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Abstract

Polyamines are essential compounds to all living organisms and in the specific case of Try-
panosoma cruzi, the causative agent of Chagas disease, they are exclusively obtained
through transport processes since this parasite is auxotrophic for polyamines. Previous
works reported that retinol acetate inhibits Leishmania growth and decreases its intracellular
polyamine concentration. The present work describes a combined strategy of drug reposi-
tioning by virtual screening followed by in vitro assays to find drugs able to inhibit TcPAT12,
the only polyamine transporter described in T. cruzi. After a screening of 3000 FDA-
approved drugs, 7 retinoids with medical use were retrieved and used for molecular docking
assays with TcPAT12. From the docked molecules, isotretinoin, a well-known drug used for
acne treatment, showed the best interaction score with TcPAT12 and was selected for fur-
ther in vitro studies. Isotretinoin inhibited the polyamine transport, as well as other amino
acid transporters from the same protein family (TcAAAP), with calculated ICsq values in

the range of 4.6—10.3 pM. It also showed a strong inhibition of trypomastigote burst from
infected cells, with calculated ICsq of 130 nM (SI = 920) being significantly less effective on
the epimastigote stage (ICso = 30.6 uM). The effect of isotretinoin on the parasites plasma
membrane permeability and on mammalian cell viability was tested, and no change was
observed. Autophagosomes and apoptotic bodies were detected as part of the mechanisms
of isotretinoin-induced death indicating that the inhibition of transporters by isotretinoin
causes nutrient starvation that triggers autophagic and apoptotic processes. In conclusion,
isotretinoin is a promising trypanocidal drug since it is a multi-target inhibitor of essential
metabolites transporters, in addition to being an FDA-approved drug largely used in
humans, which could reduce significantly the requirements for its possible application in the
treatment of Chagas disease.
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Author summary

Polyamines are polycationic compounds essential for the regulation of cell growth and
differentiation. In contrast with other protozoa, Trypanosoma cruzi, the etiological agent
of Chagas disease, is auxotrophic for polyamines; therefore the intracellular availability of
these molecules depends exclusively on transport processes. It was previously demon-
strated that the lack of polyamines in T. cruzileads to its death, making the polyamine
transporter an excellent therapeutic target for Chagas disease. In this work, the polyamine
permease TcPAT12 was selected as a target for drug screening using 3000 FDA-approved
compounds and computational simulation techniques. Using two combined virtual
screening methods, isotretinoin, a well-known and safe drug used for acne treatment,
bound to substrate recognition residues of TcPAT12 and was chosen for further in vitro
studies. Isotretinoin inhibited not only the polyamine transport but also all tested amino
acid transporters from the same protein family as TcPAT12. Interestingly, isotretinoin
showed a high trypanocidal effect on trypomastigotes, with an ICs, in the nanomolar
range. Autophagy and apoptosis were proposed as mechanisms of parasites death induced
by isotretinoin. These results suggest that isotretinoin is a promising trypanocidal drug,
being a multi-target inhibitor of essential metabolites transporters.

Introduction

Chagas disease is a major health and economic problem in the Americas and its causative
agent is the hemoflagellate Trypanosoma cruzi[1]. According to the World Health Organiza-
tion, about 8 million people worldwide are infected with the parasite, and 10,000 people per
year die from complications linked to Chagas disease, mostly in Latin America where the dis-
ease is endemic [2]. In addition, the chronicity of the pathology implies great health expendi-
tures due to the disability associated with the chronic state of this infection, being heart failure
the main disabling condition [3]. Only two drugs are approved for treating Chagas disease,
the nitroimidazole benznidazole and the nitrofuran nifurtimox, which were discovered half a
century ago and have very limited efficacy with severe side effects [4,5]. This highlights the
need for the development of new therapeutic alternatives and the identification of novel drug
targets.

Since transport of nutrients from the extracellular medium is inexpensive in terms of energy
economy compared to their metabolic synthesis, the uptake is a very common and desirable
strategy for parasitic organisms. T. cruziis exposed to different environments along its life cycle,
alternating between the gut of the insect vector, the bloodstream of the mammalian hosts, and
within different cell types [6], and the availability of nutrients in these dissimilar milieus deter-
mines the need for complex metabolic adaptations. The first and probably the only multigenic
family of amino acid transporters in T. cruzi (TcAAAP) was identified by our group [7]. One
interesting feature of these permeases is the absence of orthologs in mammalian genomes. Few
members of this family have been characterized in trypanosomatids, including polyamines,
arginine, proline and lysine permeases [8,9,10,11,12]. This T. cruzi transporter family comprises
at least 36 genes coding for proteins with lengths of 400-500 amino acids and 10-12 predicted
transmembrane o-helical spanners. Another remarkable feature of these proteins is the variabil-
ity of the N-terminal domain (about 90 amino acids with only 5% of consensus positions), in
contrast to the central and C-terminal domains, which have a very similar sequence [7,9]. In
Leishmania spp. it was demonstrated that only the variable N-terminal domain is involved in
the substrate specificity [13]. On the contrary, mutagenesis analysis in T. cruzilocates the
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substrate recognition site of the polyamine transporter outside the N-terminal variable region
[14]. The high sequence similarity could be an advantage for the development of multi-target
inhibitors against the TtTAAAP transporter family. The supply of essential polyamines in T.
cruzi is exclusively achieved through transport processes, a clear case of metabolic-transport
replacement in the evolutionary adaptation to parasitism [15]. Interestingly, TcPAT12 (also
known as TcPOT1) is the only polyamine transporter present in T. cruzi. Recent studies have
shown that the trypanocidal drug pentamidine blocks TcPAT12 in this parasite [16,17]. All this
evidence highlights that T. cruzi nutrient transporters are promising targets for drug develop-
ment. One interesting approach is the use of molecular docking to identify pharmacological
active compounds among drugs already used for other therapeutic indications (called “drug
repositioning” or “drug repurposing) [18]. For example, the discovery of polyamine analogs, by
computational simulation, with inhibitory effects on the proliferation of T. cruzi has been
recently reported [19].

Retinol (vitamin A, all-trans-retinol) and its derivatives play an essential role in metabolic
functioning of the retina, the growth and differentiation of epithelial tissue, bone growth,
reproduction, and immune response. Dietary retinol is derived from a variety of carotenoids
found in plants, liver, egg yolks, and the fat component of dairy products. This compound acti-
vates retinoic acid receptors (RARs), inducing cell differentiation and apoptosis of some can-
cer cell types and inhibiting carcinogenesis [20,21,22,23,24]. Isotretinoin (13-cis-retinoic acid)
is a retinol derivative used in the treatment of severe acne and some types of cancer [25,26].
The usage dose is 0.5-1 mgkg™ [27] and its most common side effects are skin xerosis, espe-
cially on exposed skin, cheilitis, telogen effluvium, inflammatory bowel disease and myalgia
[28]. Despite its exact mechanism of action remains unknown, several studies have shown that
this drug induces apoptosis in sebaceous gland cells. Isotretinoin has a low affinity for RARs
and retinoid X receptors (RXR), but it may be intracellularly converted to metabolites that act
as agonists of these nuclear receptors [29]. Previous data reported that butylated hydroxyani-
sole, retinoic acid and retinol acetate dramatically inhibit the growth of Leishmania donovani
promastigotes, and retinol acetate also decreases by half the intracellular polyamine levels [30].
Furthermore, isotretinoin alters the life cycle of the protozoan parasite Opalina ranarum in
frogs, inhibiting the induction of cyst formation [31]. Considering the effects of some retinoids
in protozoan organisms, in this work we evaluated by virtual screening and in vitro assays dif-
ferent retinoids used in medical practice. We demonstrated that isotretinoin has trypanocidal
effect through the specific inhibition of permeases from TcAAAP family. As a repositioned
drug, isotretinoin has many advantages over developing new drugs because of its oral bioavail-
ability, low cost and current use for treating other diseases.

