the nucleophilicity
of the B-vinylidene carbon, promoting the formation of
a metallocycle. This metallocycle ultimately generates
copper triazolyl, which undergoes protonation to yield
the final bi-triazole products, as reported by Addla
etal [17].

The bi-triazole compounds were solubilized in dime-
thyl sulfoxide (DMSO) (Sigma-Aldrich), with a maxi-
mum concentration of 0.5%, as higher concentrations are
known to be toxic to the parasite [19]. For the cytotoxic-
ity assays, the maximum DMSO concentration was set at
1%, as higher levels are considered toxic to cell lines [20].
The compounds were tested in two or three independent
experiments, each performed in triplicate.

In silico prediction

OSIRIS

The solubility (LogS) of the compounds was predicted
using OSIRIS platform to assess their solubility in aque-
ous medium. The classification parameters for the LogS
value were as follows: insoluble (< — 10); slightly soluble
(£— 6); moderately soluble (<— 4); soluble (<— 2), and
highly soluble (<0) [21]. Additional parameters, includ-
ing drug score and drug-likeness, were also predicted.
These values are widely used in the selection of new
compounds with potential pharmaceuticals applications.
Drug-likeness values can be either as positive or negative,
with positive values indicating that the compound shares
similarities with commercially available drugs, while
negative values indicate the opposite. Drug score values
range from O to 1, with values closer to 1 indicating that
the compound has a higher likelihood of qualifying as
a pharmaceutical agent. The drug score is derived from
the compound’s physicochemical characteristics, toxic-
ity alerts, and drug-likeness score (https://www.organic-
chemistry.org/prog/peo/). The OSIRIS Property Explorer
database includes approximately 5300 compounds. These
compounds are composed of fragments derived from
3.300 commercial available pharmaceuticals and 15,000
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chemicals sourced from Fluka (Charlotte, North Caro-
lina, EUA).

Molinspiration

The Molinspiration platform (http://www.molinspira
tion.com) was used to predict and evaluate key physico-
chemical parameters, including polar surface area (PSA),
hydrogen bond acceptors (HBA), hydrogen bond donors
(HBD), number of violations (VIO), number of rotatable
bonds (ROT) and molecular volume (VOL). The software
uses the number of violations (compounds with values
exceeding 1 may present challenges in oral bioavailability)
and Lipinski’s Rule of Five to classify compounds as pos-
sible drug candidates. To qualify, molecule must satisfy
the following criterial: logP <5, molecular mass <500 g/
mol, HBA <10 (expressed as the sum of nitrogen (N) and
oxygen (O) atoms), and HBD <5 (calculated as the sum
of OH and NH groups) [22]. Additional parameters con-
sidered in this study included PSA <140 A and ROT <10,
as both are related to oral bioavailability, according to
Veber et al. [23].

ADMETlab

The ADMETIab platform (http://admet.scbdd.com/), was
employed for an in silico assessment of physicochemi-
cal properties, including lipophilicity (LogP), absorp-
tion (Caco-2 cell permeability, Pgp inhibition, and Pgp
substrate activity), distribution (plasma protein binding-
PPB); volume of distribution (Vd), and blood-brain bar-
rier (BBB), metabolism (inhibition of cytochrome P450
inhibitor: CYP1A, CYP3A4, CYP2C9, CYP2C19, and
CYP2D6), and elimination (half-life-T %) and clearance—
CL). Additionally, the platform evaluated toxicity param-
eters such as LD, (dose to kill 50% of the population),
drug-induced liver injury (DILI), FDA maximum recom-
mended daily dose (FDAMDD), and hERG (ether-a-go-
go-related gene) channel blockade.

The ADMETIab database, comprising 288,976 entries,
supports systematic evaluations. For the in silico pre-
diction of cLogP, the following classifications were used:
(i) values between 0 and 3 indicate are moderate prop-
erties, balancing permeability and solubility; values<0
means low permeability of the lipid bilayer (hydrophilic
molecules), (iii) values>3 means low solubility in aque-
ous medium (hydrophobic molecules) [24]. For Caco-2
cell permeability (log Papp), the following thresholds
were applied, as described by Pham The et al. [25]:>log
(8x107%) =— 5.09: high solubility; <log (8 X 107%) = — 4.69
to — 5.09: moderate solubility; <log (20X 107%) = — 4.69:
low solubility. For Pgp inhibitors and substrates, positive
and negative values were recorded to indicate activity or
inactivity, respectively [26, 27].
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For plasma protein binding (PPB), values above 75% are
considered HPPB (compounds with high PPB, or class 1)
and values <75% are considered LPPB (compounds with
low PPB, or class 0) [28]. Regarding the volume of distri-
bution (Vd), a range from 0.04 L/kg' to 20 L/kg' was con-
sidered, corresponding to approximately 2.8 to 1400 L for
an individual weighing 70 kg [29]. Blood—brain barrier
(BBB) penetration was evaluated, with positive values
indicating the ability to cross the BBB and negative values
indicating non-penetration [30]. Compounds classified
as hERG-blockers were categorized as either positive or
negative, according to Sanguinetti et al. [31].

