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ABSTRACT: In tropical and subtropical areas, malaria stands as a
profound public health challenge, causing an estimated 247 million
cases worldwide annually. Given the absence of a viable vaccine, the
timely and effective treatment of malaria remains a critical priority.
However, the growing resistance of parasites to currently utilized
drugs underscores the critical need for the identification of new
antimalarial therapies. Here, we aimed to identify potential new
drug candidates against Plasmodium falciparum, the main causative
agent of malaria, by analyzing the transcriptomes of different life
stages of the parasite and identifying highly expressed genes. We
searched for genes that were expressed in all stages of the parasite’s
life cycle, including the asexual blood stage, gametocyte stage, liver
stage, and sexual stages in the insect vector, using transcriptomics
data from publicly available databases. From this analysis, we found 674 overlapping genes, including 409 essential ones. By
searching through drug target databases, we discovered 70 potential drug targets and 75 associated bioactive compounds. We sought
to expand this analysis to similar compounds to known drugs. So, we found a list of 1557 similar compounds, which we predicted as
actives and inactives using previously developed machine learning models against five life stages of Plasmodium spp. From this
analysis, two compounds were selected, and the reactions were experimentally evaluated. The compounds HSP-990 and silvestrol
aglycone showed potent inhibitory activity at nanomolar concentrations against the P. falciparum 3D7 strain asexual blood stage.
Moreover, silvestrol aglycone exhibited low cytotoxicity in mammalian cells, transmission-blocking potential, and inhibitory activity
comparable to those of established antimalarials. These findings warrant further investigation of silvestrol aglycone as a potential
dual-acting antimalarial and transmission-blocking candidate for malaria control.

1. INTRODUCTION replicate. Eventually, the infected red blood cells rupture, freeing
additional parasites from entering the bloodstream to invade
new red blood cells. During this blood cycle, some parasites
differentiate into sexual-stage gametocytes. The gametocytes are
then ingested by Anopheles mosquitoes, in whose gut they form
male and female gametes that fertilize to form zygotes. The
zygotes mature into ookinetes and oocysts, which rupture,
releasing sporozoites that migrate through the mosquito’s
hemolymph to invade the salivary glands. These sporozoites
are then capable of infecting other humans through mosquito
bites.”*

The treatment of malaria is contingent upon the causative
species of the parasite, the gravity of the illness, and the age and

Malaria is a parasitic disease caused by protozoa of the genus
Plasmodium and transmitted to humans through the bite of
female Anopheles mosquitoes. Human malaria is caused by
various Plasmodium species, with five of them recognized as the
primary etiological agents: Plasmodium falciparum, Plasmodium
vivax, Plasmodium malariae, Plasmodium ovale, and Plasmodium
knowlesi. Among these, P. falciparum and P. vivax account for the
majority of malaria cases.

This disease represents a significant public health concern in
many tropical and subtropical regions across the globe. Malaria
is a major public health concern worldwide, with over 247
million cases and around 619,000 deaths estimated in 2021,
mostly in sub-Saharan Africa.’ The life cycle of the malaria
parasite involves two hosts, namely, humans and mosquitoes. Received: July 17, 2023
During an infected mosquito bite, sporozoites are introduced Accepted:  August 18, 2023
into the human host skin,” after which they migrate to the liver Published: September S, 2023
cells, undergo multiplication, and mature into schizonts. These
schizonts eventually burst, releasing merozoites into the
bloodstream, which invade red blood cells and continue to
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general well-being of the patient. Antimalarial medications, such
as chloroquine-, mefloquine-, quinine-, and artemisinin-based
combination therapies (ACTs), are frequently utilized to
combat the disease. However, the emergence of resistance to
both past and current antimalarial drugs emphasizes the
necessity of ongoing research to remain ahead of the game. It
is essential to develop new drugs, especially those with unique
mechanisms of action.’