Methods
Virtual screening

Computational approaches for the identification of putative TcPAT12 inhibitors started with a
ligand-based virtual similarity screening search followed by molecular docking, which is a
receptor-based technique. Retinol acetate was used as the reference compound for similarity
searching in a database that comprises a total of 2924 worldwide commercially available drugs
and nutraceuticals approved by U.S. Food and Drug Administration (FDA). This screening was
performed using LiSiCA v1.0 (Ligand Similarity using Clique Algorithm) software [32], and
similarities were expressed using the Tanimoto coefficient [33]. The structural data of com-
pounds retrieved from similarity screening, as well as putrescine and spermidine, TcPAT12 nat-
ural ligands. Selected molecules for molecular docking were obtained from a subset of the ZINC
database (http://zinc.docking.org/). The compounds analyzed and their corresponding ZINC
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IDs were: acitretin (3798734), alitretinoin (12661824), etretinate (3830820), isotretinoin
(3792789), putrescine (1532552), retinal (4228262), retinol (3831417), retinoic acid (12358651),
retinol acetate (26892410), and spermidine (1532612). Further preparation of the PDBQT files
(Protein Data Bank, partial charge (Q), and atom type (T)) was performed using AutoDock
Tools v1.5.6 [34]. Three-dimensional structure of TcPAT12 (GenBank ID: AY526253) was
obtained by homology modeling, with as template the Escherichia coli amino acid antiporter
(AdiC; PDB ID: 3L1L; about 30% amino acid identity with TcPAT12) using the Swiss-Model
server (http://swissmodel.expasy.org/) [35]. The model was refined using the software Modeller
v7 and the previously reported model of the TcPAT12 [14,36]. The obtained structure was eval-
uated by Ramachandran plotting using Chimera v1.8 [37,38]. From this model, residues
Asn245, Tyr148 and Tyr400 were taken as flexible using AutoDock Tools 1.5.6. The grid param-
eter file was generated with Autogrid 4.2.6 so as to surround the flexible residues, with a grid
map of 40 points in each dimension, a spacing of 0.0375 nm, and centered on position X =
-2.794,Y = 9.659, and Z = 22.928. An additional docking assay was performed using a grid cov-
ering the whole transporter molecule, without defining specific flexible residues and using the
same spacing and automatic centering. AutoDock 4.2.6 was used for calculation of optimal
energy conformations for the ligands interacting with the protein active site, running the
Lamarckian Genetic Algorithm 100 times for each ligand, with a population size of 300, and
2.7x10* as the maximum number of generations. For each ligand, bound conformations were
clustered and two criteria for selection of the preferred binding conformation were followed:
taking the lowest free binding energy conformation of all the poses, and from the most popu-
lated cluster [39]. A diagram of the virtual screening workflow is shown in Fig 1.

Parasites

Epimastigotes of T. cruzi Y strain (5x10° cells.mL ™) were cultured at 28°C in plastic flasks (25
cm?), containing 5 mL of BHT (brain-heart infusion-tryptose) medium supplemented with
10% fetal calf serum, 100 U.mL™" penicillin, 100 pg.mL™" streptomycin and 20 pg.mL 'hemin
[40]. CHO-K1 cells (Chinese Hamster Ovary) were cultured in RPMI medium supplemented
with 10% heat-inactivated Fetal Calf Serum (FCS), 0.15% (w/v) NaCOs3, 100 U/mL penicillin
and 100 U/mL streptomycin at 37°C in 5% CO,. Trypomastigotes were obtained from the
extracellular medium of CHO-K1 infected cells as previously described [41].

Transport assays

Aliquots of epimastigote cultures (107 parasites) were centrifuged at 8,000 xg for 30 s and
washed once with phosphate-buffered saline (PBS). Cells were resuspended in 0.1 mL PBS
and then 0.1 mL of the transport mixture containing the corresponding radiolabeled sub-
strate was added: [3H]—putrescine, [3H]—proline, [SH]—lysine, [*H]-amino acids mixture (Ala,
Arg, Asp, Glu, Gly, His, Ile, Leu, Lys, Phe, Pro, Ser, Thr, Tyr and Val), [*H]-thymidine or
["*C] -glucose (PerkinElmer’s NEN Radiochemicals; 0.4 pCi). Parasites were pre-incubated
for 15 min with concentrations of isotretinoin between 0-50 pM for all molecules, except for
putrescine in which case 0-100 uM were used. Following incubation at 28°C, the transport
reaction was stopped by adding 1 mL of ice-cold PBS. Cells were centrifuged as indicated
above and washed twice with ice-cold PBS. Cell pellets were resuspended in 0.2 mL of water
and counted for radioactivity in UltimaGold XR liquid scintillation cocktail (Packard Instru-
ment Co., Meridien CT, USA) [42,43]. Non-specific binding and carry over were evaluated
by a standard transport assay supplemented with a 100-fold molar excess of the correspond-
ing substrate.
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Fig 1. Workflow of the virtual screening strategy. A two-steps methodology was applied for identification
of drug candidates to bind the TcPAT12 substrate recognition site. The ligand-based virtual screening was
performed using retinol acetate as reference molecule and a similarity searching algorithm based on the
polynomial-time algorithm for finding maximal cliques (LiSiCA) [32]. Tested compounds were obtained from
the ZINC database (http://zinc.docking.org/). The second step was a receptor-based strategy using the
homology modeled transporter TcPAT12 as the receptor, and selected compounds obtained from the
similarity screening as putative ligands. Molecular docking was performed using the AutoDock software [34].
(PA, polyamines; VS, virtual screening).

https://doi.org/10.1371/journal.pntd.0005472.9g001

Trypanocidal activity assays

Exponentially growing T. cruzi epimastigotes were cultured as described above, in 24-wells
plate at a start density of 10” cells.mL™" in BHT medium. Parasites growth was evaluated at dif-
ferent concentrations of isotretinoin, in the range of 0-300 uM, and parasite proliferation was
determined after 72 h. Inhibition of trypomastigote bursting from infected cells was performed
using CHO-K1 cells (5x10* per well) infected with trypomastigotes (2.5x10° per well) for 4 h.
After this period, the infected cells were washed twice with PBS, the RPMI medium was
replaced, and the cells were kept in culture in the presence of different concentrations of iso-
tretinoin (0-30 pM) for 24 h. After infection, plates were incubated at 33°C and parasites were
collected from the extracellular medium on the sixth day. Cells were counted using a Neubauer
chamber using a blinded design or by viability assays using “Cell Titer 96 Aqueous One Solu-
tion Cell Proliferation Assay (MTS)” (Promega, Madison, WI, USA) according to the manu-
facturer instructions.

Plasma membrane permeability assay

In order to test if isotretinoin exerts cell permeabilization, epimastigote cells (5x10°) were
washed twice and resuspended in PBS. Aliquots of 100 pl containing 10® parasites were mixed
with 100 pl of the same buffer containing increasing amounts of isotretinoin (0, 5, 25 and
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100 pM). After 30 min of incubation at room temperature in the presence of isotretinoin, the
tubes were centrifuged at 16100 xg for 2 min. Supernatants were kept on ice and pellets were
resuspended in the same buffer. Permeabilization of epimastigotes with digitonin was used as
a positive control; cells were washed twice and resuspended in 50 mM Tris-HCI buffer, pH 7.5,
containing 0.25 M sucrose and 10 uM E64. Aliquots of 100 pl containing 10° parasites were
mixed with 100 ul of the same buffer containing 0.3 mg.mL™" of digitonin. After 2.5 min of
incubation at room temperature, the tubes were centrifuged at 16100 xg for 2 min. Superna-
tants were transferred to new tubes and pellets were resuspended in the same buffer. All super-
natant and pellet fractions were analyzed by Western blot. Briefly, samples were run on 15%
SDS-polyacrylamide gels (PAGE) and transferred onto a PVDF membrane. The membranes
were blocked and incubated with primary rabbit antibodies anti-glutamate dehydrogenase
(1:5000 dilution) followed by incubation with peroxidase-conjugated anti-rabbit (1:5000 dilu-
tion). The peroxidase-labeled proteins were revealed using Super Signal West Pico Chemilu-
minescent substrate following the manufacturer instructions (Pierce, Waltham, MA, USA).