For P450 enzymes (CYP), values were recorded either
positive or negative. Drug half-life (T %) was catego-
rized as follows: low (<3 h); long (>8 h); and moderate
(between 3 and 8 h) [32]. Clearance (CL) was classified
as high (>15 mL/min/kg); moderate (between 15 mL/
min/kg and 5 mL/min/kg); and low (<5 mL/min/kg)
[32]. LDy, values were grouped into six toxicity classes
based on their lethal dose: class I-Lethal (LD5y<5 mg/
kg); class II: Lethal (5 mg/kg <LD., <50 mg/kg); class III:
Toxic (50 mg/kg<LD;,<300 mg/kg); class IV: Harm-
ful (300 mg/kg<LD;,<2,000 mg/kg); class V: may be
harmful (2,000 mg/kg<LD;,<5,000 mg/kg); class VI
Non-toxic (LDs,> 5,000 mg/kg) [33]. Drug-induced liver
injury (DILI) and FDA maximum recommended daily
dose (FDAMDD) were categorized as positive or nega-
tive, according to their respective parameters [34, 35].

Biological activity

In vitro culture of Plasmodium falciparum

The P. falciparum W2 and NF54 strains were cultured
in human O* red blood cells using 10.4 g/L. RPMI 1640
medium (Gibco) supplemented with 25 mM HEPES
(Sigma-Aldrich), 0.3 mM hypoxanthine (Sigma-Aldrich),
23.80 mM sodium bicarbonate (Sigma-Aldrich), 40 mg/L
gentamicin (NOVAFRMA), and either 10% (v/v) O
human plasma or 2.5 mg/L (v/v 5%) Albumax II (Gibco),
following the conditions established by Trager and Jensen
[36]. Cultures were initiated at a haematocrit of 5% and
maintained in an incubator at 37 °C under a gas mixture
containing 5% CO,, 5% O,, and 90% N,. Medium were
changed every 48 h.

Parasitaemia was monitored using thin smears stained
with a panoptic kit (Newprov) and examined under an
optical microscope (NIKON L 200) at 1000 X magnifica-
tion. Parasitaemia development stages were observed
by analysing 1000 red blood cells. When parasitaemia
exceeded 8% young trophozoites, cultures were synchro-
nized with 5% sorbitol [37]. The 50% inhibitory concen-
tration (IC;,) value were determined using the SYBR
Green [ assay.
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In vitro antimalarial activity assessment via the SYBR Green |
assay against the P. falciparum W2 clone

Following synchronization of the P, falciparum W2 Indo-
china clone culture, 180 pL/well of culture containing
0.5% parasitaemia and 2% haematocrit was distributed
into 96-well microplates U-bottom microplates (OLEN).
Compounds 14c, 14d, 13c and 13d were added in trip-
licate, with 20 uL of each compound prepared in a 1:2
serial dilution, resulting in a final concentration ranging
from 1.56 to 200 uM. Artemisinin (Art) at a final concen-
tration of 170 nM was used as positive control. Positive
growth controls infected red blood cells infected without
treatment, and non-infected red blood cells were used as
blanks, with their fluorescence subtracted from observed
values.

The experimental cultures were incubated at 37 °C
under a gaseous mixture (5% CO,, 5% O,, and 90% N,)
for 72 h. At the end of the incubation period, the super-
natant was removed without disturbing the red cell pel-
lets. Subsequently, 100 pL of phosphate-buffered saline
(1xPBS) were added to each well, and the plates were
centrifuged at 478 X g for 10 min.

After centrifugation, the supernatant was removed,
and 100 pL of lysis buffer (20 mM Tris—HCI (Sigma-
Aldrich), 5 mM EDTA (Sigma-Aldrich), 0.008% saponin
(Sigma-Aldrich), 0.08% Triton X-100 (GE Healthcare)
containing 0.02 pL SYBR Green I at 10,000 X concentra-
tion (Invitrogen) were added. The solution was homog-
enized, and 100 pL were transferred to a flat-bottom
microplate (KASVI) containing 100 pL PBS 1x. The
plates were incubated for 30 min at 24 °C, protected from
light. Fluorescence was measured using a multi-detection
system (BioTek Synergy HT) with an excitation wave-
length of 485 nm and an emission wavelength of 590 nm,
using a gain of 100 [38, 39]. Compounds with ICg, val-
ues <25 pM were considered as active [40].

Cytotoxic activity evaluation via the MTT method

To determine the cytotoxic concentration (CCs,) that
affects 50% of the cell population, the human hepatocel-
lular carcinoma cell line (HepG2) was used. Cells were
cultured following the protocol established by Calvo-
Calle et al. [41]. They were cultivated in 25 cm? culture
flasks with Techno Plastic Products (TPP) filter, using
RPMI 1640 medium (Gibco) supplemented with 10%
(v/v) bovine fetal serum (BFS, Gibco) and 40 mg/L gen-
tamicin. Cultures were incubated at 37 °C with 95%
humidity and 5% CO, to promote adherence. Cells were
seeded every three days.

Once the cultures reached approximately 90% conflu-
ence, cells were trypsinized using a solution contain-
ing 0.05% trypsin (Sigma-Aldrich) and 0.5 mM EDTA
(Dindmica). For the cell adherence step, cells were
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adjusted to a concentration of 1x10*/mL cells/well and
in plated in 96-well microplates (KASVI) with 180 uL/
well of RPMI 1640 medium supplemented with 10% (v/v)
BEFS (Gibco) and 40 mg/L gentamicin. The paltes were
incubated in a 5% CO, at 37 °C for 72 h [41]. All com-
pounds were tested at serial concentrations starting from
a final concentration of 500 to 0.244 pM.