Drug discovery represents a complex and intricate process
characterized by multiple sequential phases. It necessitates
substantial investments in terms of time, resources, and
collaborative efforts from interdisciplinary teams comprising
scientists, clinicians, and regulatory authorities.” Drug repurpos-
ing refers to the strategy of identifying alternative therapeutic
applications for existing drugs. Rather than developing new
compounds from scratch, researchers explore the potential of
approved drugs for one indication to treat other diseases.”

Chemogenomics combines the principles and techniques of
genomics, proteomics, and chemistry to study the interactions
between small molecules (such as drugs or chemical
compounds) and biological systems.” By integrating chemical
and biological data, chemogenomics enables the identification of
new drug targets, the discovery of lead compounds, and the
optimization of drug candidates. Therefore, combining chemo-
genomics with drug repurposing can be a powerful tool to
identify potential drug-disease associations and repurpose
approved drugs for new indications.”'? Furthermore, the use
of computational methods, such as data mining and machine
learning, can facilitate the identification of potential drug-disease
pairs. By integrating and analyzing gene expression data,
pathway analysis, and various data sets, computational
approaches offer valuable tools for exploring novel therapeutic
opportunities through drug repurposing.''

By utilizing therapeutic targets identified from the tran-
scriptome of P. falciparum, the main goal of this work was to
repurpose existing drugs as potential new candidates for
antimalarial drug discovery. To achieve this, we have developed
and applied a novel bioinformatics workflow that can boost the
application of in silico repurposing for other diseases as well.

2. RESULTS AND DISCUSSION

The main workflow of this work is summarized in Figure 1.
2.1. Multistage Transcript Plasmodium Targets. Ini-
tially, an exhaustive search was conducted to identify genes
exhibiting high expression levels (ranging from 80 to 100%
expression) across all developmental stages of P. falciparum, as
illustrated in Figure 2. This particular species was chosen due to
the availability of extensive data encompassing most of the
Plasmodium life stages. For the blood stage, three distinct
transcriptomes were utilized: the Lopez-Barragan transcrip-
tome'” (comprising ring, early trophozoites, and schizont
transcriptomes), which featured 1921 highly expressed genes
during the blood stage; the Bunnik transcriptome'” (including
ring, trophozoites, and schizont transcriptomes), which
encompassed 1840 highly expressed genes during the blood
stage; and the Zanghi transcriptome'* (containing the ring
transcriptome), which contained 1119 genes. Regarding the
gametocyte stage, the Lopez-Barragan transcriptome'” (com-
prising gametocyte I1/V transcriptomes) containing 1461 genes
highly expressed in gametocyte stage and the Lasonder
transcriptome’” (encompassing male and female gametocyte
transcriptomes) featuring 1699 highly expressed genes were
selected. Given the absence of published transcriptomic data
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Figure 1. General chemogenomics drug repurposing pipeline used for
prioritizing targets and selecting drugs and similar compounds against
P. falciparum. DB = DrugBank; TTD = Therapeutic Target Database;
ML = Machine Learning; PAINS = Pan Assay Interference compounds;
3D7 = P. falciparum 3D7 strain; Dd2 = P. falciparum Dd2 strain; HepG2
= human hepatoma cell line; and COS-7 monkey kidney fibroblast cell
line.

pertaining to the liver stage of P. falciparum, the Cubi
tralnscriptome,16 encompassing the hypnozoite and liver tran-
scriptomes of Plasmodium cynomolgi, served as a valuable
resource. This transcriptome provided a basis for the
identification of 2012 genes exhibiting significant expression
levels, and subsequently, we found 1991 orthologous genes in P.
falciparum. In the case of sexual stages, the Lc’)peZ-Barragér}12
(containing ookinete transcriptomes) and the Zanghi'*
(including sporozoite and oocyst transcriptomes) yielded a
total of 1748 highly expressed genes. Ultimately, through this
meticulous process, a comprehensive set of 674 genes exhibiting
overlapping expression across multiple stages was identified,
with 409 of these genes being essential for the survival of the
organism, according to PlasmoDB data (Table S1).
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Figure 2. Overlap of highly expended genes in transcriptomes of different life stages of P. falciparum.