Determination of epimastigotes death mechanisms

For apoptosis analysis by TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end
labeling), parasites (107) were treated with the corresponding concentrations of isotretinoin
and, after letting the cells settle for 20 min onto poly-L-lysine coated coverslips, were fixed for
20 min with 4% paraformaldehyde in PBS and permeabilized with 0.1% Triton X-100. Assays
were performed using the “In situ cell death detection Kit” (Roche) according to the manufac-
turer instructions. Positive and negative controls were made using DNAse I and untreated par-
asites, respectively. Slides were mounted using Vectashield with DAPI (Vector Laboratories)
and cells were observed under an Olympus BX60 fluorescence microscope. Images were
recorded with an Olympus XM10 camera. To detect phosphatidylserine, annexin V binding
on the external surface of the plasma membrane of treated and untreated parasites was evalu-
ated using the “Annexin V: FITC Apoptosis Detection Kit” (Sigma-Aldrich) according to the
manufacturer’s protocol. Co-staining of the parasites with propidium iodide was performed to
evaluate the integrity of plasma membrane during the treatments. Fluorescence was detected
in FACSCalibur equipment (Becton Dickinson & Co., NJ, USA). Data was analyzed using
Cyflogic software. [44]. Autophagy was evaluated using monodansylcadaverine (MDC) label-
ing [45]. Briefly, after isotretinoin treatment, parasites were incubated with 0.05 mM MDC in
PBS at 37°C for 15 min and washed twice in PBS. MDC stain was evaluated using a fluores-
cence microscope Olympus BX60 and images were captured with an Olympus XM10 digital
camera. To evaluate the formation of autophagic structures by indirect immunoflurescence
microscopy, epimastigote samples were collected, washed twice with PBS, and settled for 20
min at room temperature onto poly L-lysine coated coverslips. Parasites were then fixed at
room temperature for 20 min with 4% formaldehyde in PBS, permeabilized with cold metha-
nol for 5 min, and rehydrated in PBS for 15 min. The samples were blocked with 1% BSA in
PBS for 10 min and incubated with the primary antibody in blocking buffer (rabbit anti-
Atg8.1 polyclonal, 1:250 dilution) for 2 h. The antibody was kindly provided by Dra. Vanina E.
Alvarez from the “Instituto de Investigaciones Biotecnologicas” (IIB-INTECH). After three
washes, the parasites were incubated with anti-rabbit antibodies tagged with FITC, at a dilu-
tion of 1:500 for 30 min, washed and mounted using Vectashield with DAPI (Vector Laborato-
ries). Cells were observed in an Olympus BX60 fluorescence microscope and recorded with

an Olympus XM 10 camera. To detect apoptotic bodies, cultures were stained with acridine
orange and ethidium bromide. The morphology of death and surviving cells were observed

by fluorescence microscopy. Ethidium bromide only enters into non-viable cells and stains
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chromatin and apoptotic bodies with an orange color. Acridine orange penetrates in viable
cells and turns green when it intercalates with DNA [46].

Statistics and data analysis

All the experiments were made at least in triplicates and results presented here are representa-
tive of three independent assays. IC5, values were obtained by non-linear regression of dose-
response logistic functions, using GraphPad Prism 6.01.

Results
Virtual screening studies

Two consecutive virtual screening techniques were applied to find out putative TcPAT12 inhibi-
tors. As mentioned, previous data demonstrated that retinol acetate has toxic effects on Leish-
mania parasites by diminishing the intracellular polyamine concentrations [30]. According to
these results, this molecule was used as a reference compound for virtual screening. In order to
get more ligands to test besides retinol acetate, the first approach was a ligand-based virtual
screening using a database containing 2924 FDA approved drugs and nutraceuticals. Seven
therapeutic retinoids [47] were obtained from the first step of virtual screening and were used
to construct a similarity matrix (S1 Fig) and a dendrogram based on the Tanimoto coefficient,
using the Unweighted Pair Group Method with Arithmetic mean (UPGMA) algorithm [33,48].
The similarity graphic discriminates between clusters containing the different generations of
retinoids which are structurally unrelated to the natural substrates of TcPAT12 (Fig 2).

The second step was a receptor-based strategy using molecular docking simulations. The
three-dimensional structure of TcPAT12 was modeled using as a template the Escherichia coli
amino acid antiporter, and refined with experimentally validated data about the putrescine
binding site [14]. Since evaluation methods for homology models quality were made based on
the data available on the PDB, they are biased towards globular proteins, and cannot be used
for membrane proteins [49]. For that reason, the quality of the TcPAT12 model was evaluated
by checking torsion angles of the peptide backbone in a Ramachandran Plot, one of the most
powerful tools used to determinate the quality of a model coordinates [37,50] (S2 Fig). Results
showed that the obtained model has only 4.3% of the torsions in the outlier regions of the plot,
and none of those residues were involved in the active site of the transporter. Given that 91%
of the experimental structures deposited in the PDB have 10% or less residues in the outlier
region, and only 76.5% possess less than 5% of outliers, the generated model for TcPAT12
can be considered to have a reasonable quality [51]. The ability of the selected retinoids to
interact with TcPAT12 substrate binding residues was tested by a computer-assisted simula-
tion with AutoDock 4.0, using the natural substrates of TcPAT12 as binding parameter refer-
ences (Table 1). For each compound, two criteria were used to analyze docking results: the
lowest global binding score, and the lowest binding score from the most populated cluster.
Isotretinoin had the lowest binding energy values for both sorting criteria. These results,
together with its availability and market price, point it out as the best candidate for further
analysis. According to docking models, isotretinoin binds within the hydrophobic channel of
the transporter, in the previously reported putrescine-binding pocket, interacting with resi-
dues Asn245, Tyr148 and Tyr400 (Fig 3A and 3B).

Isotretinoin possess a ligand efficiency of -0.37 kcal.mol™ for its interaction with the poly-
amine binding site of TcPAT12, and the cluster with the lowest global free binding score
(-10.78 kcal.mol ') was also the one with more conformations, with 35 of the 100 generated
poses. Interestingly, when docking a simulation between TcPAT12 and isotretinoin was per-
formed over the whole transporter molecule, without limiting the region to be tested, similar
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Fig 2. Similarity dendrogram of the selected compounds. Seven therapeutic retinoids obtained in the first step of virtual
screening were used to construct a dendrogram from a similarity matrix, based on the Tanimoto coefficient using the
Unweighted Pair Group Method with Arithmetic mean (UPGMA) algorithm [33]. The different generations of retinoids (G1
and G2) and the natural substrates of TcPAT12 (S; putrescine and spermidine) were indicated in the different clusters.
Numbers are referred to the compounds listed in Table 1. The arrow indicates the selected compound, isotretinoin. The inset
shows the structures of retinol and its derivative isotretinoin.

https://doi.org/10.1371/journal.pntd.0005472.9g002

results were obtained; isotretinoin also bound residues Asn245, Tyr148, and Tyr400. Both
results suggest that isotretinoin binds more stably in that region of TcPAT12 than its natural

ligands. All these data are summarized in Table 1.

Effect of isotretinoin and other retinoids on polyamine transport

In order to validate the results obtained by virtual screening, the ability of isotretinoin to
inhibit putrescine uptake through TcPAT12 was evaluated. Putrescine concentration was fixed
in 100 pM, about 10-fold its Km value [52], and transport assays were performed in the pres-
ence of different concentrations of isotretinoin in the range of 0-100 uM. Results shown in Fig

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005472 March 17,2017

8/19


https://doi.org/10.1371/journal.pntd.0005472.g002
https://doi.org/10.1371/journal.pntd.0005472

@' PLOS NEGLECTED
2] : TROPICAL DISEASES Trypanocidal Action of Isotretinoin

Table 1. Compounds obtained by similarity screening and molecular docking analysis.

# Compound (popular name) Compound (brand name) AG (kcal.mol™) (all) AG (kcal.mol™") (MPC)
C1 Acitretin Neotigason -6.70 -6.70
Cc2 Alitretinoin Panretin -9.56 -9.56
C3 Etretinate Tegison +4.13 +4.13
C4 Isotretinoin Roaccutan -10.78 -10.78
C5 Putrescine* - -3.31 -3.31
C6 Retinal - -8.86 -8.86
Cc7 Retinoic acid Atralin -9.07 -9.07
Cc8 Retinol - -8.69 -8.69
C9 Retinol acetate - -10.02 -9.23

Cc10 Spermidine* - -3.08 -3.08

All the retinoids obtained by similarity searching, in addition to the reference compounds and the substrates of TcPAT12 (*), were listed in the table.
Columns indicate the compound abbreviation (#), the popular name and one of the brand names obtained from the zinc database (http://zinc.docking.org/),
the lowest ligand efficiency (AG all), and the lowest ligand efficiency of the most populated cluster (AG MPC). Ligand efficiency values were calculated using
the AutoDock software. Dash (-) instead of brand name indicates that the compound is marketed under its chemical (popular) name.

https://doi.org/10.1371/journal.pntd.0005472.t001

4A confirmed that low concentrations of this drug produce a significant inhibition of putres-
cine transport. The calculated isotretinoin concentration that inhibited 50% of the putrescine
transport (ICsp) was 4.6 uM. To evaluate if the putrescine transport could be inhibited by
other retinoids that scored promising AG values in the docking assays, the experiments were
repeated with acitretin (AG = -6.70 kcal.mol™"), a drug used for psoriasis treatment, and the
isotretinoin precursor retinol (AG = -8.69 kcal.mol*). The ICs, of acitretin was 6.8 uM while
retinol had no effect on putrescine transport in the tested concentrations.

