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Abstract: Trypanosoma species are responsible for chronic and systemic infections in millions of
people around the world, compromising life quality, and family and government budgets. This
group of diseases is classified as neglected and causes thousands of deaths each year. In the present
study, the trypanocidal effect of a set of 12 ester derivatives of the p-coumaric acid was tested.
Of the test derivatives, pentyl p-coumarate (7) (5.16 ± 1.28 µM; 61.63 ± 28.59 µM) presented the
best respective trypanocidal activities against both epimastigote and trypomastigote forms. Flow
cytometry analysis revealed an increase in the percentage of 7-AAD labeled cells, an increase in
reactive oxygen species, and a loss of mitochondrial membrane potential; indicating cell death by
necrosis. This mechanism was confirmed by scanning electron microscopy, noting the loss of cellular
integrity. Molecular docking data indicated that of the chemical compounds tested, compound 7
potentially acts through two mechanisms of action, whether by links with aldo-keto reductases (AKR)
or by comprising cruzain (CZ) which is one of the key Trypanosoma cruzi development enzymes. The
results indicate that for both enzymes, van der Waals interactions between ligand and receptors favor
binding and hydrophobic interactions with the phenolic and aliphatic parts of the ligand. The study
demonstrates that p-coumarate derivatives are promising molecules for developing new prototypes
with antiprotozoal activity.

Keywords: natural products; esters; cinnamic acid; phenylpropanoid; Trypanosoma; neglected
diseases; antiparasitic activity

1. Introduction

Neglected diseases are a group of diseases which compromise quality of life and bring death
to a considerable part of the world’s population, especially in underdeveloped and developing
countries [1,2]. It is estimated that these diseases affect more than one billion people around the
world [3–5]. Strategies to control or eliminate these diseases through interventions, such as vector control
and neutralization of the infectious agent are of great importance [6,7]. American trypanosomiasis or
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Chagas’ disease is caused by the parasite Trypanosoma cruzi (T. cruzi) [8–11]. Currently 6 to 8 million
people are infected and more than 100 million are at risk [12]. Chagas’ disease (CD) presents two clinical
stages, an acute phase where symptoms are more asymptomatic, and a chronic phase which leads
to heart failure or even death [13]. Currently, two drugs are used against the disease; benznidazole
and nifurtimox [14]. Both present side effects ranging from allergic reactions, to fever, insomnia, and
also gastrointestinal symptoms such as weight loss and nausea [15,16]. Despite efforts to develop an
effective and safe therapeutic approach, there are still no effective vaccines [17–19]. Because of this,
the search for new effective and safe compounds to treat Chagas disease has been the aim of various
studies [20].

Natural products used in treating this type of infection are promising [21,22]. For example,
hydroxycinnamic acid presents various pharmacological activities: anti-inflammatory, antimicrobial,
antioxidant, antitumor, and antiviral [23,24]. Hydroxycinnamic acids are found in much of the
human diet such as caffeic acid (CaA), p-couramic acid (pCoA), and ferulic acid (FeA). They are
found in wine, vegetables, fruits, seeds, and sugarcane-sugar [25]. p-Coumaric acid is a phenolic
secondary metabolite abundant in nature [26–30]. It is of great importance for presenting antioxidant,
anti-inflammatory, anticancer, chemo-protectant, anti-diabetic, and antimicrobial properties [31].
Derivatives of p-coumaric acid, amide N-trans-p-coumaroylthyramine and its analogues, were isolated
from a bioactive methanolic extract of Polygonum hyrcanicum in a biomonitoring study and presented
trypanocidal activity against Trypanosoma brucei [32]; p-coumaric acid, also isolated from the extract,
presented lower trypanocidal potency.

Thus, given reports of trypanocidal activity for hydroxyl benzoic derivatives, and due to the lack
of studies in the literature concerning the trypanocidal activity of p-coumaric acid derivatives, as well
as the therapeutic potential of this chemical class against Trypanosoma species, the proposal of this study
was to prepare and evaluate the trypanocidal activity of a collection of p-coumaric acid derivatives.

2. Results and Discussion

2.1. Chemistry of Compounds 1–12

In this work, twelve compounds were prepared, maintaining the (E)-3-(4-hydroxyphenyl) acrylic
acid structure and modifying only the radical R for: Methyl (1), Ethyl (2), Propyl (3), Isopropyl (4),
Methoxyethyl (5), Butyl (6), Pentyl (7), Isopentyl (8), Hexyl (9), Dodecyl (10), 4-Methylbenzyl (11), and
4-Isopropylbenzyl (12) esters. In the derivatives reaction, (E)-3-(4-hydroxyphenyl) acrylic acid and
ROH were used. Most of the products obtained a good yield and the reactions were carried out in
a single step. Compounds 1–8 were prepared by Fischer esterification, the products were obtained
within 5–27 h, presenting satisfactory yields (34.50–90.63%). For compounds 9–12 the Mitsunobu
reaction was used, and reactions times were around 72 h with yields of 29–50% (Scheme 1).

The infrared spectra of the p-coumaric acid analogs presented absorption bands above 3000 cm−1

relative to stretch C-H sp2, C = C stretch ring absorption bands occurring in pairs in the 1600 and
1475 cm−1 regions, C = O stretch bands occurred in the range 1750–1730 cm−1, the C-O stretch assigned
to the ester bond appeared with two bands in the range 1300 to 1000 cm−1. Alkyl substituents show
C-H (sp3) stretch bands at about 3000 cm−1, strain absorbing methylene groups at 1465 cm−1, and
methyl groups at 1375 cm−1. Regarding hydroxyl binding to the aromatic ring, it presented a stretch
peak in the 3400–3200 cm−1 region.

The 1H and 13CNMR spectra of the synthesized products demonstrate the presence of six common
hydrogens (H-2 and H-6, H-3 and H-5, H-7, H-8) being four aromatic ring hydrogens, and two side
chain hydrogens; as well as nine carbons in common (C-1, C-2, C-3, C-4, C-5, C-6, C-7, C-8, C-9), being
six from the aromatic ring and three from the side chain with the presence of carbonyl that confirms
the structures. The hydrogen signals obtained in (CDCl3, 400 MHz, ppm), with greater displacement,
related to compound 12 were: for olefinic hydrogen we have two doublets at δ 7.69 (d, J = 15.96 Hz,
1H) and 6.35 (d, J = 15.96, 1H), respectively assigned to the H-7 and H-8 hydrogens, where the trans
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configuration is confirmed by the coupling constant (J = 15.96 Hz). For aromatic hydrogens we have
two doublets at δ 7.42 (d, J = 8.4, 2H) and 6.87 (d, J = 8.55, 2H) assigned to protons H-2 and H-6; H-3 and
H-5, respectively. Similar coupling constants highlight the coupling that occurs between neighboring
hydrogens and the signals of the methylene and methyl saturated side chain hydrogens, as well as the
methoxy signals of aromatic hydrogens.

13CNMR data present chemical shift values that also confirm the identity of the compounds.
For 13CNMR spectra, the signals obtained at (CDCl3, 100 MHz, ppm), with greater displacement, for
compound 8 were: 168.6 characteristic of ester C = O, and 145.1 attributed to carbon C-7, 158.6 of
C-4, 126.8 of C-1, 115.2 of C-8, and signals in the region of 130.2 to 116.1 assigned to the carbons of
the p-coumaric ring, respectively C-2 and C-6, C-3 and C-5. In addition to these signals, chemical
shifts of saturated and aromatic side chain carbons were also evidenced, confirming the structure of
each compound.
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Scheme 1. Preparation of the p-coumaric acid derivatives: (a) ROH, H2SO4, reflux; (b) ROH, THF, TPP,
DIAD, 0 ◦C to r.t.

2.2. Trypanocidal Activity of Compounds 1–12

The trypanocidal activity of the p-coumaric derivatives (1–12) were evaluated against epimastigotes
and trypomastigote forms of T. cruzi (strain Y) at 24 h of incubation and in host LLC-MK2 cells at 24 h
of exposure to different concentrations: 100; 50; 25; 12.5; 6.25; 3.12; and 1.56 µg/mL. In the MTT assay it
was possible to calculate the IC50 of the tested substances through cell viability, which was calculated
in relation to the negative control, whose absorbance was considered 100%. The results were evaluated
as IC50 and measured in µM as shown in the Table 1.

2.3. Cell Death Profile

Epimastigote forms were used to assess the cell death profile using labeling with AxPE and
7-AAD. For data interpretation, the cells were divided into four cell populations: viable cells, with low
levels of labeling for both fluorochromes (un-labeled); necrotic cells, labeled only with 7-AAD (7AAD
+); apoptotic cells, labeled with annexin V-PE only (/ AxPE +); and doubly labeled late apoptotic cells
(7AAD +/AxPE +) [33].

Cells were incubated with compound 7 for 24 h at concentrations of 5.164 and 10.329 µM,
equivalent to IC50 and 2 × IC50. In this assay, a reduction in the percentage of viable cells and an
increase in the percentage of 7-AAD-labeled cells was observed, indicating cell death by necrosis
(Figure 1A–C). Necrosis results in damage to the plasma membrane and cell organelles [34]. The
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increase is also observed in the displacement of cell populations, as shown in Figure 1D, which contains
the scatter plot density graphs of the cells.