The compounds were independently tested in trip-
licate, with at least two repetitions. Non-treated cells
were employed as viability control, cells treated with
lysis buffer were used as positive control, and RPMI
1640 medium was used as blank. Plates were incubated
for 72 h. Four hours before the end of the incubation, 20
puL of a 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetra-
zolium bromide (MTT) solution (5 mg/mL in PBS 1x)
were added to each well [42]. At the end of the incubation
period, the supernatant was discarded, and 100 pL/well
DMSO were added to solubilize the formazan crystals
produced by metabolically active cells.

Absorbance was measured at 570 nm using a spectro-
photometer (Biochrom Asys Expert Plus) with a blank
absorbance subtracted from the measured values.

Haemolysis assay

The compounds were diluted in plates under the same
conditions and concentration described in Sect. 2.4.2.
Subsequently, 20 pL of the test compounds were added
to a 1% red blood cell suspension (180 pL) in a 96-well
U-bottom plate (KASVI). The bi-triazole compounds
were diluted to final concentrations ranging from 200 to
1.56 uM.

A 0.05% saponin solution was used as positive control,
while untreated red blood cells were used as negative
control. RPMI 1640 medium was used as blank to sub-
tract background absorbance from all samples. The plate
was incubated at 37 °C for 30 min with periodic stirring
every 5 min. After incubation, the plate was centrifuged
at 478 g for 10 min, and the supernatant was transferred
to a flat-bottom plate [43]. Absorbance was measured at
a wavelength of 540 nm using the Biochrom Asys Expert
Plus spectrophotometer. Results were expressed as opti-
cal density (OD).

Determination of the selectivity index

The selectivity index (SI) was calculated by dividing the
CCy, by the IC;, values. Substances with SI values>10
were classified as selective, while those with values below
10 were classified non-selective toward parasites [44—46].

In vitro tests with P. falciparum gametocytes

The NF54 strain was used for gametocyte induc-
tion according to the protocol established Delves et al
[47]. After observing the predominance of immature
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trophozoites, the cultures were synchronized (day 0)
[37]. Parasitaemia was adjusted to 2%, and haemato-
crit to 5%, in a final volume of 5 mL RMPI 1640 culture
medium (Gibco) supplemented with 25 mM HEPES
(Sigma-Aldrich), 50 mg/L hypoxanthine (Sigma-Aldrich),
23.80 mM sodium bicarbonate (Sigma-Aldrich), 40 mg/
mL gentamicin sulfate, 10% (v/v) O" human serum, and
2.5 mg/L Albumax II (Gibco) under conditions estab-
lished adapted from Delves et al. [47] and Duffy and
Avery [48] with some modifications.

The culture medium was replaced daily after pre-heat-
ing at 37 °C. At the moment of replacement, all culture
bottles were stored in an incubator (Exodo Cientifica)
at 37 °C. Parasitaemia was monitored using thin blood
smears stained with a panoptic kit. Follow-up was per-
formed from days 2 to 16 [47] by counting 5000 red blood
cells and differentiating between asexual stage and imma-
ture and mature gametocyte stages (I-V). When parasi-
taemia reached >2% gametocytes in the early stages (I,
II), the culture was treated daily for four consecutive days
with 20 U/mL heparin (HEMOFOL) to eliminate residual
asexual forms from the culture [49].

Exflagellation induction

The exflagellation procedure was initiated when para-
sitaemia of mature micro- and macrogametocytes (IV,
V) exceeded 0.4%. The highest percentage of mature
gametocytes was observed between the 12 and 16 days
post-induction.

Exflagellation was induced according to the protocol
by Leba et al. [50] and Delves et al. 2013 [14] with modi-
fications. Briefly, 200 pL of culture were transferred to a
1.5 mL tube pre-heated to 37 °C and centrifuged at 637 g
for 30 s at room temperature (24 °C). The supernatant
was discarded, and the cell pellet was resuspended in
20 pL of ookinete medium (10.4 g/L RPMI 1640—Gibco)
supplemented with 25 mM HEPES (Sigma-Aldrich),
0.36 mM hypoxanthine (Sigma-Aldrich), 23.80 mM
sodium bicarbonate (Sigma-Aldrich), and 100 mM xan-
thurenic acid (Sigma-Aldrich), pre-heated to 37 °C [47].

The parasites, suspended in ookinete medium, were
incubated for 20 min at 24 °C in a BOD (biochemical
oxygen demand) incubator. After incubation, 3 pL of
the culture were placed on a slide (OLEN) and covered
with a 0.13-0.16 mm thick cover slip (GLASSCYTO) for
microscopic examination. Exflagellation was observed
under a NIKON ECLIPSE E200 optical microscope at
1000 X magnification. The exflagellation count was deter-
mined by examining 1000 red blood cells. When 30 or
more microgametocytes undergoing exflagellation were
observed, the exflagellation-blocking assay was initiated
[50].
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Exflagellation-blocking bioassay

The exflagellation-blocking bioassays were carried
out according to the protocol published by Delves
et al. [14] with modifications. Gametocytes (stages IV,
V) confirmed to undergo exflagellation were treated
with DMSO (<£0.5%) as negative control. Dihydroar-
temisinin (DHA) at a final concentration of 1 uM was
used as inhibitory control.