Effect of isotretinoin on other transport systems

The amino acid and polyamine transporters of the TtAAAP family are very similar in terms
of amino acid sequences [7]. For this reason, the inhibitory effect of isotretinoin on other

) \ &
Asn 245 Tyr 400

Fig 3. Predicted binding between isotretinoin and TcPAT12. (A) The three-dimensional model of
TcPAT12 (GenBank ID: AY526253) was obtained by homology modeling in the Swiss-model server [35]
using the Escherichia coliamino acid antiporter (PDB ID: 3L1L) as a template and refined using a previously
reported modeled structure [14]. Residues taken as flexible for docking analysis are indicated in green and the
ligand isotretinoin in red. (B) Detailed docked conformation of isotretinoin inside the binding site of homology
modeled TcPAT12. The figure shows the residues where the substrate putrescine and isotretinoin bind to the
transporter.

https://doi.org/10.1371/journal.pntd.0005472.9g003
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Fig 4. Effect of isotretinoin on polyamine transport and parasites growth. (A) Putrescine transport was
measured using epimastigote cultures (107 parasites) and 100 uM [®H]-putrescine, as indicated under
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Methods, in presence of isotretinoin 0—100 uM (plotted in log scale). Transport values are given as the
percentage of the transport rate in untreated parasites (11.7 pmol.min™'). The ICs, value was calculated by
non-linear regression using the GraphPad Prism software. (B) CHO-K1 cells were infected with trypomastigote
forms (in a proportion 1:50) for 4 h. Infected cells were treated with different concentrations of isotretinoin
between 0 and 30 uM for 24 h. After treatment, plates were incubated at 33°C and trypomastigotes were
collected from the extracellular medium on the sixth day. Parasite density is expressed as the percentage of
untreated parasites (1.23 x10° cells.mL™"). (C) 107 exponential phase epimastigotes were treated with different
concentrations of isotretinoin between 0 and 300 uM for 72 h. Cell density is expressed as the percentage of
untreated parasites (6.6x10” cells.mL™). All the IC50 calculations were carried as described in “Trypanocidal
activity assays” under the Methods section.

https://doi.org/10.1371/journal.pntd.0005472.9004

transporters from the same family, and also over structurally unrelated permeases, was evalu-
ated. ICs, values were calculated with the same criteria used for putrescine transport; about
10-fold the Km concentration of each compound, in the presence of isotretinoin from 0 to

50 uM. The assayed substrates of TtAAAP transporters were proline, lysine, and an amino
acid mix [9,12], while thymidine and glucose incorporation was evaluated for effect of isotreti-
noin on unrelated permeases [53]. Calculated ICs, values for proline, lysine and the amino
acid mix were 10.3 uM, 5.1 pM and 5.8 uM, respectively. On the other hand, isotretinoin pro-
duced no significant inhibition on thymidine and glucose transport demonstrating its specific-
ity for members of the TtAAAP family.

Evaluation of isotretinoin trypanocidal activity

With the aim of analyzing if the inhibition of putrescine uptake could affect the parasites viabil-
ity, isotretinoin toxicity over trypomastigotes and epimastigotes was assessed. The effect of iso-
tretinoin in trypomastigotes, the mammal infective form of T. cruzi, was evaluated using a
model of in vitro infection in CHO-K1 cells. Infected cells were exposed to isotretinoin for 24 h
in the concentration range of 0-30 uM. At very low concentrations, isotretinoin inhibited the
trypomastigotes burst after six days of infection, with a calculated ICs, of 130 nM (Fig 4B).
Remarkably, this ICs, value is significantly lower than those obtained for the drugs currently
used as a treatment for Chagas disease [12,16]. The calculated selectivity index of isotretinoin
against trypomastigotes over human macrophages was about 920. In addition, the infection
index (infected cells x total amastigotes per cell) was calculated for infected cells treated with iso-
tretinoin from 65 to 260 nM. For control cells it was 6.44 (+1.55) and for cells treated with 65,
130 and 260 nM were 6.49 (+1.98), 4.13 (£1.16) and 3.61 (+£0.94), respectively. Epimastigotes,
the insect stage of T. cruzi, were also treated with different concentrations of isotretinoin (0-
300 uM) for 72 h. As Fig 4C shows, isotretinoin was also effective as growth inhibitor of cultured
epimastigotes, but at concentrations 230-fold higher than in trypomastigotes (ICso = 30.6 ptM).

To evaluate the cytotoxicity of isotretinoin on CHO-K1 cells and peripheral blood mono-
cytes, cells were exposed to isotretinoin for 24 h in a concentration range from 0 to 30 uM, and
no effect was observed at any of these drug concentrations.

Determination of isotretinoin trypanocidal mechanism

In order to test if the observed inhibition of parasites growth was mediated by a programmed
cell death mechanism, apoptosis analysis in epimastigote cells was performed. The first
approach was to evaluate the exposition of phosphatidylserine (annexin V) and propidium
iodide exclusion by flow cytometry. As S3 Fig shows both cell death markers were negative in
epimastigotes exposed to isotretinoin from 30 to 120 uM for 72 h. The second technique used
was the TUNEL assay. Epimastigote cells treated with 30 uM isotretinoin for 72 h presented a
TUNEL negative staining (Fig 5). In order to evaluate apoptosis using a short-time isotretinoin
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6h

72 h

C+

Fig 5. Fluorescence micrographs of TUNEL-stained epimastigotes. Epimastigote cells were treated
with DNAse | (apoptosis positive control, C+), without treatment (negative control, C-) or 200 and 30 uM
isotretinoin for 6 and 72 h, respectively. Parasites were fixed and permeabilized after the TUNEL reaction
(green) and stained with DAPI (blue). Images acquired by fluorescence microscopy under 100x objective
showed positive TUNEL in DNAse | control and cells treated with 200 uM isotretinoin for 6 h. Differential
interference contrast (DIC) images showed the differences in cell morphology (partially or fully rounded cells)
after 6 h isotretinoin exposure. The TUNEL protocol was detailed under Methods.

https://doi.org/10.1371/journal.pntd.0005472.g005

treatment, the IC50 for epimastigotes was calculated at 6 h post-treatment, with a value of

214 uM. At 200 UM isotretinoin, the percentage of TUNEL positive cells decreased to 64.9% (+
0.03) showing a complete change in cell morphology, partially or fully rounded cells. Negative
and positive controls were also assayed, using untreated cells and cells treated with DNAse I,
respectively. Under these conditions the exposition of phosphatidylserine and propidium
iodide were also evaluated. Flow cytometry analysis showed that 21.3% of the parasites treated
with 200 pM drug were positive for annexin V and all the cells population was negative to
propidium iodide. These results suggest that parasites entered only in apoptosis, no necrosis
process was observed (53 Fig, lower panel). In addition, to assess whether an autophagic com-
ponent is involved in cell death induced by isotretinoin treatment, parasites were evaluated
using MDC, a fluorescent probe that accumulates in autophagic vacuoles [45]. Parasites
treated for 6 h with 200 uM isotretinoin presented rounded structures stained by MDC, (Fig
6A). To validate the formation of autophagic structures, subcellular localization of TcAtg8.1
protein, an autophagosomal membrane marker [54], was evaluated by indirect immunofluo-
rescence microscopy. Autophagic vacuoles were detected in parasites also treated for 6 h with
200 puM isotretinoin, indicating that autophagic processes were triggered by this drug (Fig 6B).
Finally, when parasites under the same treatment conditions were stained with ethidium bro-
mide and acridine orange, apoptotic bodies were detected (Fig 6A).
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Fig 6. Fluorescence microscopy analysis of autophagic vacuoles and apoptotic bodies in epimastigotes
treated with isotretinoin. (A) Parasites were treated with 200 uM isotretinoin for 6 h (ISO) and without the drug
(negative control, CONTROL). After this period, cells were evaluated with MDC to detect autophagosomes.