Table 1. Trypanocidal activity of compounds 1–12 against Y strain of T. cruzi and LLC-MK2.

p-Coumaric Esters

Y strain Y strain
(Epimastigotes) (Tripomastigotes) LLC-MK2

IC50 (µM) SI IC50 (µM) SI IC50 (µM)
1 601.06 ± 249.17 >561.21
2 216.06 ± 109.25 443.41 ± 109.25
3 16.76 ± 1.93 26.55 117.09 ± 59.15 3.8 445.55 ± 187.16
4 334.90 ± 54.30 289.71 ± 48.97
5 32.03 ± 5.39 >14.05 360.42 ± 112.49 >1.25 >449.96
6 154.99 ± 33.14 273.89 ± 46.76
7 5.16 ± 1.28 23.86 61.63 ± 28.59 2 123.26 ± 22.62
8 13.23 ± 2.56 9.1 111.31 ± 38.70 1.08 120.32 ± 19.20
9 68.86 ± 18.12 131.32 ± 16.91
10 50.55 ± 18.94 141.39 ± 15.18
11 75.47 ± 13.41 160.18 ± 97.64
12 40.05 ± 10.12 2.74 ± 9.11
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Figure 1. 7 AAD and annexin V-PE labeling tests. Density figure presentations (A–C) of control (A), (B)
with derivative 7 on BIS 5.164 µM, and (C) at 10.329 µM. In the lower left quadrant, viable cells are
represented; while in the upper left quadrant are 7AAD + population (necrosis); in the lower right
quadrant ha Ax + population (early apoptosis); and right upper quadrant corresponds to population
7AD/Ax + (late apoptosis); (D) percentage numbers of cells (marked and unmarked) in the evaluation.
Results are shown as mean ± SEM of tests performed in triplicate. * p < 0.05 vs. control group.

2.4. Analysis of Reactive Oxygen Species

Figure 2A,B presents the effect of compound 7 on the production of reactive species in T. cruzi
epimastigote forms. A relative fluorescence increase was observed in both treated groups as compared
to the control. The results indicate that with increased reactive oxygen species, compound 7 induces
oxidative stress on the parasite. Thus, flow cytometry analysis was performed to verify the ability of
compound 7 to change T. cruzi parameters [35].
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Figure 2. Flow cytometry (FC) evaluations for cytocytic measurement of ROS and mitochondrial
transmembrane potential (∆Ψm). (A) FC histogram overlap of cultures treated with derivative 7
after 24 h incubation for DCF labeling; (B) bending alteration in geometric means in DCF; (C) shows
FC histogram overlap of derivative 7 treated cultures for Rho123 labeling after 24 h incubation;
(D) Fold-change in geometric means on Rho123. The data are presented as mean ± SEM of three
independent experiments performed in triplicate. * p < 0.05 vs. control group.

2.5. Mitochondrial Transmembrane Potential

When evaluated with rhodamine 123, cells treated with compound 7 presented a reduction in
rhodamine accumulation, indicating mitochondrial injury. This helps explain the cell death of the
parasite [36,37]. Figure 2C,D illustrate the results.

2.6. Scanning Electron Microscopy

Morphological changes in epimastigote forms induced by compound 7 after 24 h of treatment
were analyzed by scanning electron microscopy. Ultrastructural changes were observed in the treated
groups, such as changes in typical shape, apparent leakage of cytoplasmic content, and cell membrane
degradation as shown in Figure 3 [38].

The analysis of the p-coumaric acid derivatives was based on 50% inhibitory concentration (IC50)
results for the trypanocidal activities tested. Twelve compounds were tested for trypanocidal activity
against T. cruzi epimastigotes, trypomastigotes, and LCC-MK2 cells. Of the collection presented in
Table 1, four presented good activity against epimastigote forms (compounds 3, 5, 7, and 8).

We observed that methyl p-coumarate, compound (1) presented the lowest antiparasitic potency,
with a high IC50 (601.06± 249.17 µM). On the other hand, substitution with an ethyl group in compound
2 resulted in a 50% decrease in inhibitory concentration (IC50) (216.06 ± 109.25 µM) when compared to
compound 1 [39]. These same characteristics were observed against the Trypanosoma brucei species in a
study by Taladriz et al. (2012) [40]. Corroborating these results, Lima et al. (2015) showed that ethyl
caffeate (18.27 µM) presents good activity against T. cruzi amastigotes [41].

When we analyzed compounds 3, 4, and 5, all (with three-carbon side chains) presented a
difference in their IC50 values (16.76 ± 1.93 µM, 334.90 ± 54.30 µM and 32.03 ± 5.39 µM, respectively).
We observe that modification of the n-propyl radical (3) to isopropyl (4) contributes to a reduction in
activity, possibly due to the volume of the isopropyl group that compound 4 presents in its branch.
Propyl p-coumarate (3) was twice as potent as 2-methoxyethyl p-coumarate (5) [42,43]. Compound 3
also presented greater selectivity than compound 5 for the epimastigote form (SI = 26.55, SI ≥ 14.05,
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respectively), and the trypomastigote form (SI = 3.8, SI ≥ 1.25, respectively). This is probably due to
the presence of oxygen in the aliphatic chain, decreasing trypanocidal activity [44].
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Figure 3. Scanning electron microscopy images of Trypanosoma cruzi epimastigotes. Untreated
epimastigotes (control; (A)), epimastigotes treated with IC50 (B,C) and 2 × IC50 for compound 7 (D).
Treated parasites showed ultrastructural changes, such as changes in typical shape, apparent leakage of
cytoplasmic content, and cell membrane degradation. Scale bar =5 µm.

Compound 6 presented an IC50 of 154.99 ± 33.14 µM; an increase in trypanocidal potency as
compared to compound 1, this is possibly related to the lipophilicity of the derivative, increasing
its penetration across the parasite cell membrane, and consequently influencing the parasite cell
membrane and increasing trypanocidal activity [45,46].

Of the derivatives evaluated, pentyl p-coumarate (7) and isopentyl p-coumarate (8) were the
compounds with the lowest IC50 values, both in epimastigote forms (5.16 ± 1.28, and 13.23 ± 2.56 µM,
respectively), and in trypomastigote forms (61.63 ± 28.59, and 111.31 ± 38.70 µM, respectively).
Compound 7 when compared to compound 8 had a higher selectivity index in the epimastigote form
(SI = 23.86, SI = 9.1, respectively), than in the trypomastigote form (SI = 2, SI = 1.08, respectively). This
explains the high antiparasitic activity against the epimastigote form. Compound 7 was considered
the most potent of the derivatives analyzed. This compound presents hydrogen bonds with the
receptor, as well as hydrophobic and van der Waals bonds with the phenolic and aliphatic parts and
is able to block the activity of the T. cruzi enzymes CZ and AKR, as shown in the molecular docking
study. Studies conducted by Steverding et al. (2016) found that isopentyl caffeate, which was used for
its activity against Trypanosoma brucei, inhibited parasite growth. Thus, five-carbon alkyl chains on
hydroxycinnamic derivatives should contribute to trypanocidal activity [47].

Compounds 9 (68.86 ± 18.12 µM) and 10 (50.55 ± 18.94 µM) presented higher IC50 values as
compared to compound 7. This is possibly due to carbon chain increases to six and twelve carbons,
thus observing a decrease in trypanocidal derivatives activity [48]. With respect to compounds 11
(75.47 ± 13.41µM) and 12 (68.86 ± 18.12 µM) which did not show significant trypanocidal activity.
Replacing an aliphatic chain with an aryl radical resulted in decreased antiparasitic potency [49].
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Considering the results presented by compound 7, and due to its high selectivity, we analyzed its
antiparasitic mechanism of action against the epimastigote form. In flow cytometric analyses dealing
with compound 7, a reduction in the percentage of viable cells and an increase in the percentage
of 7-AAD-labeled cells was observed, indicating cell death by necrosis [50]. An increase in relative
fluorescence was observed at both tested concentrations of compound 7 (5.164 µM, and 10.329 µM),
as well as an increase in production of reactive oxygen species, inducing oxidative stress against the
parasite. Thus, cells treated with compound 7 presented a reduction in the accumulation of rhodamine
123, causing loss of mitochondrial transmembrane potential [51,52]. Upon analysis of the images
performed by scanning electron microscopy, alterations and loss of cellular integrity were observed in
the groups treated with compound 7; this was confirmed by the flow cytometry data [53]. The data
corroborate previous studies, where rupture of T. cruzi trypomastigote plasma membranes when using
the p-coumaric derivative [38] was observed.

2.7. Computational Methods

From the consensus computational target fishing approach three families of potential targets
in homo sapiens were identified: Carbonic anhydrases, aldo-keto, and aldose reductases and the
hydroxycarboxylic acid receptor 2. Among them, only carbonic anhydrases (CA) and aldo-keto
reductases (AKR) were found to have orthologous proteins in T. cruzi and they were considered for
docking studies with compound 7. Among all three target fishing approaches, only one protein from
T. cruzi (glyceraldehyde-3-phosphate dehydrogenase, GAPDH) was identified as potential target for
the query compound. Although this prediction received a low support from SEA, GAPDH was also
selected for modeling studies. In addition, set of known anti-trypanosomal targets comprising cruzain
(CZ), mitochondrial iron-dependent superoxide dismutase (SOD-A), cytoplasmatic iron-dependent
superoxide dismutase (SOD-B) and trypanothione reductase (TR).

Consequently, compound 7 was docked to below listed potential targets following the procedure
described in the Computational Methods section. The results of the molecular docking calculations are
summarized in Table 2. For GAPDH it has been observed that ligand can bind in presence of the NAD+

cofactor or it can displace the cofactor from its binding site and occupy the newly vacant region [54,55].
For this reason, binding hypotheses for compound 7 were generated in the presence of NAD+ and
with absent cofactor.