Bi-triazole compounds were tested at a concentra-
tion of 1 uM in triplicate. For the assay, 20 uL of the
compounds or the reference drug were added to 180 pL
of gametocyte culture in a 96-well plate (KASVI). The
plate was incubated for 48 h, after which exflagellation
was induced as described previously.

Compounds with inhibition>75% exflagellation at
1 uM concentration were selected as possibly active
molecules in the exflagellation-blocking bioassay, which
can be considered as having high likelihood to block
malaria transmission. Compounds with mean exflagel-
lation inhibition between 25 and 75% may have average
likelihood of being active in blocking transmission; and
compounds with exflagellation inhibition below 25%
are considered inactive compounds in exflagellation
inhibition and, consequently, in blocking transmission
[51].

The percentage of exflagellation inhibition (EI) was cal-
culated using the formula:

_ Ec — Et % 100
- Ec

El

El=exflagellation inhibition; E-=exflagellation of con-
trol; E, =exflagellation with the test compound [51].

Data analysis

The raw data from each experiment were initially tabu-
lated using Excel 2010. Dose-response curves of ICg,
and CCs, were generated using Origin® 9.1 (OriginLab
Corporation, Northampton, MA, USA). The values were
calculated based non-linear regression, with statistical
significance set at p <0.05 and R*>0.95.

Statistical difference in haemolysis values were ana-
lysed using GraphPad Prism v0.8.0 with Tukey’s post-hoc
test applied. For the exflagellation assays, statistical anal-
yses were also performed using GraphPad Prism v0.8.0.
Differences in microgametocytes inhibition results were
evaluated using the Mann—Whitney test.

Results

In silico theoretical prediction of the compounds

To identify compounds with optimal physicochemical,
pharmacokinetic, and toxicologic properties, in silico



do Nascimento Martinez et al. Malaria Journal (2025) 24:74

screening was carried out for all compounds evaluated in
this study.

None of the compounds exhibited positive drug-like-
ness values, which means no compound has fragments
similar to those found in commercially available drugs
[52]. For drug score values, none of the compounds
achieved scores close to or exceeding 1. The toxicity pre-
diction showed that none of the compounds in either
chemical class exhibited warnings for mutagenicity,
genotoxicity, or irritating. Compound 14c was classified
as having moderate lipophilicity (cLogP), reflecting a bal-
ance between permeability and solubility. Compounds
14d, 13c, and 13d were classified as having low lipid
bilayer permeability.

The results of the aqueous solubility prediction (LogS)
showed that all compounds were classified as highly solu-
ble in aqueous medium (Table 1). In this study, the evalu-
ated compounds demonstrated slightly toxic to non-toxic
properties, while meeting the criteria established by
Lipinski [22] and Veber [23]. These criteria consider
that pharmaceuticals with good oral bioavailability must
have logP <5, molecular mass<500 g/mol, hydrogen
bond acceptors <10, hydrogen bond donors<5, topo-
logical polar surface area (TPSA) <140 A? and rotational
bonds <10 (Table 2).

The pharmacokinetic parameters of the compounds
were predicted using ADMETIab. This platform ena-
bled calculating some parameters related to absorption,
distribution, elimination, and toxicity. For absorption,
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the permeability results of Caco-2 cells predicted low
permeability for all compounds (Table 3). Only 14c was
identified as a P-flycoprotein (Pgp) inhibitor, none of
the other compounds exhibited this action.

For distribution, three parameters were assessed:
plasma protein binding (PPB), volume of distribution
(Vd), and brain-blood barrier (BBB). All compounds
exhibited low PPB, with specific values: 14c at 38.3%,
14d at 29.7%, 13c at 25.9%, and 13d at 38.4% (Table 3).
In silico result for Vd yielded 0.04 L/kg, i.e., all com-
pounds in this study are poorly distributed, as sug-
gested by the following values: for 14c Vd=— 0.51 L/kg;
for 14d, Vd=—- 0.61 L/kg; for 13c, Vd=— 0.45 L/kg; and
for 13d, Vd=—- 0.61 L/kg (Table 3).

All compounds exhibited a high likelihood of cross-
ing the blood-brain barrier and all exhibited negative
status in the prediction to be a substrate for Pgp. Only
compound 14c was shown to act as an inhibitor of the
Pgp substrate (Table 3).

In addition to the predictions presented, another
interesting characteristic in finding new pharmaceuti-
cals is carrying out an in silico test to eliminate drugs.
Therefore, the half-life of each compound was predicted
and the results showed that all compounds had half-life
under 2 h, which classifies them as having a short half-
life (Table 3). Along with the half-life, the clearance rate
(CL) was predicted, with all compounds being classified
as having a low clearance rate.