2.2. Drugs and Experimental Compounds against
Multistage Targets Available in Online Databases. The P.
falciparum genes were first individually searched in the
Therapeutic Target Database (TTD)."” There were 300
bioactive compounds associated with 147 of the 409 genes
that were identified as homologous to known targets.
Compounds that were removed from the market were ignored.
The 409 genes were then searched in the DrugBank database
(https: //go.drugbank.com/ ), where 59 homologous targets
were found. A total of 80 bioactive compounds, consisting
exclusively of drugs, experimental compounds, and compounds
evaluated in clinical trials, are linked to these targets in the
investigation. We then combined these lists with 206
homologous targets and 378 associated compounds found.

Alarge number of initially discovered homologous targets had
high e-values and thus low similarity to the sought target. These
constitute a sizable proportion of those found in the TTD. The
BLASTYp tool was used to search for homologous targets found
in TTD and DrugBank, and 70 targets with homology (e-value
less than 1.10—30 and identity greater than 30%) were kept.
Among those, 17 targets were not linked to bioactive
compounds and were removed. The 53 targets kept were linked
to 75 bioactive compounds in total (Table S2). Although the
number of targets and composite compounds had decreased
significantly, filters were required to ensure that there was
minimal similarity between these targets.

2.3. Similar Compounds Found Using Chemical
Checker. Based on the 75 bioactive compounds discovered in
previous steps, individual searches for each drug with similar
activity profiles were conducted using the Chemical Checker
tool.'® This tool allows researchers to search for similar
compounds by using a bioactivity profile associated with each
compound, which has five levels of complexity: chemical
structure, targets, interaction networks, cellular data, and clinical
data, each with five sublevels of parameters. The database
contains information on approximately 800,000 compounds, the
majority of which are for human pharmacological use.'® The
searches considered results with similarity only at levels higher
than chemical similarity (A), target similarity (B), interaction
networks (C), cellular data (D), and clinical data (E) (Figure 3).

14

Figure 3. Venn diagram showing the 1557 similar compounds in
different bioactivity profiles found using the Chemical Checker
database.'®

As we can see from Figure 3, there were 1887 compounds with
some level of similarity, with 1574 (83.4%) showing similarity at
the level of targets and 969 (51.3%) at the level of interaction
networks but only 139 (7.3%) at the level of cellular data and
234 (12.4%) at the level of clinical data. After removing
duplicates, the set of compounds contained 75 known bioactives
and 1557 similar ones, for a total of 1632 compounds with
potential bioactivity.

2.4. Compounds with ML Predicted Multistage
Activity against Plasmodium. Quantitative structure—
activity relationship (QSAR) models were used to screen
drugs associated with therapeutic targets as well as similar
compounds. The models used in this study were previously
developed by the LabMol research group using machine
learning algorithms. These models can predict if untested
compounds will be active or inactive to inhibit the growth of P.
falciparum sensitive (3D7) and resistant (W2) strains in the
asexual stage, as well as the ookinete, gametocyte, and liver
stages.

First, the 75 drugs linked to therapeutic targets expressed at
various stages were assessed. Then, 23 compounds were
predicted to be active against sensitive strains (3D7), 11 of
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which were predicted to be active against resistant strains (W2),
9 of which were predicted to be active against ookinetes, 9
against the hepatic stage, and 8 against gametocytes. As a result,
only eight of the 75 initial drugs were predicted to be active
against the two strains and four stages of P. falciparum covered
by the QSAR models. Artenimol, or dihydroartemisinin, a drug
already in the clinic as an antimalarial drug, is one of these
compounds.