As can be seen from Table 2, only one probable binding mode of compound 7 was predicted for
the CA, SOD-B and GAPDH+NAD targets. In contrast, three potential binding modes were predicted
to AKR and GAPDH, while two probable binding modes were predicted for CZ, SOD-A, and TR. The
predicted binding pose of compound 7 to CA resembles that of ligands to the orthologous enzyme
in homo sapiens [56] and it is provided as Supporting Information in Figure S1. No hydrogen bond
between the ligand and the receptor is predicted to stabilize the complex. However, the ligand makes
an extensive network of contact with the receptor. The pentyl moiety accommodates in a hydrophobic
cavity flanked by L139, V127, V141, L203, V212, and F214. In addition, the carbonyl group points to
the region containing the histidine residues that coordinate the zinc atom and the phenyl moiety make
contacts with non-aromatic hydrophobic residues while it is exposed to the solvent.

The three probable binding poses of compound 7 to AKR also share the same binding region as
its human counterpart inhibitors [57,58]. These predicted binding modes are shown in Supporting
Information Figures S2–S4. As for the homo sapiens AKR inhibitors, the three predicted conformers of
compound 7 occupies the enzyme active site blocking the access to the NAP+ cofactor.

Conformers 1 and 3 are predicted to interact through hydrogen bonds with W113 (conformer 1)
and H112 (conformer 2). These interactions take place through the ligand phenol and carboxy groups,
respectively. The predicted conformers also make extensive contacts with the receptor that involve
NAP+, W25, R26, I53, Y54, S55, W81, H112, W113, W189, S194, I270, G271, and F277.

In the case of CZ, both predicted binding poses of compound 7 are in agreement to that observed
for the known CZ inhibitors [59] as represented in Supplementary Information Figures S5 and S6. These
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binding modes are predicted to form no hydrogen bonds with the receptor, however, both conformers
make contact with the catalytic C25 residue. Furthermore, the predicted conformers interact with G23,
S64, G65, G66, L67, M68, N69, N70, A138, D161, H162, and E208.

Table 2. Results of the molecular docking of compound 7 to its potential molecular targets.

Target Conformer
CHEMPLP GoldScore ChemScore ASP Consensus

Z-ScoreScore Z-Score Score Z-Score Score Z-Score Score Z-Score

CA 1 49.10 2.02 20.96 1.55 19.49 1.33 21.82 −0.24 1.17

AKR
1 56.39 2.66 29.48 2.02 23.39 1.07 29.91 −0.64 1.28
2 52.95 1.25 29.35 1.98 21.63 −0.19 35.77 1.98 1.25
3 53.55 1.50 23.25 0.13 23.85 1.40 34.20 1.28 1.08

CZ
1 48.74 2.44 25.33 1.60 12.71 0.21 16.45 0.83 1.27
2 44.60 0.58 20.03 −0.23 14.08 1.18 20.10 2.55 1.02

SOD-A
1 40.44 1.43 22.70 1.56 14.33 1.24 25.08 1.61 1.46
2 39.44 1.01 19.10 0.50 15.20 1.88 25.10 1.62 1.25

SOD-B 1 45.11 2.83 13.65 0.27 14.59 0.80 22.45 0.54 1.11

TR
1 48.30 1.53 24.73 1.31 17.34 1.76 23.78 1.25 1.46
2 45.41 0.57 24.56 1.26 15.73 0.25 26.48 2.44 1.13

GAPDH (a)
1 42.90 2.35 20.61 1.36 13.26 1.80 13.79 −0.01 1.37
2 40.97 1.56 21.16 1.56 13.01 1.60 14.72 0.26 1.24
3 41.83 1.92 18.52 0.59 12.89 1.50 14.47 0.19 1.05

GAPDH+NAD (b) 1 44.37 2.47 23.51 0.99 13.25 1.34 15.69 0.53 1.33
(a) GAPDH with bound cofactor. (b) GAPDH without bound cofactor. CA: caffeic acid; AKR: aldo-keto reductases;
SOD-A: mitochondrial iron-dependent superoxide dismutase; SOD-B: cytoplasmatic iron-dependent superoxide
dismutase; TR: trypanothione reductase.

In both the highly homologous SOD-A and SOD-B enzymes, compound 7 binds close to their
catalytic site located in the dimer interface as shown in Supporting Information Figures S7–S9. None of
the two binding poses predicted for SOD-A interact through hydrogen bonds with the receptor. They
also differ in the orientation of their aliphatic chains while the phenol moiety positions favorably to
contact F327 of the other subunit through π-stacking. Compound 7 bound to SOD-A also interacts
with residues from both chain in the dimer that include K32, H33, A36, K40, and Q73 from the first
monomer as well as V324, N325, E370, N379, R381, and P382 from the second subunit. On the other
hand, the compound under investigation is predicted to form two hydrogen bonds with H31 of the first
monomer and with E355 of subunit B through the hydroxyl group of the phenol moiety. In addition,
compound 7 makes an extensive network of contacts with SOD-B through Y35, K38, P64, L67, N68,
and H163 of the first monomer and G310, F312, G313, and R366 of the second subunit.

The two probable conformers of compound 7 bound to TR share the same binding pocket as
the previously identified TR inhibitors [60]. Conformer 1 is stabilized by a hydrogen bond between
the hydroxyl group of the phenol moiety to S10 while the later stacks below W17 in conformer 2 as
shown in Supporting Information Figures S10 and S11. In addition to S10 and W17, both conformers
interact with G9, L13, E14, G45, C48, V49, Y106, M109, T330, and I334. In contrast to the rest of the
identified potential targets for compound 7, its predicted binding poses to GAPDH shows that the
most probable conformers of the compound to this enzyme is located away from the known binding
site of its substrate and enzyme inhibitors. The later observation holds for the receptors containing
NAD and depleted of the cofactor as can be seen in the Supporting Information Figures S12–S15.
Thus, compound 7 is unable to block the binding of substrates to GAPDH and it will be discarded for
further investigations.

Hitherto, all the predicted binding modes of compound 7 to the assayed targets, except for
GADPH, are plausible. To get more insights into these predicted complexes, were performed molecular
dynamics simulations and MM-PBSA calculations for them as described in the Computational Methods
section. The predicted free energy of binding of compound 7 to its potential targets is summarized
in Table 3 and the only favorable values of binding energy are obtained for the targets AKR and CZ.
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Based on these results, were performed further analyses to the predicted binding modes of compound
7 to AKR (conformer 3) and CZ (conformer 1).

Table 3. Summary of the MM-PBSA calculations for the estimation of the free energy of binding of
compound 7 to its potential targets. ∆G is expressed in kcal/mol.

Target Conformer
MM-PBSA Component

∆G Total
Vdwaals EEL EPB ENPOLAR EDISPER ∆G Gas ∆G Solv

CA 1 −21.95 −8.52 20.85 −19.61 32.47 −30.47 33.71 3.24

AKR
1 −18.68 −3.84 13.79 −15.23 25.38 −22.52 23.95 1.43
2 −22.98 −13.56 24.72 −19.13 31.65 −36.54 37.24 0.70
3 −25.04 −8.37 17.98 −20.41 32.43 −33.41 30.00 −3.42

CZ
1 −28.47 −4.95 15.34 −21.01 34.94 −33.42 29.27 −4.15
2 −26.87 −4.96 21.43 −19.48 32.47 −31.83 34.43 2.60

SOD-A
1 −34.61 −14.76 35.23 −25.32 42.74 −49.37 52.64 3.27
2 −33.36 −13.14 33.30 −24.53 42.19 −46.51 50.96 4.45

SOD-B 1 −32.10 −22.17 47.67 −25.49 43.36 −54.27 65.54 11.27

TR
1 −24.51 −9.66 21.91 −20.20 32.74 −34.17 34.45 0.28
2 −22.75 −3.72 15.00 −18.36 30.81 −26.47 27.45 0.97

First examined the network of interactions of compound 7 bound to AKR and CZ during the
molecular dynamics simulations used for MM-PBSA calculations. The results of these analyses are
represented in Figure 4. The represented structures of the complexes correspond with the representative
structure of the cluster containing the largest number of molecular dynamics snapshots. Opposite
to the predictions of the molecular docking results, when molecular dynamics simulations are run
for the CZ-compound 7 complex, hydrogen bonds to the receptor can appear through the ligand’s
carbonyl group. These hydrogen bond interactions are observed in 59% of the 500 selected simulations
snapshots and they are more frequent with G66 (48% of all snapshots), followed by W26 (8%) and the
catalytic C25 (3%). Also, the most frequent contacts observed (for more than 50% of the snapshots) in
the complex predicted for compound 7 with CZ are with D161, G66, the catalytic C25, G23, G65, A138,
S64, L67, H162, W26, and L160. These contacts are of hydrophobic and Van der Waals character. The
less represented interactions appear mainly due to the flexibility of the receptor as well as because of
the small size of compound 7 relative to other known CZ inhibitors which allows for its positioning in
different regions of the CZ active site. Still, the fact that the ligand directly interacts with the catalytic
C25 in 90% of the snapshots ensures that it is able to block the catalytic activity of the enzyme.

The predicted complex of compound 7 with AKR shows that it can be stabilized by the formation
of hydrogen bonds with Y54, H112, and W113 in 57% of the selected snapshots. In addition, in 94% of
them the phenol group of the ligand is observed to stack through π–π interactions with W81. The most
frequent contacts of compound 7 with AKR along the MD simulations were observed with W81, H112,
W25, the NAP+ cofactor, F277, W113, I53, W189, A272, and P279. The contact of the ligand with the
NAP+ cofactor in 80% of the selected snapshots support the hypothesis that it can block the access of
the enzyme substrates to the later and hence to inhibit the receptor’s proper functioning.