Table 1 Osiris calculations on physicochemical properties and toxicity prediction of compounds 14c, 14d, 13c and 13d

Compounds Mw Toxicity alert Drug-score solubility

MUT TUM IRR REP DL DS cLogP cLogS
14c 276.17 NT NT NT MT - 1642 0.39 0.460 1.54
14d 276.17 NT NT NT MT - 135 0.39 -0.015 1.69
13c 222.09 NT NT NT MT —4.42 040 - 0611 197
13d 222.09 NT NT NT MT - 1.49 0.46 -0.015 212

MW molecular weight, MUT mutagenic, TUM tumorigenic, IRR irritating, REP reproductive, DL drug-likeness, DS drug-score, cLogP lipid solubility, cLog$ solubility, NT non

toxic, MT mildly toxic, T toxic

Table 2 In silico prediction of the physical-chemical properties and possible biological activities of the compounds 14c, 14d, 13c and

13d

Physicochemical properties

Compounds PSA HBA HBD VIO ROT VOL

14c 98.60 7 1 0 5 201.81
14d 98.60 7 1 0 5 201.81
13¢ 98.60 7 1 0 4 187.07
13d 98.60 7 1 0 4 187.07

PSA polar surface area, HBA hydrogen acceptors, HBD hydrogen donors, VIO number of violations, ROT rotatable link numbers, VOL Van der Waals volume
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Table 3 Prediction of pharmacokinetic properties of compounds 14c, 14d, 13c and 13d
ADMET 14c 14d 13c 13d
Absorption

Caco-2 —4.47 (log Papp) —4.44 (log Papp) —4.49 (log Papp) -448(log Papp)

Pgp-inhibitor Positive Negative Negative Negative

Pgp-substrate Negative Negative Negative Negative
Distribution

PPB Low Low Low Low

Vd Low Low Low Low

BBB Positive Positive Positive Positive
Elimination

Half-life time (T ,) 0.95h 091 h 0.87 h 091 h

Clearance elimination (CL) 1441 mL/min/kg

Acute toxicity

1.379 mL/min/kg

1422 mL/min/kg 1.379 mL/min/kg

hERG Negative Negative Negative Negative
LD, 204 mg/kg 187 mg/kg 835 mg/kg 187 mg/kg
DiLl Positive Positive Positive Positive
FDAMDD Positive Positive Positive Positive

Caco-2 human epithelial cell line of the intestinal epithelial barrier, Pgp P-glycoprotein, PPB plasma protein binding, Vd volume of distribution, BBB blood brain barrier,
Half-life time in hours, T, ,, hERG human Ether-a-go-go-Related Gene, LD,: 50% lethal dose, DILI Drug-induced liver injury, FDAMDD Maximum recommended daily

dose

For acute oral toxicity, = compounds 1l4c
(LD, =204.33 mg/kg), 14d (LD5;,=187.58 mg/kg), and
13d (LD5,=187.58 mg/kg) were classified as toxic and
compound 13c (LD,=835.14 mg/kg) was classified as
harmful (Table 3). In addition to the aforementioned tox-
icity parameters, all compounds were positive for DILI
and FDAMDD, and negative for inhibition of the hERG
channel (Table 3).

The metabolic activity of the compounds was evalu-
ated by their potential to inhibit cytochrome P450 (CYP)
enzymes. For enzyme CYP1A2, inhibition occurred
only with compound 14c, whereas no compound was
classified as inhibitory for enzymes CYP3A4, CYP2C9,
CYP2D6, or CYP2C19.

Antiplasmodial and cytotoxic activity of the bi-triazole
compounds
The IC,, values of the tested bi-triazole compounds
varied for the P, falciparum W2 clone. Among the com-
pounds (14c, 14d, 13c, and 13d), three of them (1l4c,
14d, and 13d) reached in vitro inhibition values below
25 uM. The respective IC;, values were 9.8+0.4 pM
for compound 14c, 3.1+1.3 puM for compound 14d,
130.3+£7.6 uM for compound 13c, and 4.4+0.2 uM for
compound 13d (Table 4).

Regarding cytotoxicity, all compounds maintained
cell viability rates above 80% when the cells were treated
with the bi-triazoles at the highest concentration of

Table 4 In vitro antimalarial activity against P, falciparum
(W2 strain), cytotoxicity (HepG2 cells) and selectivity index of
bi-triazole compounds

Bi-triazole 1C50 (M) CCsp (MM) Sl Viability
w2 HepG2 of HepG2

cells at
500 uM
(%)

14c 9.8+04 >500 >51 84.3

14d 3.1+08 =500 =161 934

13¢ 130+£7.6 >500 >3 89.9

13d 44+0.2 >500 >113 80

Artemisinin 0.021+£0.004 >500 >23,809 100

The table represents IC5; and CCsy, values represented by the mean of three
independent experiments; (+) standard deviation. Selectivity Index (SI). IC5,: 50%
inhibitory concentration, defined as the concentration that inhibits 50% of the
parasite growth in relation to control cultures with no drugs. CCy,: concentration
that kills 50% of HepG2 cells, 72 h after incubation with the compounds
determined by the MTT method

500 uM; all values were significant about the treatment
with DMSO. In this sense, the mean viability rate of
84.3% was obtained for compound 14c, 93.4% for 14d,
89.9% for 13c, and 80% for 13d (Table 4).

Based on these findings, compounds 14c, 14d, and
13d were considered selective for the parasite and non-
cytotoxic to HepGz2 cells, exhibiting SI values above 51.
In contrast, compound 13c was non-selective in light of
its SI value (> 3) (Table 4).
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A haemolysis assay revealed that all tested compounds
presented low haemolytic activity (3%), with no statistical
difference from the negative control (untreated red blood
cells). In contrast, the positive control (0.05% saponin)
caused 100% haemolysis, showing a significant difference
(p<0.05).