The 1557 compounds similar to known drugs were then
evaluated using the ML models. 529 compounds were predicted
to be active against 3D7 (sensitive) strains, 94 of which were
predicted to be active against resistant strains (W2), 78 of which
were predicted to be active against ookinetes, 78 against liver
stage, and 76 against gametocytes. As a result, only 76 of the
1557 starting compounds were predicted to be active against the
two strains and four stages of P. falciparum covered by the
models (Table S3). These 76 compounds were then checked for
the presence of aggregators, and only 20 compounds passed this
filter. After a visual inspection and search for commercial
availability due to budget constraints, two compounds were
bought for experimental evaluation: NVP_HSP990 and
silvestrol aglycone (Figure 4).

CH; O

Figure 4. 2D-structure representation of (A) silvestrol aglycone and
(B) NVP_HSP990.

2.5. Experimental Evaluation. An experimental evaluation
was conducted to assess the efficacy of the selected compounds
against P. falciparum 3D7 strains (chloroquine-sensitive) in
order to identify potential antimalarial candidates. Moreover, we
also tested our compounds for a multidrug-resistant P.
falciparum strain, Dd2, which is known for its resistance to a
broader range of antimalarial drugs compared to W2.
Phenotypic screening was performed initially at a concentration
of 5 uM with the 3D7 strain, revealing that both compounds
exhibited more than 50% inhibition of parasite growth. Further
evaluation was conducted to determine the ECg, values of the

compounds in both parasite strains, as depicted in Figure 5 and
Table 1. Notably, both compounds were found to inhibit
parasite growth at nanomolar concentrations in both strains.

Of particular interest, silvestrol aglycone demonstrated
exceptional efficacy in inhibiting parasite growth, exhibiting a
similar ECg, value as that of the established antimalarials. In fact,
the inhibition curve of silvestrol aglycone closely resembled
those of chloroquine and artesunate in the same strain (Figure
S1). Additionally, the compounds were tested for their
cytotoxicity, and silvestrol aglycone exhibited a selectivity
index of 34, further confirming its potential as a repurposed
antimalarial compound.

Given the promising results of silvestrol aglycone, further
investigations were conducted to assess its transmission-
blocking potential using the ookinete conversion inhibition
assay.'” The results showed that silvestrol aglycone was able to
inhibit 99.65% of ookinete conversion at 10 M, compared to
the untreated control samples. Furthermore, a dose—response
curve (Figure S2) was constructed, revealing an ECy, value of
3.21 uM for the inhibition of ookinete conversion in Plasmodium
berghei, supporting the efficacy of silvestrol aglycone as an
antimalarial compound with transmission-blocking potential

3. CONCLUSIONS

By combining the power of chemogenomics with drug
repurposing, we harnessed a potent tool to identify potential
drug-disease associations and repurpose approved drugs for P.
falciparum. We have analyzed highly expressed genes across all
stages of the parasite’s life cycle, identifying homologous targets
and associated compounds. This integration allowed us to
leverage the vast knowledge and data available on approved
drugs, expanding the scope of our investigation beyond
traditional drug discovery methods. By leveraging the Chemical
Checker tool, we identified similar compounds and their
potential bioactivity, enhancing our understanding of the
existing drug/compound landscape. Consequently, this com-
prehensive approach led to the identification of 1557 potential
bioactive compounds. Through the implementation of QSAR
models, we further refined our selection to 75 compounds linked
to therapeutic targets and predicted to be active against both
sensitive and resistant strains of P. falciparum across all stages of
its life cycle. Among these compounds, NVP-HSP990, and
silvestrol aglycone demonstrated remarkable inhibitory activity
at nanomolar concentrations against the asexual blood stage.
Notably, silvestrol aglycone exhibited potent inhibition
comparable to the established antimalarials, along with low
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-& NVP-HS990

Pf 3D7 Inhibition (%)

-2 -1 0 1 2
Log (uM)

PfD2 Inhibition (%)

B
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Figure S. In vitro antimalarial activity of selected compounds against P. falciparum. (A) Inhibition curves of silvestrol aglycone and NVP-HSP990
against chloroquine sensitive (3d7) and (B) multidrug-resistant (Dd2) P. falciparum strains.