Finally, investigated the contribution of the residues in the binding pockets of AKR and CZ to
gain additional insights about the binding energetics of the ligand to these to receptors. The results of
this analysis in summarized in Table 4. The results indicate that for both enzymes the Van der Waals
interactions between the ligand and the receptors favor its binding. In contrast, not all residues are
able to make a global favorable contribution to the free energy of binding. In the predicted complex
between compound 7 and AKR, W81, W25, and P279 makes the largest contribution to ligand binding.
This is a consequence of the large network of hydrophobic interactions, including π-π stacking, that
these residues make with the ligand’s phenol and aliphatic moieties. On the other hand, the formation
of the hydrogen bonds with Y54 and H12 are associated with a high desolvation penalty that cancels
free energy and contributes to these interactions.
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Figure 4. Probable binding modes of compound 7 to CZ (top) and AKR (bottom). Hydrogen bonds are
represented with green lines. The predicted frequency of interaction across the 500 snapshots used
for MM-PBSA calculations with the binding site residues is represented in the right. Edges width is
proportional to frequency of interaction with each amino acid and the frequency values are represented
in each edge.

Another example of the importance of considering the effect of desolvation is the interaction of
the carbonyl group of compound 7 with G66 of CZ through hydrogen bond that is observed in 48%
of the selected complex snapshots. On the other side, the interaction with W26 is highly favorable
since this residue is partially buried and the van der Waals and electrostatic interactions of the ligand
with it is higher that its desolvation penalty. Summarizing, the results of the free energy of binding
decomposition can aid in the future optimization of the activity of this series of compounds. This
can be achieved by suggesting structural modification that could improve the free energy of binding
through their interaction with receptor residues which are predicted to have a low/negative impact
in binding.

Given the importance of CZ and AKR in the life cycle of T. cruzi, the discovery of new potential
inhibitors of these enzymes is crucial for the development of novel drug candidates. We consider
that the results of the modeling studies performed for compound 7 strongly suggest two possible
mechanisms of action for the chemical compounds herein presented. Based on these results, further
experiments will be required to validate our hypothesis that this series of chemicals can serve as
inhibitors of the T. cruzi enzymes CZ and AKR.
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Table 4. Energy decomposition of the free energy of binding across residues in the binding pockets of
AKR and CZ. Energy is expressed in kcal/mol.

CZ AKR

Residue Van der
Waals Electrostatic Polar

Solvation
∆G

TOTAL Residue Van der
Waals Electrostatic Polar

Solvation
∆G

TOTAL

W26 −0.98 −0.65 0.52 −1.11 W81 −1.45 −0.28 0.34 −1.39
G65 −0.76 −1.33 1.17 −0.92 W25 −1.84 0.33 0.24 −1.28

H162 −1.39 −0.27 0.84 −0.82 P279 −0.97 0.09 −0.11 −1.00
L160 −0.97 0.10 0.25 −0.62 F277 −1.31 0.08 0.26 −0.97
A138 −0.45 0.06 −0.15 −0.54 W189 −0.74 −0.11 0.01 −0.84
L67 −0.79 0.24 0.03 −0.52 I53 −0.95 −0.25 0.50 −0.70
C25 −0.76 −0.05 0.31 −0.50 W113 −0.97 −0.97 1.54 −0.41
M68 −0.54 0.03 0.09 −0.42 A272 −0.46 0.03 0.03 −0.41
G23 −0.97 0.16 0.40 −0.42 H112 −0.51 −1.70 1.97 −0.24
G163 −0.48 0.06 0.05 −0.37 Y54 −0.36 −0.76 1.20 0.08
S64 −0.90 −0.16 0.75 −0.32 R26 −0.21 0.27 0.05 0.11
C22 −0.23 −0.11 0.06 −0.28 G271 −0.44 0.05 0.77 0.38
E208 −0.36 −0.17 0.39 −0.14
Q159 −0.11 −0.04 0.06 −0.09
D161 −1.55 −0.54 2.06 −0.03
N69 −0.04 0.00 0.06 0.01
Q21 −0.12 −0.05 0.19 0.01
C63 −0.39 −0.15 0.62 0.08
Q19 −0.17 0.21 0.15 0.19
G66 −0.80 −0.46 2.02 0.76

3. Conclusions

Of the twelve p-coumaric acid derivatives evaluated in this study, compounds 3, 5, 7, and
8 presented good trypanocidal activity. Derivative 7 demonstrated the best activity against both
epimastigote and trypomastigote forms, suggesting that the addition of a five-atom aliphatic carbon
chain as a substituent resulted in a more potent derivative. Due to the high selectivity of compound 7,
in flow cytometry analyses we observed reductions in the percentage of viable cells, and increases in the
percentage of cells labeled with 7-AAD, increases in reactive oxygen species (leading to oxidative stress
on the parasite), and loss of mitochondrial membrane potentials (indicating cell death by necrosis).
This mechanism was confirmed by scanning electron microscopy; the loss of cellular integrity, and cell
death by necrosis being noted. Molecular docking studies confirmed the affinity of compound 7 for the
CZ and AKR enzymes, which are essential for T. cruzi growth. The results indicate these derivatives as
promising prototypes for development of new drug candidates with trypanocidal activity.

4. Materials and Methods

4.1. Chemical Characterization and Reagents

For the isolation and purification of the products, column adsorption chromatography (silica
gel 60, ART 7734, MERCK, St. Louis, Missouri, EUA) on hexane and ethyl acetate gradients was
used. Reaction monitoring and product analysis were via thin layer analytical chromatography (silica
gel 60 F254) and ultraviolet light visualization using two wavelengths (254 and 366 nm). Infrared
spectra were performed by FTIR spectrophotometry, Cary 630 FTIR Agilent Technologies®, potassium
bromide (KBr) pills, and frequency measurement in cm−1. The 1H and 13C NMR spectra were obtained
on a VARIAN-NMR-SYSTEM machine operating at 400 and 100 MHz. Deuterated solvent was used
(DMSO-d6 and CDCl3). Chemical shifts (d) were measured in parts per million (ppm) with coupling
constants (J) in Hz. High Resolution Mass spectra were performed in the Centro de Tecnologias
Estratégicas do Nordeste (CETENE), Recife, PE, Brazil (www.cetene.gov.br), on Ultraflex II TOF/TOF
equipment with a high performance solid state laser (λ = 355 nm) and a reflector, using MALDI
technique—Matrix Assisted Laser Desorption Ionization. Samples were loaded in a steel plate (MTP
384 steel base; Bruker Daltonics Gmbh, Bremen, Germany).

www.cetene.gov.br
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4.2. General Procedure for Preparation of Compounds 1–8

The p-coumaric acid (0.1g; 0.61mmol) was dissolved in alcohol (20 mL) in the presence of H2SO4

(0.2 mL) and refluxed till the completion of the reaction (5–27 h), and noted using single spot TLC.
The solvent was evaporated under reduced pressure and water (10 mL) was added to the crude
mixture. The solution was extracted with ethyl acetate (3 × 10 mL), and neutralized with 5% sodium
bicarbonate (10 mL), and water (10 mL). The organic phase was dried over anhydrous sodium sulfate,
and the solvent was evaporated under reduced pressure. The product was isolated on a silica gel 60
chromatographic column using hexane and ethyl acetate (7:3) as eluent [61].

4.3. Preparation of Compounds 9–12 by Mitsunobu Reaction

The p-coumaric acid (0.1g; 0.61mmol) and alcohol (0.61 mmol) were dissolved in 2.25 mL of
tetrahydrofuran. The reaction mixture was stirred under magnetic stirring at 0 ◦C for 30 min. After
addition of diisopropyl azodicarboxylate (0.12 mL; 0.61 mmol) and triphenylphosphine (0.16 g; 0.61
mmol), the reaction was performed at room temperature for 48–52 h. The solvent was removed in
rotary evaporator and 10 mL of water was added to the flask. The solution was then extracted with
ethyl acetate (3 × 10mL) and treated with 5% sodium bicarbonate (10 mL), and water (10 mL). The
organic phase was dried over anhydrous sodium sulfate, the solvent was then evaporated under
reduced pressure. The product was isolated on a silica gel 60 chromatographic column using hexane
and ethyl acetate (8:2) as eluents [62].

4.4. Chemical Characterization of Compounds 1–12

The data of structural analysis using IR, 1H and 13C NMR, and HRMS to compounds 1–12 are
available in Supporting Information.

4.5. Effect of p-Coumaric Derivatives on T. cruzi Epimastigote Forms

Preparation of T. cruzi epimastigote was performed by cultivation in 96-well Y-staining plates
at a density of 106 cells/mL, and using liver tryptose infusion with 10% fetal bovine serum (SFB)
supplementation, and 1% antibiotic. They were then treated with p-coumaric derivatives. The grown
parasites presenting inhibition were collected and quantified in a Neubauer chamber after incubation
at 28 ◦C for 24 h [63]. To determine relative viability, parasites treated only with sterile PBS medium
were used as negative controls (viability of 100%), and experiments were performed in triplicate.

4.6. Effect of p-Coumaric Derivatives on T. cruzi Trypomastigote Forms

Acquisition of T. cruzi trypomastigotes was by infection of LLCMK2 cells using trypomastigotes
in T-25/75cm2 containers at 37 ◦C with 5% CO2 atmosphere in DMEM (Vitrocell, São Paulo, Brazil) and
supplementation of 1% antibiotics and 2% SFB for 24 h. Then the trypomastigotes were plated and
treated with p-coumaric acid derivatives. Cell viability was counted after 24 h of incubation at 37 ◦C.
LC50 was obtained [64]. While relative cell viability was calculated using sterile PBS-treated cells for
both negative controls and experiments, all in triplicate.

4.7. Cytotoxicity Evaluation (Mammalian Cells)

For cell viability we used a standard MTT assay. LLC-MK2 cells were inoculated in DMEM
medium, treated with different concentrations of p-coumaric derivatives and incubated at 37 ◦C for 24
h. MTT (Amresco, Solon, Ohio, USA; 5 mg/mL) was inserted and the cells were incubated for 4 h.