In parallel with the tests against asexual forms, an
exflagellation inhibition test was carried out aiming at
determining the malaria-blocking potential of the com-
pounds. The results showed that the most promising
values were attributed to compounds 14c and 14d, inhib-
iting over 75% of exflagellating forms. Compound 13c did
not show significant inhibition. Due to limited sample
availability, compound 13d was not tested at this stage
(Fig. 2).

Discussion
The need for novel antimalarial compounds with quick
action, low cost, high selectivity, and acceptable physico-
chemical, pharmacokinetic, and toxicologic properties is
critical. Beyond these characteristics, it is desirable for
compounds to act against multiple stages or forms of the
parasite [53]. Within this framework, triazole derivatives
stand out to their broad range of diversified and well-dis-
cussed pharmacological properties [54].

Triazole derivatives are widely used worldwide. Vari-
ous biological activities of drugs containing the triazole
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group in their structure have been reported, including
antihypertensive [55] antiviral [56], antitumour [57],
antifungal [56], antimicrobial [58], antiplasmodial [59,
60], among others.

The present study assessed the antiplasmodial activity
of four bi-triazole compounds: 14c, 14d, 13c, and 13d.
An analysis of their structure—activity relationship, sug-
gests that specific substituents are crucial for plasmodial
inhibition. For instance, substituent R, in all four com-
pounds is represented by an ester group, differing only
in the position of atoms (14d and 13d-methyl acetate
substituent; 14c and 13c-ethyl carboxylate substituent)
[17]. Based on this observation, it can be inferred that
the antiplasmodial activity may be related to the presence
of the methyl acetate substituent (CH,COOCH,) pre-
sent in the R, of compounds 14d (IC,, 3.1 pM) and 13d
(ICs5p 4.4 pM) since the R, of the compounds is different.
This hypothesis is further supported by comparing the
antimalarial activity of compounds 13c (IC;, 130.3 uM),
which contains a methyl substituent (-CH3) in R, and an
ethyl carboxylate group in R,, and compound 14c (ICg,
4.4 uM), which differs by having a methyl acetate group
(CH,COOCH3;) in R,. The latter is 29 times more active
against P, falciparum W2.

Compound 14d with an ICy, of 3.1+ 1.3 uM, contains a
trifluoromethyl group (-CF;) in R, and a methyl acetate
group in R,. It exhibited greater activity than compound

A)
100+ ) )
~ 90-
<
c 80+ - Stage VM Exflagellation
oo 70-
z B) .‘» (o]
£ 60- .
= L\
504 T Y
= 3
g 40+
3, 30- g’iﬁ
= 10 0 N\
£ 20- um 1 3
”
= 10
DMSO DHART  ldc 14d 13¢

1 uM

Fig. 2 Plasmodium falciparum exflagellation assay. A Exflagellation inhibition by compounds 14c, 14d, 13c, DMSO-negative control

and DHART-positive control). B Image of mature stage V microgametocyte (Stage V/M). C Two different microgametocytes undergoing
exflagellation. DMSO (Dimethylsulfoxide, negative control, C) <0.5%; DHART (Dihydroartemisinin, inhibitory control) at 1 uM and Bi-triazole
compounds at 1 M incubated for 24 h. Percent inhibition was calculated relative to the DMSO control. Data are presented as the mean

and standard deviation (+) of duplicates from a single experiment. Statistical significance was analyzed using the Mann-Whitney test. Columns
marked with an asterisk * indicate a statistically significant difference compared to the DMSO control (p<0.02)
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14c, which also has a similar structure (R, with -CF,),
with the difference in the (R,) ethyl carboxylate substitu-
ent (-COOCH,CHj), with IC;, of 9.8+0.4 uM. Thus, it
can be inferred that the bi-triazole containing the trif-
luoromethyl substituent may have its inhibitory action
potentiated against P falciparum W2 when associated
with group (R,) methyl acetate (Table 4).

Fluorinated molecules, particularly those with trifluo-
romethyl groups, have shown as promising antimalarial
candidates due to their favorable physicochemical prop-
erties (high electron affinity and lipophilicity) and phar-
macokinetic (prolonged half-life and bioavailability) [61].
Similarly, acetylated groups enhance parasite inhibition
by stabilizing hydrogen bonds, increasing lipophilicity,
and improving resistance to breakdown, while maintain-
ing low toxicity in HepG2 cells [62, 63].

When analysing the structure—activity relationship of
the bi-triazole nucleus with its substituent, the data from
this study reveal that the pharmacophoric group con-
taining the ethyl carboxylate substituent in R, remains
promising when associated with the trifluoromethyl sub-
stituent (-CF;) R, with, as observed in compound 14c
(IC50=9.8 uM; 14c). However, it can be decreased when
associated with R; methyl substituent (-CHj;), as seen in
compound 13c, whose ICy, value was above 25 puM (ICs,
130.3+7.6 uM). According to the classification by Cos
et al. [40], molecules are considered potentially active if
they exhibit IC;, values <25 uM.