Cells treated with the drug showed fluorescent probe (blue) accumulated in autophagic vacuoles. To identify
apoptosis, parasites with the same treatment conditions were stained with acridine orange and ethidium bromide
(AO/EB). Apoptotic bodies were detected only in the treated cells (orange). (B) Analysis of autophagic structures.
Immunofluorescence microscopy of untreated parasites (CONTROL) and exposed to 200 uM isotretinoin for 6 h
(1SO), marked with anti-Atg8.1 antibody. Atg8.1 protein is a autophagosomal membrane marker. The arrows
indicate the parasites that were magnified (10x) in the images on the right. The nuclei and kinetoplasts were
stained with DAPI (blue).

https://doi.org/10.1371/journal.pntd.0005472.g006

Effect of isotretinoin on the stability of the plasma membrane

To determine if the trypanocidal effect of isotretinoin was due to an increased permeability of
the plasma membrane, permeabilization experiments with this drug were carried out using the
non-ionic detergent digitonin as a positive control (54 Fig). The pattern of extraction of gluta-
mate dehydrogenase, which localizes in the parasites cytosol, was used as a membrane stability
marker [55]. At isotretinoin concentrations up to 100 uM, Western Blot analysis showed that
glutamate dehydrogenase was completely absent in the parasites supernatant demonstrating
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that the structure of the plasma membrane remained unaltered at these drug concentrations.
Positive control experiments using digitonin 0.3 mg.mL"' showed that the cytosolic marker had
been totally extracted. The plasma membrane integrity was also evaluated by propidium iodide
exclusion using flow cytometry. Results of treatments up to 120 uM for 72 h and 200 uM for 6
h, suggest that the plasma membrane remains unaltered after isotretinoin exposure (S3 Fig).

Discussion

Two of the most promising alternatives related to the Chagas disease therapy were the use of
benznidazole in the chronic phase of the disease (BENEFIT) and the implementation of posa-
conazole as a novel trypanocidal drug. Unfortunately, after a recent evaluation of their effec-
tiveness, none of these alternatives was successful [56,57] highlighting the urgent need for the
development of new therapeutic substitutes for conventional treatments. In this context, drug
repositioning is a rapid way to obtain compounds with new desired biological activity from
drugs already approved for human use, smoothing the path for quickly reaching the counters
[58]. Within in silico strategies for drugs identification, the combination of different virtual
screening techniques significantly enhances the possibility to succeed in subsequent in vitro
and in vivo studies [18]. In this work the strategy used was a combination of a ligand-based vir-
tual screening by similarity followed by a receptor-based technique (molecular docking). The
T. cruzi polyamine permease TcPAT12 is a promising therapeutic target for rational drug
design since this parasite is the only trypanosomatid unable to synthesize polyamines de novo,
which makes it dependent on transport processes [59]. Besides, as reported so far, this is the
only polyamine transporter present in 7. cruzi.

Isotretinoin was selected on the basis of its low predicted free binding energy and for being
a very common, low-cost compound. Isotretinoin is a retinol derivative, naturally found in
small quantities in the human body and mainly used in the treatment of severe acne [60].
Another advantage is its market price of about USD 300-400 per kilogram which would make
it easily accessible for developing countries. The calculated lowest free binding energy of iso-
tretinoin to TcPAT12 substrate recognition site was -10.78 kcal.mol ™. This value is similar to
the obtained using the specific human polyamine transport blocker AMXT-1501 (-14.01 kcal.
mol ™) [61] and lower than those of the natural substrates, putrescine (-3.31 kcal.mol ™) and
spermidine (-3.08 kcal.mol ™). These data suggest that the stability of the isotretinoin—trans-
porter complex is higher than those formed with its natural substrates probably because of the
greater number of atoms (23) capable of engage in molecular interactions. When three of the
molecules predicted to bind to the transporter were tested, isotretinoin and acitretin produced
a strong inhibition of putrescine transport, while retinol had no effect. This is due to the
predictability achievable by AutoDock simulations, which because of the completely theoreti-
cal nature of their scoring function, when compared with experimental models of other
ligand-membrane protein interactions, have demonstrated 62% chances of identifying active
compounds, while 44% chances of misidentifying an inactive compound as an active one [62].
Isotretinoin inhibition of transport correlated with its trypanocidal activity in epimastigotes.
The ICs calculated for trypomastigotes was in the nanomolar order and about 230-fold higher
than the observed in epimastigotes, and also had a value similar to that of a new proteasome
inhibitor tested by Novartis for treating T. cruzi infection in mice [63]. When compared, the
effect of the drug in trypomastigotes was almost three orders of magnitude higher than its
effect in human macrophages (selectivity index). These results are important since only the
mammalian T. cruzi stages are relevant from a therapeutic perspective. In addition, the con-
centration at which isotretinoin acts in vitro is one order of magnitude lower than those
reported for the drugs currently used for the treatment of Chagas disease; benznidazole and
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nifurtimox [12,16]. Isotretinoin is a good candidate for the treatment of Chagas disease since it
does not require to be chemically modified. This feature is relevant since after any chemical
modification it will be considered as a new drug and not as a repositioned one, with the conse-
quent expensive trials required for its approval. Once the effect of isotretinoin over TcPAT12
was validated, inhibition of other amino acid transporters from the same family was tested.
Remarkably, isotretinoin inhibited all the assessed transporters from TcAAAP family and no
effect was observed over structurally unrelated proteins such as hexoses and nucleosides trans-
porters. This specificity could be explained by the high structural similarity between all mem-
bers of polyamines and amino acids transporters of the TTAAAP family.

Autophagy is a mechanism by which cells under starvation digest their own components to
provide amino acids that may function as an energy source [44] and this process was reported
in trypanosomatids more than 10 years ago [64]. Considering that isotretinoin inhibited poly-
amine and also amino acid transporters, the consequent nutrient starvation would initiate
autophagic process that might not recover the cells and thus the programmed cell death by
apoptosis might be triggered. This is particularly relevant in the case of T. cruzi since epimasti-
gotes use amino acids as the main carbon and energy sources alternative to glucose, as well as
the use of amino acids in stage differentiation, host cells invasion, stress resistance, cell energy
management, among others [12,65,66,67]. Isotretinoin acts as a multi-target inhibitor of trans-
porter proteins from the TcAAAP family, improving its trypanocidal potential as well as
diminishing the possibility of generating drug resistance in the parasite. In addition, isotreti-
noin probably acts on the transporters in the external side of the plasma membrane, avoiding
one of the most common problems of drugs, such as the way of entry into the cells.

Summarizing, isotretinoin is a promising trypanocidal drug because it has activity in the
nanomolar range of concentrations, it is a multi-target inhibitor of essential metabolites trans-
porters, it is already approved by the FDA and also it is a drug largely used in humans, which
significantly reduces the requirements for its application in therapy for Chagas disease.

Supporting information

S1 Fig. Similarity matrix, based on the Tanimoto coefficient. All compounds (C1 -C10)
obtained from the first step of virtual screening were used to construct a similarity matrix.
Indicated values were calculated based on the Tanimoto coefficient by comparing between
each set of similarity scores. The name of each compound was indicated in Table 1.

(PDF)

S2 Fig. Evaluation of TcPAT12 model by Ramachandran Plot. Analysis of ® and ¥ back-
bone angles on a Ramachandran plot for the homology modeled TcPAT12, with 86.5% of resi-
dues in the favored region, 9.1% in allowed region and 4.3% in outlier region.

(PDF)

S3 Fig. Apoptosis and membrane stability analysis. Dot-plot graphics of flow cytometry
analysis of annexin-V labeling (x-axis) and propidium iodide (y-axis) were performed in order
to evaluate apoptosis and the plasma membrane permeability of parasites treated with 30, 60
and 120 pM of isotretinoin for 72 h (upper panel), 200 uM of drug for 6 h (lower panel) and
untreated cells (control). The results suggest that the plasma membrane remains unaltered
after isotretinoin exposure and necrotic processes were not observed in any treatment. Only
the parasites exposed to 200 uM for 6 h were positive for annexin V.

(PDF)

S4 Fig. Effect of isotretinoin on the plasma membrane. Extraction experiments were carried
out using isotretinoin (A) or the non-ionic detergent digitonin as extraction control (B). 10°
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parasites were incubated with increasing amounts of isotretinoin (5, 25 and 100 uM), or digito-
nin (0 and 0.3 mg.mL™"). Fractionation results were analyzed by Western blot using antibodies
anti- T. cruzi glutamate dehydrogenase which localizes in the parasites cytosol. Upper and
lower lines of each figure showed the pellet and supernatant fractions after extraction, respec-
tively. Numbers above each figure indicate the concentration of isotretinoin (A) or digitonin
(B). The detailed protocol was described under Methods.