In the next procedure, formazan was solubilized in 10% sodium dodecyl sulfate (SDS; Vetec, São
Paulo, Brazil). For cell viability analysis, a plate reader (Biochrom® Asys Expert Plus, CAMBRIGE,
UK) with a wavelength of 570 nm was used. While in relative cell viability cells were calculated, which
were treated with sterile PBS in triplicate for negative controls and experiments [65].
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4.8. Statistical Analysis

Analyzes were done in triplicate. In the statistical approach we used the GraphPad Prism 5
software (GraphPad Software, San Diego, CA, USA). In the treatment of the data, one-way analysis of
variance (ANOVA) and Dunnett post-test were applied. Significance was established as * p < 0.05.

4.9. Evaluation of Cell Death Mechanisms

4.9.1. Principle of the Method

Evaluation of the mechanism by which compound 7 induced cell death was performed using
flow cytometry with 7-AAD (7-aminoactinomicyn D) and phycoerythrin-labeled Annexin V (AxPE) as
fluorescent markers. 7-AAD is a molecule capable of specifically interleaving into DNA. However, it is
not able to penetrate cells with intact membranes. Cells with high 7-AAD labeling are thus considered
necrotic due to loss of membrane integrity [66]. Annexin V is a 36 KDa protein that in the presence of
calcium ions presents high affinity for phosphatidylserine. Thus, Ax/PE is used to evaluate external
phosphatidylserine as a marker of apoptosis [67].

4.9.2. Experimental Procedure

T. cruzi epimastigote forms were cultured at a density of 106 cells/mL in the presence of compound
7 (at concentrations of 5.164 and 10.329 µM) for 24 h in a BOD greenhouse. The cells were then
transferred to cytometry tubes, centrifuged at 4000 RPM for 5 min, and washed with PBS once, and
then washed twice with binding buffer (pH 7.4; 10 mM HEPES solution; 140 mM NaCl and 2.5 CaCl2
mM). After final centrifugation, the pellet was re-suspended in 100 µl binding buffer, 5 µl 7-AAD (0.5
mg/mL), and 5 µl Ax/PE. The cell death mechanism procedure was performed using a commercial kit
(Annexin V PE Apoptosis Detection Kit I, BD Biosciences, San José, Califórnia, EUA) following the
manufacturer’s guidelines. After 15 min of incubation in the dark, 400 µl of binding buffer was added
to each tube and cells were analyzed on FACSCalibur (BD Biosciences, San José, Califórnia, EUA).

For each tube, a minimum of 104 cells were analyzed for quantitation of the percentage of
unlabeled, and individually or double labeled 7-AAD and Ax/PE cells. For this, an argon laser (488
nm) was used to excite the fluorochromes. Ax/PE labeled cells were read by an FL2 detector (563 at
606 nm, yellow fluorescence), while 7-AAD labeled cells were read at 615 to 645 nm wavelength (red
fluorescence, FL3 detector).

4.10. Analysis of Cytoplasmic Reactive Oxygen Species

4.10.1. Principle of the Method

The increased presence of reactive oxygen species (ROS) in the cytoplasm of compound 7 treated
epimastigote cells was analyzed using the 2′,7′-dichlorofluorescein diacetate reagent (DCFH-DA). As a
lipophilic molecule, when internalized in cells it is cleaved by cytoplasmic esterase into DCFH (reduced
2′-7′-dichlorofluorescein), and as it is unable to cross membranes DCFH reacts with intra-cytoplasmic
ROSs producing DCF (oxidized 2′-7′-dichlorofluorescein). DCF emits green fluorescence, and
the fluorescent intensity emitted by the cell is directly proportional to the intra-cytoplasmic ROS
concentration [68].

4.10.2. Experimental Procedure

A concentration of 106 epimastigotes/mL were placed in 24-well plates in the presence of BIS
(5.164 and 10.329 µM). After 3 h of incubation, 10 µL of a DCFH-DA solution (2 mM in DMSO) was
added to give a final concentration of 20 µM. After 24 h of incubation with compound 7, the cells were
harvested, centrifuged (2800 RPM for 7 min), washed with PBS twice, and re-suspended in 500 µL PBS.
At the end, the cells were analyzed by flow cytometer.
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In accordance with Kessler et al. (2013) [69], the level of labeling in each group was assessed by
the mean geometric fluorescence intensity. The results obtained were expressed as relative fluorescence
intensity using the formula:

Relative f luorescence =
mTEST

mCONTROL
(1)

where:

mTEST = geometric mean of the group to be analyzed;
mCONTROL = geometric mean of the control group.

4.11. Assessment of Mitochondrial Transmembrane Potential

4.11.1. Principle of the Method

Mitochondrial transmembrane potential (∆Ψm) was assessed using rhodamine 123 fluorescent
dye (Rho123) [70,71].

Rhodamine 123 (Rho123) is a lipophilic and cationic dye that under normal conditions accumulates
in the mitochondrial inter-membrane space. Presenting affinity with hydrogen ions, there is a reduction
in the concentration of H+ ions in the inter-membrane space, which decreases Rho123 accumulation,
as illustrated in Figure 5. Changes in ∆Ψm can be measured using Rho123, measuring the decrease in
green fluorescence [72].
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4.11.2. Experimental Procedure

The compound 7 (5.164 and 10.329 µM) was added to the epimastigotes (106 cells) in 24-well plates.
At 24 h of incubation, cells were transferred to tubes, centrifuged and washed with PBS. The cells were
then re-suspended in 100 µL PBS, and 5 µL of Rho123 solution (200 µg/mL in absolute ethanol) was
added to obtain a final concentration of 10 µg/mL. Samples were incubated in the dark for 30 min,
washed twice with PBS, and re-suspended in PBS (500 µL/tube). Finally, the samples were analyzed
using flow cytometry [73]. Results were evaluated using relative fluorescent intensity, calculated as
described in the previous item.

4.12. Scanning Electron Microscopy

Evaluation of Morphological Changes in T. cruzi Induced by Compound 7

For evaluation of changes in T. cruzi ultrastructure induced by compound 7, the epimastigote forms
were incubated together with compound 7 for 24 h. After this period, the samples were centrifuged
(5000× rpm; 10 min), the supernatant discarded, and the pellet re-suspended in glutaraldehyde solution
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(2.5%) and incubated for 2 h. The fixed samples were again centrifuged and exposed to increasing
concentrations of ethanol (30%, 50%, 70%, 90%, and 100%) for dehydration, followed by centrifugation
(5000× rpm; 5 min). Finally, the cells were transferred to the surface of circular coverslips (15 mm) and
dried in a CO2 oven. The coverslips were covered with a gold layer (20 nm thickness) using the QT150
ES-Quorum Metalizer and analyzed using a Quanta 450 FEG-FEI Scanning Electron Microscope for
observation of changes in the three-dimensional structure of the epimastigote forms of T. cruzi.

4.13. Computational Methods

4.13.1. General Modeling Workflow

The first step of the computational modeling workflow was to identify potential T. cruzi targets
for compound 7 employing a consensus target fishing strategy. A second set of well-known
anti-trypanosomal targets were also added to the previous identified ones. The compound was
docked to each potential target its possible binding modes. The free energies of binding of compound
7 to its potential targets were estimated using MM-PBSA calculations. The free energy calculations
were performed from molecular dynamics (MD) simulations of the predicted complexes. Only the
parameters of the simulations that changed from their default values are listed in the below sections.
UCSF Chimera was used to depict molecular structures [74] and network interactions were visualized
with Cytoscape [75].

4.13.2. Targets Selection

The most potent compound of the series (compound 7) was used for the identification of potential
molecular targets using three different computational target fishing approaches: MolTarPred [76],
PredictionCharite [77], and SEA [78]. The appearance in the lists of predicted targets provided by all
the three above listed methods was used as consensus criterion for the selection of potential targets for
compound 7.

Computational target fishing is based on the similarity principle and the reference data for the
similarity search is usually extracted from databases such as ChEMBL [79] and PubChem [80]. These
databases are biased against ligand-target interactions for human proteins, thus predicted targets
will suffer the same bias. Taking this bias into account, non T. cruzi predicted targets were used as
query for Blast [81] searches against the T. cruzi genome (taxid:5693) for the identification of possible
orthologous proteins in the parasite. In addition, known targets of anti-trypanosomal compounds
were also considered for further modeling.

4.13.3. Molecular Docking

The structures of the T. cruzi aldo-keto reductase (PDB 4GIE), cruzain (PDB 1U9Q),
glyceraldehyde-3-phosphate dehydrogenase (PDB 1QXS), mitochondrial iron-dependent superoxide
dismutase (PDB 4DVH), cytoplasmatic iron-dependent superoxide dismutase (PDB 2GPC) and
trypanothione reductase (PDB 4NEW) were obtained from the Protein Data Bank [82]. For
the T. cruzi carbonic anhydrase, the homology model deposited at the Swiss-Model server [83]
(https://swissmodel.expasy.org/repository/uniprot/A0A2V2XG02) was employed.

The most sTable 3D conformation of compound 7 was obtained by means of the OMEGA software
and AM1-BCC charges were added to the ligands with MOLCHARGE [84]. The Gold software [85]
was used for molecular docking calculations. All water and ligand molecules were removed from
targets for docking. The binding sites of the receptors were defined as a region within 10 Å of a binding
pocket atom or as the region within 6 Å from the bound reference ligands. Gold was run for 30 different
initial populations using CHEMPLP as the primary scoring function. The Search efficiency parameter
of Gold was set to 200% (Very Flexible). The 30 ligand-receptor complexes predicted for each target
were rescored using the GoldScore, ChemScore, and ASP scoring functions.

https://swissmodel.expasy.org/repository/uniprot/A0A2V2XG02
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To select the best conformer of the ligands, a consensus scoring approach was implemented. For
this, the score of conformer Ci according to the scoring function Sj (Si,j) was scaled as:

Zi, j =
Si, j − S j

std
(
S j
) (Equation (1)) (2)

where S j is the mean of the scoring function Sj across all conformers and std (Sj) is the standard
deviation of the Sj values. Next, the scaled scores of each conformer Ci were averaged to obtain the
consensus score Zi. The most probable binding modes of the compound 7 were selected as those with
Zi > 0.