34087

https://doi.org/10.1021/acsomega.3c05138
ACS Omega 2023, 8, 34084—34090


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05138/suppl_file/ao3c05138_si_002.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05138/suppl_file/ao3c05138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05138/suppl_file/ao3c05138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05138/suppl_file/ao3c05138_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05138?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05138?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05138?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05138?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05138?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. ECy, of Compounds Tested against Chloroquine-Sensitive (3D7), Multidrug-Resistant (Dd2) P. falciparum Strains,
Cytotoxicity (CCs,) on Mammalian Cell Lines (COS-7 and HepG2), and Percent of Inhibition of Ookinete Formation

(Transmission Blocking Activity)

ECy (M) CCs (uM)
compound Pf3D7¢ PfDd2" COS-7¢ HepG2“? SI¢ 54 transmission blocking (%)
silvestrol aglycone 0.0094 + 0.0007 0.006 + 0.003 032 +£0.2 024 +0.2 34 25 99.65
NVP-HSP990 0.54 + 0.05 0.66 + 0.1 0.09 + 0.1 2.69 +3.7 0.2 4.9 §7.35
chloroquine 0.0035 =+ 0.0004 0.056 + 0.01

“Half maximal effective concentration in 3D7 strain. “Half maximal effective concentration in Dd2 strain. “Half maximal cytotoxic concentration on
COS-7 cell. “Half maximal cytotoxic concentration on HEPG2 cell. “Selectivity index calculated between CCg, COS-7 and ECg, 3D7 strains.

7. Selectivity index calculated between CCs, HEPG2 and ECsy 3D7 strains.

cytotoxicity and promising transmission-blocking properties.
These findings highlight the potential of silvestrol aglycone as a
dual-acting candidate for the development of new antimalarial
drugs.

4. MATERIALS AND METHODS

4.1. Multistage (Transcript) Targets Search in Online
Databases. The first step in this work was searching for the
malarial transcriptome, which is available at the PlasmoDB
online platform.”” We prioritized transcripts identified in P.
falciparum and highly expressed (>80% expression) simulta-
neously in all life stages. In addition, we compared those with the
organism’s essential genes’' and selected the multistage
transcripts identified as essential for further usage.

4.2. Active Drugs and Experimental Compounds
against Multistage Targets in Online Databases. The
predicted amino acid sequences of the multistage targets were
then used in a sequence similarity search for known therapeutic
targets. Two databases were consulted: DrugBank (https://go.
drugbank.com) and Therapeutic Target Database (TTD, dp.
idrblab.net/ttd), which provided similar therapeutic target genes
and associated drugs to each sequence consulted. Moreover, the
similarity between the multistage target sequences and the
therapeutic target genes found was checked using BLASTp.”*

4.3. Similar Compounds Search by Bioactivity Profile
Using Chemical Checker. The drug set found to be associated
to therapeutic target genes was explored to find new compounds
with possible antimalarial applications, using the online tool
Chemical Checker.'® This tool compares any chemical
compound to a database of more than 800,000 compounds
using five levels of complexity on the bioactivity profile. Each
drug was searched, and all compounds with similar bioactivity
profile were added to an expanded compounds set.

4.4. Virtual Screening Using Machine Learning
Models. The sets of drugs and compounds selected from
online databases were virtually screened to identify potential
candidates for repurposing against P. falciparum. To accomplish
this, a set of in-house QSAR models developed with machine
learning (QSAR-ML) algorithms were used. These models were
designed to predict the activity of compounds at different stages
of the Plasmodium life cycle, including the blood stage (3D7 and
W2 strains), liver stage, gametocyte stage, and ookinete stage.
The models were generated using the random forest (RF)
algorithm, a widely used the ML technique. To extract and
interpret the structural and chemical information from the
databases and inserted samples, the models utilized various
molecular descriptors, such as ECFP descriptors for the 3D7 and
W2 models, molecular access system (MACCS) descriptors for
the ookinete model, hybrid Mordred and ECFP descriptors for
the gametocyte model, and FCFP descriptors for the liver

model. Compounds that were predicted to exhibit activity by all
five models underwent a filtering process and were considered as
potential candidates for experimental evaluation.