(PDF)

Acknowledgments

Special thanks to Lic. Fabio di Girolamo (IDIM-CONICET) for technical support; and Dr.
Alan Talevi (UNLP) and Dr. Luciana Gavernet (UNLP) for their helpful advice on virtual
screening techniques. To Dra.Vanina E. Alvarez, Dra. Patricia Bustos, Dra. Fernanda Rubio
and Prof. Ariel Silber for helping us in the determination of cell death mechanisms.

Author Contributions

Conceptualization: CAP MRM.

Data curation: EAVV CAP.

Formal analysis: CR MRM CAP.

Funding acquisition: CAP MRM.

Investigation: CR EAVV MS AEE CCA MRM.

Methodology: CR EAVV AEE CCA.

Project administration: CAP.

Resources: CAP.

Software: EAVV.

Supervision: CAP.

Validation: MS.

Visualization: CR.

Writing - original draft: CAP CR.

Writing - review & editing: CAP CR EAVV MS.

References

1.

Chagas C (1909) Nova Tripanosomiaze Humana: Estudos sobre amorfolojia e o ciclo evolutivo do Schi-
zotrypanum cruzi n. gen., n. sp., ajente etiolojico de uma nova entidade mérbida do homem. Mem Inst
Oswaldo Cruz 1: 159-218.

WHO (2016) Chagas disease (American trypanosomiasis) http://www.who.int/chagas/.

Rassi A Jr., Rassi A, Marcondes de Rezende J (2012) American trypanosomiasis (Chagas disease).
Infect Dis Clin North Am 26: 275-291. https://doi.org/10.1016/j.idc.2012.03.002 PMID: 22632639

Chatelain E (2015) Chagas disease drug discovery: toward a new era. J Biomol Screen 20: 22—-35.
https://doi.org/10.1177/1087057114550585 PMID: 25245987

Marin-Neto JA, Rassi A Jr., Avezum A Jr., Mattos AC, Rassi A, et al. (2009) The BENEFIT trial: testing
the hypothesis that trypanocidal therapy is beneficial for patients with chronic Chagas heart disease.
Mem Inst Oswaldo Cruz 104 Suppl 1: 319-324.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005472 March 17,2017 16/19


http://www.who.int/chagas/
https://doi.org/10.1016/j.idc.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22632639
https://doi.org/10.1177/1087057114550585
http://www.ncbi.nlm.nih.gov/pubmed/25245987
https://doi.org/10.1371/journal.pntd.0005472

@ PLOS | RSHEAE Biseases

Trypanocidal Action of Isotretinoin

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

Barrett MP, Burchmore RJ, Stich A, Lazzari JO, Frasch AC, et al. (2003) The trypanosomiases. Lancet
362: 1469-1480. https://doi.org/10.1016/S0140-6736(03)14694-6 PMID: 14602444

Bouvier LA, Silber AM, Galvao Lopes C, Canepa GE, Miranda MR, et al. (2004) Post genomic analysis
of permeases from the amino acid/auxin family in protozoan parasites. Biochem Biophys Res Commun
321: 547-556. https://doi.org/10.1016/j.bbrc.2004.07.002 PMID: 15358142

Carrillo C, Canepa GE, Algranati ID, Pereira CA (2006) Molecular and functional characterization of a
spermidine transporter (TcPAT12) from Trypanosoma cruzi. Biochem Biophys Res Commun 344:
936—-940. https://doi.org/10.1016/j.bbrc.2006.03.215 PMID: 16631600

Carrillo C, Canepa GE, Giacometti A, Bouvier LA, Miranda MR, et al. (2010) Trypanosoma cruzi amino
acid transporter TCAAAP411 mediates arginine uptake in yeasts. FEMS Microbiol Lett 306: 97—102.
https://doi.org/10.1111/j.1574-6968.2010.01936.x PMID: 20337715

Inbar E, Canepa GE, Carrillo C, Glaser F, Suter Grotemeyer M, et al. (2012) Lysine transporters in
human trypanosomatid pathogens. Amino Acids 42: 347-360. https://doi.org/10.1007/s00726-010-
0812-z PMID: 21170560

Miranda MR, Saye M, Bouvier LA, Camara Mde L, Montserrat J, et al. (2012) Cationic amino acid
uptake constitutes a metabolic regulation mechanism and occurs in the flagellar pocket of Trypanosoma
cruzi. PLoS One 7:e32760. https://doi.org/10.1371/journal.pone.0032760 PMID: 22393446

Saye M, Miranda MR, di Girolamo F, de los Milagros Camara M, Pereira CA (2014) Proline modulates
the Trypanosoma cruzi resistance to reactive oxygen species and drugs through a novel D, L-proline
transporter. PLoS One 9: €92028. https://doi.org/10.1371/journal.pone.0092028 PMID: 24637744

Schlisselberg D, Mazarib E, Inbar E, Rentsch D, Myler PJ, et al. (2015) Size does matter: 18 amino
acids at the N-terminal tip of an amino acid transporter in Leishmania determine substrate specificity.
Sci Rep 5: 16289. https://doi.org/10.1038/srep16289 PMID: 26549185

Soysa R, Venselaar H, Poston J, Uliman B, Hasne MP (2013) Structural model of a putrescine-cadaver-
ine permease from Trypanosoma cruzi predicts residues vital for transport and ligand binding. Biochem
J 452: 423-432. https://doi.org/10.1042/BJ20130350 PMID: 23535070

Carrillo C, Cejas S, Gonzalez NS, Algranati ID (1999) Trypanosoma cruzi epimastigotes lack ornithine
decarboxylase but can express a foreign gene encoding this enzyme. FEBS Lett 454: 192—-196. PMID:
10431805

Diaz MV, Miranda MR, Campos-Estrada C, Reigada C, Maya JD, et al. (2014) Pentamidine exerts in
vitro and in vivo anti Trypanosoma cruzi activity and inhibits the polyamine transport in Trypanosoma
cruzi. Acta Trop 134: 1-9. https://doi.org/10.1016/j.actatropica.2014.02.012 PMID: 24560964

Seguel V, Castro L, Reigada C, Cortes L, Diaz MV, et al. (2016) Pentamidine antagonizes the benznida-
zole’s effect in vitro, and lacks of synergy in vivo: Implications about the polyamine transport as an anti-
Trypanosoma cruzi target. Exp Parasitol 171: 23—-32. https://doi.org/10.1016/j.exppara.2016.10.007
PMID: 27729250

Ashburn TT, Thor KB (2004) Drug repositioning: identifying and developing new uses for existing drugs.
Nat Rev Drug Discov 3: 673—683. https://doi.org/10.1038/nrd1468 PMID: 15286734

Alberca LN, Sbaraglini ML, Balcazar D, Fraccaroli L, Carrillo C, et al. (2016) Discovery of novel poly-
amine analogs with anti-protozoal activity by computer guided drug repositioning. J Comput Aided Mol
Des.

Doldo E, Costanza G, Agostinelli S, Tarquini C, Ferlosio A, et al. (2015) Vitamin A, cancer treatment
and prevention: the new role of cellular retinol binding proteins. Biomed Res Int 2015: 624627. hitps://
doi.org/10.1155/2015/624627 PMID: 25879031

Khillan JS (2014) Vitamin A/retinol and maintenance of pluripotency of stem cells. Nutrients 6: 1209—
1222. https://doi.org/10.3390/nu6031209 PMID: 24662164

O’Byrne SM, Blaner WS (2013) Retinol and retinyl esters: biochemistry and physiology. J Lipid Res 54:
1731-1743. https://doi.org/10.1194/jlr. R037648 PMID: 23625372

Zhong M, Kawaguchi R, Kassai M, Sun H (2012) Retina, retinol, retinal and the natural history of vitamin
A as a light sensor. Nutrients 4: 2069—-2096. https://doi.org/10.3390/nu4122069 PMID: 23363998

Marceau G, Gallot D, Lemery D, Sapin V (2007) Metabolism of retinol during mammalian placental and
embryonic development. Vitam Horm 75: 97-115. https://doi.org/10.1016/S0083-6729(06)75004-X
PMID: 17368313

Bauters TG, Laureys G, Van de Velde V, Benoit Y, Robays H (2011) Practical implications for the
administration of 13-cis retinoic acid in pediatric oncology. Int J Clin Pharm 33: 597-598. https://doi.
org/10.1007/s11096-011-9519-9 PMID: 21544558

Blaner WS (2001) Cellular metabolism and actions of 13-cis-retinoic acid. J Am Acad Dermatol 45:
S$129-135. https://doi.org/10.1067/mjd.2001.113714 PMID: 11606944