Comparing the two molecules with the best inhibi-
tion values (14d and 13d), both share the methyl acetate
substituent I R,, suggesting that this chemical group may
contribute to antiplasmodial activity. Regarding toxicity,
bi-triazoles 14c, 14d, and 13d demonstrated satisfactory
IC,, values and exhibited no cytotoxicity at the highest
concentration tested (500 uM). This combination of data
resulted in promising SI values above 10, specifically 14c
(SI>51), 14d (SI>98), and 13d (SI>113). On the other
hand, compound 13c had and SI>3, indicating it was
not selective for the parasite. According to the literature,
compounds are considered safe if their SI values exceed
10, while values below 10 indicate high toxicty and non-
selectivity [44—46]. As for the haemolytic percentage, it
was observed that all compounds tested did not cause
extensive damage to human cells.

To evaluate their potential to block malaria transmis-
sion, compounds were tested for their ability to inhibit
microgametocyte exflagellation. Compounds 14d (87.3%)
and 14c (81.0%) at 1 pM showed strong potential to block
malaria transmission. Compound 13c exhibited moder-
ate inhibition (49.3%). Microgametocytes are known to
be more susceptible to antimalarials than macrogame-
tocytes suggesting the need for future studies targeting
female gametocyte forms [14].
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The findings suggest that new synthesis strategies
could focus on maintaining bi-triazole pharmacophoric
nucleus while incorporating substituents to enhance
antimalarial activity. Adding a methyl group (-CH,)
may increase lipophilic, hydrophobic interactions, and,
some cases, solubility, though it may also reduce bio-
availability or hinder target interaction [61].

However, some studies also state that introducing
methyl into a molecule may cause an increase in lipo-
philicity, which might change the bioavailability of
the molecule, making it inactive or even hindering its
interaction with its possible target [62]. In the context
of this study, that chemical group did not favor the
antiplasmodial activity of bi-triazole when it had in its
R, the ethyl carboxylate group in compound 13c (ICs,
130.3 uM). Nonetheless, introducing the methyl group
in R, of the bi-triazole nucleus and the methyl acetate
group in its R, (13d) led to activity below 10 uM at 72 h.
Such results show that the same substituent defines
different molecule parameters and potency, even with
small alterations in them.

The fluoride atom (F), present in compounds 14c and
14d (IC4, <10 puM), is widely employed in medicinal
chemistry for its ability to enhance bioactive compound
properties. It provides chemical, metabolic, conforma-
tional, and lipophilic stability, prevents oxidation, and
adjusts basicity, addressing drug metabolism challenges
(64, 65].

Another interesting characteristic is the C-F bond is
notably more stable and resistant to metabolic oxida-
tion compared to the C-H bond, providing to greater
lipophilicity [66]. Fluoride’s high electronegativity also
strongly influences the acidity or alkalinity of nearby
functional groups, enhancing bioavailability and mem-
brane permeation [67]. Notable antimalarials featuring
the trifluoromethyl group include mefloquine, halofan-
trine and tafenoquine [68].

The ester groups in R, across all studied compounds
contribute to diverse parameters, such as size, shape,
charge distribution, lipophilicity, all of which are cru-
cial for pharmacokinetic improvements (a.g., absorp-
tion and distribution) and molecular stability [63].

The lipophilicity found in compound 14c (featur-
ing fluoride and ethyl carboxylate-ester) is higher than
in compound 13c (with methyl and ethyl carboxylate-
ester), potentially enhancing its interaction with host
cells and increasing its antiplasmodial efficacy.

The combination of a methyl substituent (-CH;) and
methyl acetate ester (CH,COOCH;) in 13d significantly
enhances antiplasmodial activity. Although substitu-
ents play a critical hole, the bi-triazole nucleus itself in
triggering pharmacological action, as evidenced in this
study.
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Theoretical in silico assessments of physicochemical
and ADME (absorption, administration, distribution,
metabolism, and excretion) properties revealed prom-
ising toxicity profiles for all compounds. Results for
mutagenicity, tumorigenicity, reproductive toxicity, and
irritating indicated non-toxic to slightly toxic classifica-
tions, confirming that those compounds possibly lack
toxicity for either chemical class. All compounds met
physicochemical criteria [22, 23], improving their pros-
pects for drug development.

However, none of the compounds showed positive
drug-likeness values or drug score near 1, indicating a
lack of similarity to existing drugs [52]. Nonetheless, this
does not preclude their classification as future candidates
for malaria or other diseases.

Regarding membrane permeability and distribution,
only compound 14c achieved a balance between perme-
ability and solubility, classifying it as a potential candi-
date for oral pharmaceuticals [24] due its substituents R,
(trifluoromethyl) and R, (ethyl carboxylate) substituents.
Other compounds fell short of this threshold, potentially
limiting their oral bioavailability [24].

Using Caco-2 cells for in silico intestinal permeability
predictions [69, 70], most compounds displayed low sol-
ubility, likely due to their solubility in aqueous medium.
Compound 14c stood out, exhibiting balanced perme-
ability and solubility. The volume of distribution (Vd),
which measures drug distribution within the body, was
low for all compounds (optimal range: 0.04-20 L/kg),
possibly due to hydrophilic properties or low binding to
plasma proteins.

Clearance refers to the rate at which compounds are
eliminated, typically by kidneys, liver, or bile [29, 32].
Faster clearance shortens half-life, especially when paired
with a small Vd [71]. According to Di and Obach [72],
drugs with low clearance may require smaller doses,
enhancing exposure and extending half-life. However,
prolonged half-lives can increase side effects due to
extended drug presence. In the context of malaria treat-
ment, tafenoquine was recently approved for the radi-
cal cure of P. vivax in a single-dose regimen, promoting
greater patient adherence to treatment. However, like
primaquine, tafenoquine can cause haemolysis in G6PD-
deficient individuals [73].