4.13.4. Molecular Dynamics Simulations and MM-PBSA Calculations

Molecular dynamics simulations were performed with Amber 2018 [86] using the ff14SB and
gaff force fields for proteins and non-aminoacidic residues, respectively. All probable complexes of
compound 7 with the studied targets were subject to the same modeling procedure. All systems were
modeled in explicit solvent following the procedure described below.

Compound 7 topology and the corresponding forcefield modifications with generated with
antechamber. A truncated octahedron box extending 10 Å from complex was constructed. The system
was solvated with TIP3P water molecules and excess charges were neutralized by the addiction of
either Na+ or Cl– ions. Afterward, the system was minimized for 500 steps of the steepest descent
method followed by 500 cycles of conjugate gradient at constant volume with all atoms except water
molecules restrained using a force constant of 500 kcal/mol.Å2. Long range electrostatic interactions
were treated according to the PME method with a cutoff of 12 Å. Next, a second minimization stage
was carried out with no restrains with a PME cutoff of 10 Å for 1500 steps of steepest descent method
followed by 1000 cycles of conjugate gradient at constant volume.

Energy minimization was followed by system heating from 0 to 300 K at constant volume using a
10 Å cutoff for PME and with all atoms except water molecules restrained with a force constant of
10 kcal/mol.Å2. Bonds involving hydrogens were constrained using the SHAKE algorithm and their
interactions were omitted. A Langevin thermostat with a collision frequency of 1.0 ps−1 was employed.
Heating was performed for 10,000 steps with a time step of 2 fs.

After heating, the system was equilibrated for 100 ps at 300 K and at constant pressure of 1 bar
using isotropic position scaling with a relaxation time of 2 ps. The cutoff distance for PME was set to
10 Å. Bonds involving hydrogens were constrained using the SHAKE algorithm and their interactions
were omitted. Temperature was controlled employing a Langevin thermostat with a collision frequency
of 1.0 ps−1. The equilibrated system was used as input for 50 different molecular dynamics simulations
of 2 ns length. Each of these simulations were performed with different initial velocities.

MM-PBSA calculations to estimate the free binding energy of the complexes were performed
with AmberTools 18 [86]. For this, 500 snapshots (one every 200 ps) spanning the 50 previously
obtained molecular dynamics trajectories were employed for each target-compound 7 complex. The
ionic strength was set to 100 mM for all systems. Default implicit solvent parameters were set for
MM-PBSA calculations.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/23/
5916/s1.

Author Contributions: Investigation and writing—original draft preparation, S.P.L.; methodology, Y.P.C., M.L.M.,
R.R.P.P.d.M. and A.C.M.; data curation, A.M.C.M.; funding acquisition, R.N.A.; writing—review and editing and
supervision, D.P.d.S.

Funding: This research was funded by the Brazilian agencies Conselho Nacional de Desenvolvimento Científico e
Tecnológico (CNPq)—number of grant: 306661/2016-0, and Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior (CAPES).

http://www.mdpi.com/1422-0067/20/23/5916/s1
http://www.mdpi.com/1422-0067/20/23/5916/s1


Int. J. Mol. Sci. 2019, 20, 5916 17 of 21

Acknowledgments: The authors acknowledge the Centro de Tecnologias Estratégicas do Nordeste (CETENE) for
providing the equipment and technical support for involving High Resolution Mass Spectrometry experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pedrique, B.; Strub-Wourgaft, N.; Some, C.; Olliaro, P.; Trouiller, P.; Ford, N.; Bradol, J.-H. The drug and
vaccine landscape for neglected diseases (2000–11): A systematic assessment. Lancet Glob. Health. 2013, 1,
371–379. [CrossRef]

2. Cohen, J.P.; Silva, L.; Cohen, A.; Awatin, J.; Sturgeon, R. Progress Report on Neglected Tropical Disease Drug
Donation Programs. Clin. Ther. 2016, 38, 1193–1204. [CrossRef] [PubMed]

3. Cohen, J.P.; Sturgeon, G.; Cohen, A. Measuring Progress in Neglected Disease Drug Development. Clin. Ther.
2014, 36, 1037–1042. [CrossRef] [PubMed]

4. Acharya, A.S.; Kaur, R.; Goel, A.D. Neglected tropical diseases-Challenges and opportunities in India. PLoS
Negl. Trop. Dis. 2007, 8, 102–108. [CrossRef]

5. Bailey, F.; Eaton, J.; Jidda, M.; Van Brakel, W.H.; Addiss, D.G.; Molyneux, D.H. Neglected Tropical Diseases
and Mental Health: Progress, Partnerships, and Integration. Trends Parasitol. 2018, 35, 23–31. [CrossRef]

6. World Health Organization. Who-Accelerating Work to Overcome the Global Impact of Neglected Tropical Diseases,
1st ed.; World Health Organization: Geneva, Switzerland, 2012; p. 15.

7. Quansah, E.; Sarpong, E.; Karikari, T.K. Disregard of neurological impairments associated with neglected
tropical diseases in Africa. eNeurologicalSci 2016, 3, 11–14. [CrossRef]

8. Pérez, A.; Prada, Y.A.; Cabanzo, R.; González, C.I.; Mejía-Ospino, E. Diagnosis of chagas disease from human
blood serum using surface-enhanced Raman scattering (SERS) spectroscopy and chemometric methods.
Sens. BioSens. Res. 2018, 21, 40–45.

9. Pereira, M.G.; Visbal, G.; Costa, T.F.R.; Frases, S.; De Souza, W.; Atella, G.; Cunha-E-Silva, N. Trypanosoma
cruzi epimastigotes store cholesteryl esters in lipid droplets after cholesterol endocytosis. Mol. Biochem.
Parasitol. 2018, 224, 6–16. [CrossRef]

10. Reigada, C.; Phanstiel, O.; Miranda, M.R.; Pereira, C.A. Targeting polyamine transport in Trypanosoma cruzi.
Eur. J. Med. Chem. 2018, 147, 1–6. [CrossRef]

11. Scarim, C.B.; Jornada, D.H.; Mendes Machado, M.G.; Riberio Ferreira, C.M.; Dos Santos, J.L.; Chin, C.M.
Thiazole, thio and semicarbazone derivatives against tropical infective diseases: Chagas disease, human
African trypanosomiasis (HAT), leishmaniasis, and malaria. Eur. J. Med. Chem. 2018, 155, 824–838. [CrossRef]

12. Gómez, L.A.; Gutierrez, F.R.S.; Peñuela, O.A. Trypanosoma cruzi infection in transfusion medicine. Hematol.
Transfuss Cell Ther. 2019, 41, 262–267. [CrossRef] [PubMed]

13. Mesa-Arciniegas, P.; Parra-Henao, G.; Carrión-Bonifacio, Á.; Casas-Cruz, A.; Patiño-Cuellar, A.;
Díaz-Rodríguez, K.; Torres-García, O. Trypanosoma cruzi infection in naturally infected dogs from an
endemic region of Cundinamarca, Colombia. Vet. Parasitol. Reg. Stud. Rep. 2018, 14, 212–216. [CrossRef]
[PubMed]

14. Pérez-Molina, J.A.; Molina, I. Chagas disease. Lancet 2018, 391, 82–94. [CrossRef]
15. Scarim, C.B.; Jornada, D.H.; Chelucci, R.C.; De Almeida, L.; Dos Santos, J.L.; Chung, M.C. Current advances

in drug discovery for Chagas disease. Eur. J. Med. Chem. 2019, 155, 824–838. [CrossRef] [PubMed]
16. Echeverria, L.E.; Morillo, C.A. American Trypanosomiasis (Chagas Disease). Infect. Dis. Clin. N. Am. 2019, 33,

119–134. [CrossRef]
17. Dias, J.C.P.; Ramos, A.N.; Gontijo, E.D.; Luquetti, A.; Shikanai-Yasuda, M.A.; Coura, J.R.; Torres, R.M.;

Melo, J.R.; Almeida, E.A.; Oliveira, W., Jr.; et al. 2nd Brazilian Consensus on Chagas Disease, 2015. Rev. Soc.
Bras. Med. Trop. 2016, 49, 3–60. [CrossRef]

18. Acuña-Zegarra, M.A.; Olmos-Liceaga, D.; Velasco-Hernández, J.X. The role of animal grazing in the spread
of Chagas disease. J. Theor. Biol. 2018, 457, 19–28. [CrossRef]

19. Olmo, F.; Costa, F.C.; Mann, G.S.; Taylor, M.C.; Kelly, J.M. Optimising genetic transformation of Trypanosoma
cruzi using hydroxyurea-induced cell-cycle synchronisation. Mol. Biochem. Parasitol. 2018, 226, 34–36.
[CrossRef]

http://dx.doi.org/10.1016/S2214-109X(13)70078-0
http://dx.doi.org/10.1016/j.clinthera.2016.02.031
http://www.ncbi.nlm.nih.gov/pubmed/27041410
http://dx.doi.org/10.1016/j.clinthera.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24906971
http://dx.doi.org/10.1016/j.injms.2017.07.006
http://dx.doi.org/10.1016/j.pt.2018.11.001
http://dx.doi.org/10.1016/j.ensci.2015.11.002
http://dx.doi.org/10.1016/j.molbiopara.2018.07.004
http://dx.doi.org/10.1016/j.ejmech.2018.01.083
http://dx.doi.org/10.1016/j.ejmech.2018.06.040
http://dx.doi.org/10.1016/j.htct.2018.12.001
http://www.ncbi.nlm.nih.gov/pubmed/31085149
http://dx.doi.org/10.1016/j.vprsr.2018.11.006
http://www.ncbi.nlm.nih.gov/pubmed/31014732
http://dx.doi.org/10.1016/S0140-6736(17)31612-4
http://dx.doi.org/10.1016/j.ejmech.2018.06.040
http://www.ncbi.nlm.nih.gov/pubmed/30033393
http://dx.doi.org/10.1016/j.idc.2018.10.015
http://dx.doi.org/10.1590/0037-8682-0505-2016
http://dx.doi.org/10.1016/j.jtbi.2018.08.025
http://dx.doi.org/10.1016/j.molbiopara.2018.07.002


