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a b s t r a c t

Protozoan parasites have been one of the most significant public health problems for centuries and sev-
eral human infections caused by them have massive global impact. Most of the current drugs used to
treat these illnesses have been used for decades and have many limitations such as the emergence of drug
resistance, severe side-effects, low-to-medium drug efficacy, administration routes, cost, etc. These drugs
have been largely neglected as models for drug development because they are majorly used in countries
with limited resources and as a consequence with scarce marketing possibilities. Nowadays, there is a
pressing need to identify and develop new drug-based antiprotozoan therapies. In an effort to overcome
this problem, the main purpose of this study is to develop a QSARs-based ensemble classifier for antipro-
tozoan drug-like entities from a heterogeneous compounds collection. Here, we use some of the TOMO-
COMD-CARDD molecular descriptors and linear discriminant analysis (LDA) to derive individual linear
classification functions in order to discriminate between antiprotozoan and non-antiprotozoan com-
pounds as a way to enable the computational screening of virtual combinatorial datasets and/or drugs
already approved. Firstly, we construct a wide-spectrum benchmark database comprising of 680 organic
chemicals with great structural variability (254 of them antiprotozoan agents and 426 to drugs having
other clinical uses). This series of compounds was processed by a k-means cluster analysis in order to
design training and predicting sets. In total, seven discriminant functions were obtained, by using the
whole set of atom-based linear indices. All the LDA-based QSAR models show accuracies above 85% in
the training set and values of Matthews correlation coefficients (C) vary from 0.70 to 0.86. The external
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validation set shows rather-good global classifications of around 80% (92.05% for best equation). Later, we
developed a multi-agent QSAR classification system, in which the individual QSAR outputs are the inputs
of the aforementioned fusion approach. Finally, the fusion model was used for the identification of a
novel generation of lead-like antiprotozoan compounds by using ligand-based virtual screening of ‘avail-
able’ small molecules (with synthetic feasibility) in our ‘in-house’ library. A new molecular subsystem
(quinoxalinones) was then theoretically selected as a promising lead series, and its derivatives subse-
quently synthesized, structurally characterized, and experimentally assayed by using in vitro screening
that took into consideration a battery of five parasite-based assays. The chemicals 11(12) and 16 are
the most active (hits) against apicomplexa (sporozoa) and mastigophora (flagellata) subphylum parasites,
respectively. Both compounds depicted good activity in every protozoan in vitro panel and they did not
show unspecific cytotoxicity on the host cells. The described technical framework seems to be a promis-
ing QSAR-classifier tool for the molecular discovery and development of novel classes of broad—antipro-
tozoan—spectrum drugs, which may meet the dual challenges posed by drug-resistant parasites and the
rapid progression of protozoan illnesses.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Diseases caused by tropical parasites affect hundreds of mil-
lions of people worldwide, mainly distributed in tropical and sub-
tropical regions. In fact, parasitic diseases have been one of the
most significant public health problems for centuries with note-
worthy mortality and devastating social and economic conse-
quences. Parasites belonging to phylum protozoa are the most
important causal pathogens and cause several human infections
with globally massive impact. For instance, malaria (Plasmodium
spp.),1 leishmaniasis (Leishmania spp.),2 trypanosomiasis (Trypano-
soma brucei [sleeping sickness]3 and Trypanosoma cruzi [Chagas
disease]4) as well as giardiasis5/amebiasis6 (Giardia lamblia/Ent-
amoeba histolytica) are among the main neglected parasitic dis-
eases with great social impact. Trichomoniasis, one of the most
common sexually transmitted diseases (with around 120 million
vaginitis infections worldwide every year) caused by the flagellate
protozoa Trichomonas vaginalis, is increasingly recognized as an
important infection in women and men.7Other serious disease
caused by a related apicomplexan parasite, Toxoplasma gondii,
has gained increasing relevance in immunocompromised patients,
such as patients with transplants, cancer, or AIDS, and in congeni-
tally infected infants.8