In this study, none of the compounds showed a high
affinity for binding to blood plasma proteins; all were
classified as low-affinity binders [29, 67]. Compounds
with low plasma protein binding, such as bi-triazoles, can
be more widely distributed, as only the free drug is avail-
able for tissue distribution [74]. Unbound drugs are also
more rapidly exposed to enzymes and targets, enhanc-
ing their pharmacological effect [75]. However, they may
be eliminated faster, as only the free form is excreted by
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the kidneys [76]. For antimalarials, in silico predictions
revealed that commonly used malaria drugs, such as
artemisinin, chloroquine, primaquine, and mefloquine,
exhibit high plasm protein binding [77]. This often pro-
longs half-life and slows clearance, though artemisinin
and its derivatives are exceptions [78].

P-glycoprotein (Pgp), expressed in organs such as the
intestinal epithelium, pancreatic and bile ducts, renal
tubules, and brain capillaries, plays a key role in prevent-
ing toxin entry into cells. Pgp functions as both a barrier
and a secretion mechanism [79], aiding in the removal
of foreign substances [80]. It recognizes a wide range of
compounds (300-4,000 molecular weight), impacting
bioavailability, toxicity, and metabolism [80, 81].

Pgp tends to recognize hydrophobic drugs, which can
lead to therapeutic failure [82]. In this study, only com-
pound 14c was identified as a Pgp inhibitor, suggesting
potential bioavailability challenges, unlike the other com-
pounds, which did not inhibit Pgp. P-glycoproteins share
many substrates with the enzyme CYP3A4, which is
involved in the transport of drugs from various chemical
classes [83]. Another crucial factor in drug development
is the blood—brain barrier (BBB), a selective permeability
barrier that maintains CNS homeostasis. Despite medi-
cal advances, CNS- related diseases remain prevalent
and often lack effective treatments [84]. In this study, all
compounds showed the ability to cross the BBB in silico,
suggesting their potential for developing drugs targeting
cerebral malaria. This severe and often fatal, associated
with P falciparum, remains a significant challenge due
to rising drug resistance and limited therapeutic options
[85].

Drug-induced liver injury (DILI) refers to liver dam-
age caused by pharmaceuticals. Although it is a criti-
cal parameter to assess, it is often overlooked, allowing
such injuries to progress to liver failure [86]. The hepa-
totoxicity of drugs that cause DILI in humans is typically
unclear in animal models and not always dose-depend-
ent. Morover, DILI may occur in fewer than 1 in 10,000
to 100,000 individuals who take the drug [87]. In this
study, in silico analysis suggested that all compounds
might pose a risk for DILI, albeit with a low incidence
rate. Thus, these compounds should be carefully moni-
tored if considered for use in treating other diseases.
The maximum recommended daily dose (FDAMDD) is
a pharmacokinetic parameter tied to drug bioavailability,
encompassing absorption, rate, half-life, and clearance.
Compounds with rapid elimination and low distribution
volumes would require administration at their maximum
daily dosage, as observed for all FDAMDD-positive com-
pounds in this study. As noted earlier, all compounds
were classified as having short half-lives (i.e., under 2 h).
To avoid dosing intervals shorter than 2 h, one potential
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strategy could involve administering higher doses to
extend the interval [88]. However, implementing this
approach requires careful evaluation of pharmacokinetic
parameters and toxicity profiles [89].

Some compounds in this study had LDg, values
between 50 mg/kg and 300 mg/kg, indicating poten-
tial toxicity but not lethality. According to Macherey
and Dansette [90], metabolic bioactivation is a common
cause of toxicity. CYP enzymes, primarily located in the
liver, play a central role in drug metabolism. The CYP
families 3A (28%), 2D6 (21%), and 2C (18%) collectively
metabolize approximately 90% of drugs. Other enzymes,
such as 1A2 (13%), 2E1 (7%), and 2A6 (4%), contribute to
a lesser extent [91]. In this study, all compounds except
14c showed no inhibition of cytochrome P450 enzymes.
This lack of inhibition could negatively impact clinical
biotransformation or elimination, leading to increased
plasma concentrations of compound 14c, potentially
affecting its therapeutic efficacy and raising the risk of
adverse effects [92, 93].

Conclusion

The results represent the discovery of a potential chemi-
cal class for further exploration, not only for its antiplas-
modial activity but also for other potential therapeutic
applications. This potential is supported by in silico and
in vitro safety findings (cytotoxicity and haemolysis). This
study is one of the first to report gametocytocidal activ-
ity for bi-triazole compounds, particularly emphasizing
the dual action of compound 14d, which targets parasites
in both asexual and sexual stages (including microgame-
tocytes) at concentrations below 3.1 pM. Additionally,
substituent groups 1 and 2 were shown to play key roles
in the antimalarial activity of this class of molecules. The
bi-triazole core linked to substituents such as trifluoro-
methyl and methyl acetate, methyl and methyl acetate, or
trifluoromethyl and ethyl carboxylate proved effective in
inhibiting parasite growth, with ICg, values below 10 pM.
Based on these results, compound 14d shows potential
for development as a drug candidate targeting both asex-
ual and sexual forms of malaria.
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