4.5. P. falciparum In Vitro Culture. Phenotypic assays
were performed using in vitro strains of sensitive P. falciparum
(3D7) and multidrug-resistant strains (Dd2).”’ Briefly, P.
falciparum was cultured in erythrocytes of type O+ humans
with a final hematocrit of 5% in complete medium (RPMI-1640
containing 10% of A+ human plasma and 0.05 mg/mL
gentamycin at pH 7.4) maintained at 37 °C with 5% CO,, 5%
0,, and 90% N, as previously described by Trager and Jensen.**
Parasitemia was monitored daily using smears stained with
Giemsa and visualized under an optical microscope. The
synchronization of the ring stage culture was performed with a
5% D-sorbitol solution before the experiments.

4.6. In Vitro Assays for P. falciparum Inhibition.
Inhibitory concentration assays of compounds in P. falciparum
strains were performed in 96-well culture plates with 0.5%
parasitemia and 2% hematocrit in lines 3D7 and Dd2. All assays
presented a positive control (untreated wells) and a negative
control (wells treated with S M of artesunate). In addition,
chloroquine was used as a standard antimalarial in the ECy,
assays. The plates were incubated at 37 °C under an atmosphere
of 5% CO,, 5% O,, and 90% N, for 72 h. At the end of the
incubation, the plates were frozen for 24 h, subsequently thawed,
and parasite suspensions were revealed using the SYBR Green
protocol (Sigma).”® The fluorescence reading was performed in
a CLARIOstar plate reader at the wavelengths 483 nm
excitation—530 nm emission. The growth inhibition values
were expressed as percentages relative to the drug-free control,
and ECy, values were calculated by plotting log dosing vs growth
inhibition (expressed as percentage relative to the drug-free
control) using GraphPad Prism 8. The experiments were carried
out in three independent assays.

4.7.1n Vitro Assay for Ookinete Conversion Inhibition.
To determine the compounds activity against the sexual stages
of P. berghei, we used the murine model PbOokluc, described by
Calit and co-workers."” First, the compounds were diluted in an
ookinete medium®® to a final concentration of 10 #M and a final
volume of 40 uL. Afterward, 4 4L of mouse blood infected with
the PbOokluc line containing gametocytes was added and
incubated at 21 °C for 24 h. After 24 h the nanoluciferase activity
was measured using a plate luminometer. In addition, the ECsj
was determined using a similar experiment, applying a 2-fold
serial dilution of the compound and decreasing it until no
inhibition was observed. The ECs, value and curve were
calculated using the program GraphPad Prism 8.0.

4.8. Cytotoxicity Assays. The cytotoxicity of the
compounds was tested using MTT assays (3-[4,5-dimethyl-
thiazol-2-yl]-2,S-diphenyltetrazolium bromide]) to measure the
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metabolic reduction of bromide on mitochondrial enzymes in
two mammalian cell lines: Hep-G2 cells (human hepatoma) and
COS-7 cells (monkey kidney fibroblasts). The cells were grown
in DMEM medium supplemented with 10% inactivated fetal
bovine serum and incubated at $% CO, and 37 °C. Assays were
performed in 96-well microplates at a density of 10* cells per well
in a serial dilution of the drugs (100—0.032 M) and untreated
cells (Control). The microplates were then incubated for 72 h.
After 72 h, 15 yL of MTT solution (S mg/mL) was added. After
4 h of incubation, the plates were centrifuged at 1500 rpm for §
min; the pellet was washed with PBS and resuspended in 50 uL
of isopropanol. The amount of formazan produced is propor-
tional to the number of living cells. The absorbance reading
(AS70) was performed on a CLARIOstar plate reader. CCs,
values were calculated by plotting a log dose vs the viability curve
in GraphPad Prism 8, and the selectivity index was calculated
between CCgsy HEPG2 or COS-7 and ECyy 3D7 strain. The
experiments were carried out in three independent assays.
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