Although most of the current anti-protozoan drugs are well
known and broadly used in medical treatments, most of them
are decades old and have many limitations, including the
emergence of drug resistance, severe side-reactions (toxicity),
low-to-medium efficacy, limitations in the routes of administration,
price and other important inconveniences. These drawbacks of cur-
rent antiprotozoan chemotherapy make the search for new drugs an
urgent need. However, the development of such drugs has been
largely neglected because they are intended for the treatment of
pathologies that mainly affect poor people in regions of the world
with limited resources and with scarce marketing possibilities, par-
ticularly in today’s post-merger climate.

Nevertheless, the search for antiprotozoan compounds is now
on the desktop of medicinal chemists and great efforts to reinvig-
orate the drug development pipeline for these diseases are being
addressed by new consortia of scientists from the academy and
industry, which are driven in large part by support from major phi-
lanthropies.9 Recently, using whole-organism screening with com-
pounds derived from libraries containing drugs already approved
for human use (with other therapeutic use, but ‘off-label’ like anti-
parasitic efficacy), a few hits were identified in diversity screening
assays against T. brucei, Plasmodium falciparum and leishmania.10–13

In this ‘trial-and-error’ search for antiprotozoan drug-like com-
pounds a lot of chemicals had to be experimentally screened
(>15,000) and the efficacy of this process was very low, yielding

only 3 (and 20 additional in a second study), 19, and 40 know drugs
with efficacy equal to or greater than that of the drugs used cur-
rently against leishmania-, malaria- or trypanosoma-reference
(control) compounds, respectively.10–13 In addition to the low effi-
ciency of this type of drug discovery landscape, the usually expen-
sive and time consuming approaches impose on us the necessity to
develop alternative and more rational techniques in the classical—
trial and error—screenings.

In order to reduce costs, pharmaceutical companies have to find
new technologies in the quest of new chemical entities (NCE),
where an in silico ‘virtual’ world of data, analysis and computer-
aided molecular design can be seen as an adequate alternative to
the ‘real’ world of synthesis and screening of compounds in the
laboratory. By such means, ‘the expensive commitment to actual
synthesis and bioassay is made only after exploring the initial concepts
with computational models and screens’. In silico screening is now
incorporated in all areas of lead discovery; from target identifica-
tion and library design, to hit analysis and compound profiling. This
theoretical(dry)-to-experimental(wet) integration procedure will
be used here in order to find predictive models that permit the
‘rational’ identification of new antiprotozoan drug-like
compounds.

1.1. Background-review of TOMOCOMD–CARDD method in drug
discovery for parasitic diseases: meeting the challenge

Some of our research teams have previously reported several
antimicrobial-chemoinformatic studies to drive the selection of
novel chemicals as promising NCEs. In these studies, the
TOMOCOMD–CARDD (acronym of TOpological MOlecular
COMputational Design–Computer-Aided ‘Rational’ Drug Design)
method14 and linear discriminant analysis (LDA), have been used
in order to parameterize molecules in a database and for develop-
ing classification functions, respectively. The LDA is one of most
important and simple (supervised, linear and parametric) patter
recognition technique that can be used to determine which vari-
ables discriminate between two or more naturally occurring
groups. The TOMOCOMD–CARDD approach is a novel scheme the
rational—in silico—molecular design and Quantitative Structure
Activity/Property Relationships (QSAR/QSPR).15–19 It calculates
several new families of 2D,3D-Chiral (2.5) and 3D (geometric and
topographic) non-stochastic and (simple and double) stochastic
(as well as canonical forms) atom- and bond-based molecular
descriptors (MDs), denominated quadratic, linear and bilinear indi-
ces in analogy to the quadratic, linear and bilinear mathemati-
cal.15–19 For instance, the TOMOCOMD–CARDD strategy has been
used for the in silico screening of novel molecular subsystems hav-
ing a desired activity against Trichomonas vaginalis.19–21 It was also
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