Int. J. Mol. Sci. 2019, 20, 5916 18 of 21

20. Oliveira De Souza, L.I.; Bezzera-Silva, P.C.; Do Amaral Ferraz Navarro, D.M.; Da Silva, A.G.; Dos Santos
Correia, M.T.; Da Silva, M.V.; De Figueiredo, R.C.B.Q. The chemical composition and trypanocidal activity of
volatile oils from Brazilian Caatinga plants. Biomed. Pharmacother. 2017, 96, 1055–1064. [CrossRef]

21. De Oliveira, S.K.; Chiaradia-Delatorre, L.D.; Mascarello, A.; Veleirinho, B.; Ramlov, F.; Kuhnen, S.;
Maraschin, M. From Bench to Bedside: Natural Products and Analogs for the Treatment of Neglected Tropical Diseases
(NTDs). Studies in Natural Products Chemistry, 1st ed.; Rahman, A.U., Ed.; Elsevier: Florianópolis, Brazil, 2015;
Volume 44, pp. 33–92.

22. Cockram, P.E.; Smith, T.K. Active Natural Product Scaffolds against Trypanosomatid Parasites: A Review. J.
Nat. Prod. 2018, 81, 2138–2154. [CrossRef]

23. Ko, H.C.; Lee, J.Y.; Jang, M.G.; Song, H.; Kim, S.-J. Seasonal variations in the phenolic compounds and
antioxidant activity of Sasa quelpaertensis. Ind. Crop. Prod. 2018, 122, 506–512. [CrossRef]

24. Viñas, P.; Campillo, N. Gas Chromatography: Mass Spectrometry Analysis of Polyphenols in Foods. Polyphenols in
Plants, 1st ed.; Watson, R.R., Ed.; Academic Press Inc.: Murcia, Spain, 2014; pp. 103–157.

25. Nguyen, D.M.T.; Bartley, J.P.; Moghaddam, L.; Doherty, W.O.S. Fenton oxidation products derived from
hydroxycinnamic acids increases phenolic-based compounds and organic acid formation in sugar processing.
Int. J. Food Sci. Technol. 2018, 53, 1278–1286. [CrossRef]

26. Song, K.; An, S.M.; Kim, M.; Koh, J.-S.; Boo, Y.C. Comparison of the antimelanogenic effects of p-coumaric
acid and its methyl ester and their skin permeabilities. J. Dermatol. Sci. 2011, 63, 17–22. [CrossRef]

27. Kaur, J.; Katopo, L.; Hung, A.; Ashton, J.; Kasapis, S. Combined spectroscopic, molecular docking and
quantum mechanics study of β -casein and p -coumaric acid interactions following thermal treatment. Food
Chem. 2018, 252, 163–170. [CrossRef]

28. Long, R.; Li, T.; Tong, C.; Wu, L.; Shi, S. Molecularly imprinted polymers coated CdTe quantum dots
with controllable particle size for fluorescent determination of p-coumaric acid. Talanta 2019, 196, 579–584.
[CrossRef] [PubMed]

29. Shen, Y.; Song, X.; Li, L.; Sun, J.; Jaiswal, Y.; Huang, J.; Guan, Y. Protective effects of p-coumaric acid against
oxidant and hyperlipidemia-an in vitro and in vivo evaluation. Biomed. Pharmacother. 2019, 111, 579–587.
[CrossRef]

30. Wang, S.; Kong, L.; Zhao, Y.; Tan, L.; Zhang, J.; Du, Z.; Zhang, H. Lipophilization and molecular encapsulation
of p-coumaric acid by amylose inclusion complex. Food Hydrocoll. 2019, 90, 270–275. [CrossRef]

31. Li, W.; Yuan, S.; Sun, J.; Li, Q.; Jiang, W.; Cao, J. Ethyl p -coumarate exerts antifungal activity in vitro and
in vivo against fruit Alternaria alternata via membrane-targeted mechanism. Int. J. Food Microbiol. 2018, 278,
26–35. [CrossRef]

32. Moradi-Afrapoli, F.; Yassa, N.; Zimmermann, S.; Saeidnia, S.; Hadjiakhoondia, A.; Ebrahimi, S.N.;
Hamburger, M. Cinnamoylphenethyl amides from Polygonum hyrcanicum possess anti-trypanosomal activity.
Nat. Prod. Commun. 2012, 7, 753–755. [CrossRef]

33. Kumar, G.; Degheidy, H.; Casey, B.; Goering, P. Flow cytometry evaluation of in vitro cellular necrosis and
apoptosis induced by silver nanoparticles. Food Chem. Toxicol. 2015, 85, 45–51. [CrossRef]

34. Krysko, D.V.; Berghe, T.V.; D’herde, K.; Vandenabeele, P. Apoptosis and necrosis: Detection, discrimination
and phagocytosis. Methods 2008, 44, 205–221. [CrossRef] [PubMed]

35. De Demenezes, R.R.P.P.B.; Sampaio, T.L.; Lima, D.B.; Sousa, P.L.; Azevedo, I.E.P.; Magalhães, E.P.;
Tessarolo, L.D.; Marinho, M.M.; Santos, R.P.; Martins, A.M.C. Antiparasitic effect of (-)-α- bisabolol against
Tryapanosoma cruzi Y strain forms. Diagn. Microbiol. Infect. Dis. 2019, 95, 114860. [CrossRef] [PubMed]

36. Kumar, S.J.; Supriyanto, E.; Manda, M. Events associated with apoptotic effect of p -Coumaric acid in HCT-15
colon cancer cells. World J. Gastroenterol. 2013, 19, 7726–7734.

37. Cheng, H.; Zheng, R.-R.; Fan, G.-L.; Fan, J.-H.; Zhao, L.-P.; Jiang, X.Y.; Yang, B.; Yu, X.-Y.; Li, S.-Y.;
Zhang, X.-Z. Mitochondria and plasma membrane dual-targeted chimeric peptide for single-agent synergistic
photodynamic therapy. Biomaterials 2018, 188, 1–11. [CrossRef]

38. Morais, T.R.; Costa-Silva, T.A.; Ferreira, D.D.; Novais, B.J.; Torrecilhas, A.C.T.; Tempone, A.G.; Lago, J.H.G.
Antitrypanosomal activity and effect in plasma membrane permeability of (−)-bornyl p-coumarate isolated
from Piper cernuum (Piperaceae). Bioorg Chem. 2019, 89, 103001. [CrossRef]

39. Amisigo, C.M.; Antwi, C.A.; Adjimani, J.P.; Gwira, T.M. In vitro anti-trypanosomal effects of selected phenolic
acids on Trypanosoma brucei. PLoS ONE 2019, 14, 0216078. [CrossRef]

http://dx.doi.org/10.1016/j.biopha.2017.11.121
http://dx.doi.org/10.1021/acs.jnatprod.8b00159
http://dx.doi.org/10.1016/j.indcrop.2018.06.031
http://dx.doi.org/10.1111/ijfs.13708
http://dx.doi.org/10.1016/j.jdermsci.2011.03.012
http://dx.doi.org/10.1016/j.foodchem.2018.01.091
http://dx.doi.org/10.1016/j.talanta.2019.01.007
http://www.ncbi.nlm.nih.gov/pubmed/30683408
http://dx.doi.org/10.1016/j.biopha.2018.12.074
http://dx.doi.org/10.1016/j.foodhyd.2019.02.044
http://dx.doi.org/10.1016/j.ijfoodmicro.2018.04.024
http://dx.doi.org/10.1177/1934578X1200700616
http://dx.doi.org/10.1016/j.fct.2015.06.012
http://dx.doi.org/10.1016/j.ymeth.2007.12.001
http://www.ncbi.nlm.nih.gov/pubmed/18314051
http://dx.doi.org/10.1016/j.diagmicrobio.2019.06.012
http://www.ncbi.nlm.nih.gov/pubmed/31353066
http://dx.doi.org/10.1016/j.biomaterials.2018.10.005
http://dx.doi.org/10.1016/j.bioorg.2019.103001
http://dx.doi.org/10.1371/journal.pone.0216078


Int. J. Mol. Sci. 2019, 20, 5916 19 of 21

40. Taladriz, A.; Healy, A.; Flores Pérez, E.J.; Herrero García, V.; Ríos Martínez, C.; Alkhaldi, A.A.M.;
Dardonville, C. Synthesis and Structure–Activity Analysis of New Phosphonium Salts with Potent Activity
against African Trypanosomes. J. Med. Chem. 2012, 55, 2606–2622. [CrossRef]

41. Lima, T.C.; Souza, R.J.; Santos, A.D.C.; Moraes, M.H.; Biondo, N.E.; Barison, A.; Biavatti, M.W. Evaluation of
leishmanicidal and trypanocidal activities of phenolic compounds from Calea uniflora Less. Nat. Prod. Res.
2015, 30, 551–557. [CrossRef]