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005472 March 17,2017 17/19


https://doi.org/10.1016/S0140-6736(03)14694-6
http://www.ncbi.nlm.nih.gov/pubmed/14602444
https://doi.org/10.1016/j.bbrc.2004.07.002
http://www.ncbi.nlm.nih.gov/pubmed/15358142
https://doi.org/10.1016/j.bbrc.2006.03.215
http://www.ncbi.nlm.nih.gov/pubmed/16631600
https://doi.org/10.1111/j.1574-6968.2010.01936.x
http://www.ncbi.nlm.nih.gov/pubmed/20337715
https://doi.org/10.1007/s00726-010-0812-z
https://doi.org/10.1007/s00726-010-0812-z
http://www.ncbi.nlm.nih.gov/pubmed/21170560
https://doi.org/10.1371/journal.pone.0032760
http://www.ncbi.nlm.nih.gov/pubmed/22393446
https://doi.org/10.1371/journal.pone.0092028
http://www.ncbi.nlm.nih.gov/pubmed/24637744
https://doi.org/10.1038/srep16289
http://www.ncbi.nlm.nih.gov/pubmed/26549185
https://doi.org/10.1042/BJ20130350
http://www.ncbi.nlm.nih.gov/pubmed/23535070
http://www.ncbi.nlm.nih.gov/pubmed/10431805
https://doi.org/10.1016/j.actatropica.2014.02.012
http://www.ncbi.nlm.nih.gov/pubmed/24560964
https://doi.org/10.1016/j.exppara.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27729250
https://doi.org/10.1038/nrd1468
http://www.ncbi.nlm.nih.gov/pubmed/15286734
https://doi.org/10.1155/2015/624627
https://doi.org/10.1155/2015/624627
http://www.ncbi.nlm.nih.gov/pubmed/25879031
https://doi.org/10.3390/nu6031209
http://www.ncbi.nlm.nih.gov/pubmed/24662164
https://doi.org/10.1194/jlr.R037648
http://www.ncbi.nlm.nih.gov/pubmed/23625372
https://doi.org/10.3390/nu4122069
http://www.ncbi.nlm.nih.gov/pubmed/23363998
https://doi.org/10.1016/S0083-6729(06)75004-X
http://www.ncbi.nlm.nih.gov/pubmed/17368313
https://doi.org/10.1007/s11096-011-9519-9
https://doi.org/10.1007/s11096-011-9519-9
http://www.ncbi.nlm.nih.gov/pubmed/21544558
https://doi.org/10.1067/mjd.2001.113714
http://www.ncbi.nlm.nih.gov/pubmed/11606944
https://doi.org/10.1371/journal.pntd.0005472

@ PLOS | RSHEAE Biseases

Trypanocidal Action of Isotretinoin

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Demirseren DD, Kilinc F, Emre S, Akyol M, Metin A, et al. (2016) The weeks and the cumulative doses
of the first adverse events related to oral isotretinoin in acne patients: analysis of 300 patients. J Derma-
tolog Treat: 1-5.

Melnik BC (2016) Apoptosis May Explain the Pharmacological Mode of Action and Adverse Effects of
Isotretinoin, Including Teratogenicity. Acta Derm Venereol.

Dawson M, Xia Z (2012) The retinoid X receptors and their ligands. Biochim Biophys Acta 1821: 21—
56. https://doi.org/10.1016/j.bbalip.2011.09.014 PMID: 22020178

Mukhopadhyay R, Madhubala R (1994) Effect of antioxidants on the growth and polyamine levels of
Leishmania donovani. Biochem Pharmacol 47:611-615. PMID: 8129739

Sadek |A (1983) Opalina ranarum: inhibitory effect of 13-cis-retinoic acid or retinyl palmitate on the
induction of cyst formation. Exp Parasitol 56: 241-246. PMID: 6413239

Lesnik S, Stular T, Brus B, Knez D, Gobec S, et al. (2015) LiSiCA: A Software for Ligand-Based Virtual
Screening and lts Application for the Discovery of Butyrylcholinesterase Inhibitors. J Chem Inf Model
55: 1521-1528. hitps://doi.org/10.1021/acs.jcim.5b00136 PMID: 26158767

Bajusz D, Racz A, Heberger K (2015) Why is Tanimoto index an appropriate choice for fingerprint-
based similarity calculations? J Cheminform 7: 20. https://doi.org/10.1186/s13321-015-0069-3 PMID:
26052348

Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, et al. (2009) AutoDock4 and AutoDock-
Tools4: Automated docking with selective receptor flexibility. J Comput Chem 30: 2785-2791. https:/
doi.org/10.1002/jcc.21256 PMID: 19399780

Schwede T, Kopp J, Guex N, Peitsch MC (2003) SWISS-MODEL: An automated protein homology-
modeling server. Nucleic Acids Res 31: 3381-3385. PMID: 12824332

Fiser A, Sali A (2003) Modeller: generation and refinement of homology-based protein structure models.
Methods Enzymol 374: 461-491. https://doi.org/10.1016/S0076-6879(03)74020-8 PMID: 14696385

Lovell SC, Davis IW, Arendall WB 3rd, de Bakker PI, Word JM, et al. (2003) Structure validation by Cal-
pha geometry: phi,psi and Cbeta deviation. Proteins 50: 437—450. https://doi.org/10.1002/prot.10286
PMID: 12557186

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, et al. (2004) UCSF Chimera—a
visualization system for exploratory research and analysis. J Comput Chem 25: 1605-1612. https://doi.
org/10.1002/jcc.20084 PMID: 15264254

Valera Vera EA, Saye M, Reigada C, Damasceno FS, Silber AM, et al. (2016) Resveratrol inhibits Try-
panosoma cruzi arginine kinase and exerts a trypanocidal activity. Int J Biol Macromol.

Camargo EP (1964) Growth and Differentiation in Trypanosoma Cruzi. |. Origin of Metacyclic Trypano-
somes in Liquid Media. Rev Inst Med Trop Sao Paulo 6: 93-100. PMID: 14177814

Tonelli RR, Silber AM, Almeida-de-Faria M, Hirata IY, Colli W, et al. (2004) L-proline is essential for the
intracellular differentiation of Trypanosoma cruzi. Cell Microbiol 6: 733—741. https://doi.org/10.1111/].
1462-5822.2004.00397.x PMID: 15236640

Pereira CA, Alonso GD, Paveto MC, Flawia MM, Torres HN (1999) L-arginine uptake and L-phosphoar-
ginine synthesis in Trypanosoma cruzi. J Eukaryot Microbiol 46: 566-570. PMID: 10568030

Cupello MP, Souza CF, Buchensky C, Soares JB, Laranja GA, et al. (2011) The heme uptake process
in Trypanosoma cruzi epimastigotes is inhibited by heme analogues and by inhibitors of ABC transport-
ers. Acta Trop 120: 211-218. https://doi.org/10.1016/j.actatropica.2011.08.011 PMID: 21903090

Jimenez V, Paredes R, Sosa MA, Galanti N (2008) Natural programmed cell death in T. cruzi epimasti-
gotes maintained in axenic cultures. J Cell Biochem 105: 688—698. https://doi.org/10.1002/jcb.21864
PMID: 18668509

Biederbick A, Kern HF, Elsasser HP (1995) Monodansylcadaverine (MDC) is a specific in vivo marker
for autophagic vacuoles. Eur J Cell Biol 66: 3—14. PMID: 7750517

Franco DL, Nojek IM, Molinero L, Coso OA, Costas MA (2002) Osmotic stress sensitizes naturally resis-
tant cells to TNF-alpha-induced apoptosis. Cell Death Differ 9: 1090—1098. https://doi.org/10.1038/sj.
cdd.4401074 PMID: 12232797

Vivat-Hannah V, Zusi FC (2005) Retinoids as therapeutic agents: today and tomorrow. Mini Rev Med
Chem 5: 755-760. PMID: 16101411

Garcia-Vallve S, Palau J, Romeu A (1999) Horizontal gene transfer in glycosyl hydrolases inferred from
codon usage in Escherichia coli and Bacillus subtilis. Mol Biol Evol 16: 1125—-1134. PMID: 10486968

Benkert P, Biasini M, Schwede T (2011) Toward the estimation of the absolute quality of individual pro-
tein structure models. Bioinformatics 27: 343-350. https://doi.org/10.1093/bioinformatics/btq662
PMID: 21134891

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005472 March 17,2017 18/19


https://doi.org/10.1016/j.bbalip.2011.09.014
http://www.ncbi.nlm.nih.gov/pubmed/22020178
http://www.ncbi.nlm.nih.gov/pubmed/8129739
http://www.ncbi.nlm.nih.gov/pubmed/6413239
https://doi.org/10.1021/acs.jcim.5b00136
http://www.ncbi.nlm.nih.gov/pubmed/26158767
https://doi.org/10.1186/s13321-015-0069-3
http://www.ncbi.nlm.nih.gov/pubmed/26052348
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1002/jcc.21256
http://www.ncbi.nlm.nih.gov/pubmed/19399780
http://www.ncbi.nlm.nih.gov/pubmed/12824332
https://doi.org/10.1016/S0076-6879(03)74020-8
http://www.ncbi.nlm.nih.gov/pubmed/14696385
https://doi.org/10.1002/prot.10286
http://www.ncbi.nlm.nih.gov/pubmed/12557186
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
http://www.ncbi.nlm.nih.gov/pubmed/14177814
https://doi.org/10.1111/j.1462-5822.2004.00397.x
https://doi.org/10.1111/j.1462-5822.2004.00397.x
http://www.ncbi.nlm.nih.gov/pubmed/15236640
http://www.ncbi.nlm.nih.gov/pubmed/10568030
https://doi.org/10.1016/j.actatropica.2011.08.011
http://www.ncbi.nlm.nih.gov/pubmed/21903090
https://doi.org/10.1002/jcb.21864
http://www.ncbi.nlm.nih.gov/pubmed/18668509
http://www.ncbi.nlm.nih.gov/pubmed/7750517
https://doi.org/10.1038/sj.cdd.4401074
https://doi.org/10.1038/sj.cdd.4401074
http://www.ncbi.nlm.nih.gov/pubmed/12232797
http://www.ncbi.nlm.nih.gov/pubmed/16101411
http://www.ncbi.nlm.nih.gov/pubmed/10486968
https://doi.org/10.1093/bioinformatics/btq662
http://www.ncbi.nlm.nih.gov/pubmed/21134891
https://doi.org/10.1371/journal.pntd.0005472

@ PLOS | RSHEAE Biseases

Trypanocidal Action of Isotretinoin

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Rodriguez R, Chinea G, Lopez N, Pons T, Vriend G (1998) Homology modeling, model and software
evaluation: three related resources. Bioinformatics 14: 523-528. PMID: 9694991

Kleywegt GJ, Jones TA (1996) Phi/psi-chology: Ramachandran revisited. Structure 4: 1395-1400.
PMID: 8994966

Reigada C, Saye M, Vera EV, Balcazar D, Fraccaroli L, et al. (2016) Trypanosoma cruzi Polyamine
Transporter: Its Role on Parasite Growth and Survival Under Stress Conditions. J Membr Biol.

Finley RW, Cooney DA, Dvorak JA (1988) Nucleoside uptake in Trypanosoma cruzi: analysis of a
mutant resistant to tubercidin. Mol Biochem Parasitol 31: 133—-140. PMID: 3054542

Alvarez VE, Kosec G, Sant’Anna C, Turk V, Cazzulo JJ, et al. (2008) Autophagy is involved in nutritional
stress response and differentiation in Trypanosoma cruzi. J Biol Chem 283: 3454—3464. https://doi.org/
10.1074/jbc.M708474200 PMID: 18039653

Cazzulo JJ (1994) Intermediate metabolism in Trypanosoma cruzi. J Bioenerg Biomembr 26: 157—-165.
PMID: 8056782

Khare S, Liu X, Stinson M, Rivera |, GroesslI T, et al. (2015) Antitrypanosomal Treatment with Benznida-
zole Is Superior to Posaconazole Regimens in Mouse Models of Chagas Disease. Antimicrob Agents
Chemother 59: 6385—-6394. https://doi.org/10.1128/AAC.00689-15 PMID: 26239982

Pecoul B, Batista C, Stobbaerts E, Ribeiro |, Vilasanjuan R, et al. (2016) The BENEFIT Trial: Where Do
We Go from Here? PLoS Negl Trop Dis 10: e0004343. https://doi.org/10.1371/journal.pntd.0004343
PMID: 26913759

Bellera CL, Sbaraglini ML, Balcazar DE, Fraccaroli L, Vanrell MC, et al. (2015) High-throughput drug
repositioning for the discovery of new treatments for Chagas disease. Mini Rev Med Chem 15: 182—
193. PMID: 25769967

Carrillo C, Cejas S, Huber A, Gonzalez NS, Algranati ID (2003) Lack of arginine decarboxylase in Trypa-
nosoma cruzi epimastigotes. J Eukaryot Microbiol 50: 312-316. PMID: 14563168

Larsen TH, Jemec GB (2003) Acne: comparing hormonal approaches to antibiotics and isotretinoin.
Expert Opin Pharmacother 4: 1097—-11083. https://doi.org/10.1517/14656566.4.7.1097 PMID:
12831336

Hayes CS, Shicora AC, Keough MP, Snook AE, Burns MR, et al. (2014) Polyamine-blocking therapy
reverses immunosuppression in the tumor microenvironment. Cancer Immunol Res 2: 274-285.
https://doi.org/10.1158/2326-6066.CIR-13-0120-T PMID: 24778323

Gupta A, Chaudhary N, Kakularam KR, Pallu R, Polamarasetty A (2015) The Augmenting Effects of
Desolvation and Conformational Energy Terms on the Predictions of Docking Programs against
mPGES-1. PLoS One 10: e0134472. https://doi.org/10.1371/journal.pone.0134472 PMID: 26305898

Khare S, Nagle AS, Biggart A, Lai YH, Liang F, et al. (2016) Proteasome inhibition for treatment of leish-
maniasis, Chagas disease and sleeping sickness. Nature.

Brennand A, Gualdron-Lopez M, Coppens |, Rigden DJ, Ginger ML, et al. (2011) Autophagy in parasitic
protists: unique features and drug targets. Mol Biochem Parasitol 177: 83-99. https://doi.org/10.1016/j.
molbiopara.2011.02.003 PMID: 21315770

Martins RM, Covarrubias C, Rojas RG, Silber AM, Yoshida N (2009) Use of L-proline and ATP produc-
tion by Trypanosoma cruzi metacyclic forms as requirements for host cell invasion. Infect Immun 77:
3023-3032. https://doi.org/10.1128/1A1.00138-09 PMID: 19433547

Pereira CA, Alonso GD, Paveto MC, Iribarren A, Cabanas ML, et al. (2000) Trypanosoma cruzi arginine
kinase characterization and cloning. A novel energetic pathway in protozoan parasites. J Biol Chem
275: 1495-1501. PMID: 10625703

Pereira CA, Saye M, Wrenger C, Miranda MR (2014) Metabolite transporters in trypanosomatid para-
sites: promising therapeutic targets but. . . How to deal with them? Curr Med Chem 21: 1707-1712.
PMID: 23992329

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005472 March 17,2017 19/19


http://www.ncbi.nlm.nih.gov/pubmed/9694991
http://www.ncbi.nlm.nih.gov/pubmed/8994966
http://www.ncbi.nlm.nih.gov/pubmed/3054542
https://doi.org/10.1074/jbc.M708474200
https://doi.org/10.1074/jbc.M708474200
http://www.ncbi.nlm.nih.gov/pubmed/18039653
http://www.ncbi.nlm.nih.gov/pubmed/8056782
https://doi.org/10.1128/AAC.00689-15
http://www.ncbi.nlm.nih.gov/pubmed/26239982
https://doi.org/10.1371/journal.pntd.0004343
http://www.ncbi.nlm.nih.gov/pubmed/26913759
http://www.ncbi.nlm.nih.gov/pubmed/25769967
http://www.ncbi.nlm.nih.gov/pubmed/14563168
https://doi.org/10.1517/14656566.4.7.1097
http://www.ncbi.nlm.nih.gov/pubmed/12831336
https://doi.org/10.1158/2326-6066.CIR-13-0120-T
http://www.ncbi.nlm.nih.gov/pubmed/24778323
https://doi.org/10.1371/journal.pone.0134472
http://www.ncbi.nlm.nih.gov/pubmed/26305898
https://doi.org/10.1016/j.molbiopara.2011.02.003
https://doi.org/10.1016/j.molbiopara.2011.02.003
http://www.ncbi.nlm.nih.gov/pubmed/21315770
https://doi.org/10.1128/IAI.00138-09
http://www.ncbi.nlm.nih.gov/pubmed/19433547
http://www.ncbi.nlm.nih.gov/pubmed/10625703
http://www.ncbi.nlm.nih.gov/pubmed/23992329
https://doi.org/10.1371/journal.pntd.0005472