42. Gopalakrishnan, S.; Subbarao, G.V.; Nakahara, K.; Yoshihashi, T.; Ito, O.; Maeda, I.; Yoshida, M. Nitrification
Inhibitors from the root tissues of Brachiaria humidicola, a tropical grass. J. Agric. Food. Chem. 2007, 55,
1385–1388. [CrossRef]

43. Zhu, F.; Xu, Z.; Yonekura, L.; Yang, R.; Tamura, H. Antiallergic activity of rosmarinic acid esters is modulated
by hydrophobicity, and bulkiness of alkyl side chain. Biosci. Biotechnol. Biochem. 2015, 79, 1178–1182.
[CrossRef]

44. Araújo, M.O.; Pessoa, H.L.F.; Lira, A.B.; Castillo, Y.P.; De Sousa, D.P. Synthesis, Antibacterial Evaluation, and
QSAR of Caffeic Acid Derivatives. J. Chem. 2019, 2019, 9. [CrossRef]

45. Lira, A.B.; Montenegro, C.A.; Oliveira, K.M.; Filho, A.A.O.; Paz, A.R.; Araújo, M.O.; Sousa, D.M.;
Almeida, C.L.F.; Silva, T.G.; Lima, C.M.B.L.; et al. Isopropyl Caffeate: A Caffeic Acid Derivative-Antioxidant
Potential and Toxicity. Oxid. Med. Cell Longev. 2018, 2018, 14. [CrossRef] [PubMed]

46. Wang, J.; Gu, S.-S.; Pang, N.; Wang, F.Q.; Pang, F.; Cui, H.S.; Wu, F.A. Alkyl Caffeates Improve the Antioxidant
Activity, Antitumor Property and Oxidation Stability of Edible Oil. PLoS ONE 2014, 9, 95909. [CrossRef]
[PubMed]

47. Steverding, D.; Da Nóbrega, F.R.; Rushworth, S.A.; De Sousa, D.P. Trypanocidal and cysteine protease
inhibitory activity of isopentyl caffeate is not linked in Trypanosoma brucei. Parasitol Res. 2016, 115, 4397–4403.
[CrossRef] [PubMed]

48. Andréo, R.; Regasini, L.O.; Petrônio, M.S.; Chiari-Andréo, B.G.; Tansini, A.; Silva, D.H.S.; Cicarelli, R.M.C.
Toxicity and Loss of Mitochondrial Membrane Potential Induced by Alkyl Gallates in Trypanosoma cruzi. Int
Sch Res Notices 2015, 2015, 7. [CrossRef]

49. Serafim, R.A.M.; De Oliveira, T.F.; Loureiro, A.P.M.; Krogh, R.; Andricopulo, A.D.; Dias, L.C.; Ferreira, E.I.
Molecular modeling and structure–activity relationships studies of bioisoster hybrids of N-acylhydrazone
and furoxan groups on cruzain. Med. Chem. Res. 2017, 26, 760–769. [CrossRef]

50. Meira, C.S.; Guimarães, E.T.; Bastos, T.M.; Moreira, D.R.; Tomassini, T.C.; Ribeiro, I.M.; Dos Santos, R.R.;
Soares, M.B. Physalins B and F, seco-steroids isolated from Physalis angulate L., strongly inhibit proliferation,
ultrastructure and infectivity of Trypanosoma cruzi. Parasitology 2013, 140, 1811–1821.

51. Bombaça, A.C.S.; Von Dossow, D.; Barbosa, J.M.C.; Paz, C.; Burgos, V.; Menna-Barreto, R.F.S. Trypanocidal
Activity of Natural Sesquiterpenoids Involves Mitochondrial Dysfunction, ROS Production and Autophagic
Phenotype in Trypanosoma cruzi. Molecules 2018, 23, 2800. [CrossRef]

52. Bertho, Á.L.; Santiago, M.A.; Coutinho, S.G. Flow cytometry in the study of cell death. Mem. Inst. Oswaldo
Cruz. 2000, 95, 429–433. [CrossRef]

53. Mello, C.P.; Lima, D.B.; Menezes, R.R.P.P.B.; Bandeira, I.C.J.; Tessarolo, L.D.; Sampaio, T.L.; Martins, A.M.C.
Evaluation of the antichagasic activity of batroxicidin, a cathelicidin-related antimicrobial peptide found in
Bothrops atrox venom gland. Toxicon 2017, 130, 56–62. [CrossRef]

54. Ladame, S.; Castilho, M.S.; Silva, C.H.; Denier, C.; Hannaert, V.; Périé, J. Crystal structure of Trypanosoma
cruzi glyceraldehyde-3-phosphate dehydrogenase complexed with an analogue of 1,3-bisphospho-d-glyceric
acid. Eur. J. Biochem. 2003, 270, 4574–4586. [CrossRef] [PubMed]

55. Pavão, F.; Castilho, M.S.; Pupo, M.T.; Dias, R.L.A.; Correa, A.G.; Fernandes, J.B.; da Silva, M.F.; Mafezoli, J.;
Vieira, P.C.; Oliva, G. Structure of Trypanosoma cruzi glycosomal glyceraldehyde-3-phosphate dehydrogenase
complexed with chalepin, a natural product inhibitor, at 1.95 Å resolution. FEBS Lett. 2002, 520, 13–17.
[CrossRef]

56. Di Fiore, A.; Truppo, E.; Supuran, C.T.; Alterio, V.; Dathan, N.; Bootorabi, F.; Parkkila, S.; Monti, S.M.; De
Simone, G. Crystal structure of the C183S/C217S mutant of human CA VII in complex with acetazolamide.
Bioorg. Med. Chem. 2010, 20, 5023–5026. [CrossRef] [PubMed]

57. Gallego, O.; Ruiz, F.X.; Ardèvol, A.; Domínguez, M.; Alvarez, R.; Lera, A.R. Structural basis for the high
all-trans-retinaldehyde reductase activity of the tumor marker AKR1B10. Proc. Natl. Acad. Sci. USA 2007,
104, 20764–20769. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/jm2014259
http://dx.doi.org/10.1080/14786419.2015.1030740
http://dx.doi.org/10.1021/jf062593o
http://dx.doi.org/10.1080/09168451.2015.1010478
http://dx.doi.org/10.1155/2019/3408315
http://dx.doi.org/10.1155/2018/6179427
http://www.ncbi.nlm.nih.gov/pubmed/29849905
http://dx.doi.org/10.1371/journal.pone.0095909
http://www.ncbi.nlm.nih.gov/pubmed/24760050
http://dx.doi.org/10.1007/s00436-016-5227-7
http://www.ncbi.nlm.nih.gov/pubmed/27535679
http://dx.doi.org/10.1155/2015/924670
http://dx.doi.org/10.1007/s00044-016-1776-7
http://dx.doi.org/10.3390/molecules23112800
http://dx.doi.org/10.1590/S0074-02762000000300020
http://dx.doi.org/10.1016/j.toxicon.2017.02.031
http://dx.doi.org/10.1046/j.1432-1033.2003.03857.x
http://www.ncbi.nlm.nih.gov/pubmed/14622286
http://dx.doi.org/10.1016/S0014-5793(02)02700-X
http://dx.doi.org/10.1016/j.bmcl.2010.07.051
http://www.ncbi.nlm.nih.gov/pubmed/20688517
http://dx.doi.org/10.1073/pnas.0705659105
http://www.ncbi.nlm.nih.gov/pubmed/18087047


Int. J. Mol. Sci. 2019, 20, 5916 20 of 21

58. Liping, Z.; Xuehua, Z.; Shangke, C.; Jing, Z. Crystal Structure of AKR1B10 Complexed with NADP+ and
Caffeic Acid Phenethyl Ester. 2012. Available online: https://www.rcsb.org/structure/4GQ0 (accessed on 22
August 2012).

59. Choe, Y.; Brinen, L.S.; Price, M.S.; Engel, J.C.; Lange, M.; Grisostomi, C.; Weston, S.G.; Pallai, P.V.; Cheng, H.;
Hardy, L.W.; et al. Development of α-keto-based inhibitors of cruzain, a cysteine protease implicated in
Chagas disease. Bioorg Med. Chem. 2005, 13, 2141–2156. [CrossRef] [PubMed]

60. Persch, E.; Bryson, S.; Todoroff, N.K.; Eberle, C.; Thelemann, J.; Dirdjaja, N.; Kaiser, M.; Weber, M.; Derbani, H.;
Brun, R.; et al. Binding to large enzyme pockets: Small-molecule inhibitors of trypanothione reductase.
Chem. Med. Chem. 2014, 9, 1880–1891. [CrossRef]

61. Khatkar, A.; Nanda, A.; Kumar, P.; Narasimhan, B. Synthesis, antimicrobial evaluation and QSAR studies of
p-coumaric acid derivaties. Arab. J. Chem. 2017, 10, 3804–3815. [CrossRef]

62. Nishimura, K.; Takenaka, Y.; Kishi, M.; Tanahashi, T.; Hiromi Yoshida, H.; Okuda, C.; Mizushin, Y. Synthesis
and DNA Polymerase α and β Inhibitory Activity of Alkyl p-Coumarates and Related Compounds. Chem.
Pharm. Bull. 2009, 57, 476–480. [CrossRef]

63. Rodrigues, J.H.S.; Ueda-Nakamura, T.; Correâ, A.G.; Sangi, D.P.; Nakamura, C.V. A Quinoxaline Derivative
as a Potent Chemotherapeutic Agent, Alone or in Combination with Benznidazole, against Trypanosoma cruzi.
PLoS ONE 2014, 9, 85706. [CrossRef]

64. Meira, C.S.; Guimarães, E.T.; Dos Santos, J.A.F.; Moreira, D.R.M.; Nogueira, R.C.; Tomassini, T.C.B.;
Soares, M.B.P. In vitro and in vivo antiparasitic activity of Physalis angulata L. concentrated ethanolic extract
against Trypanosoma cruzi. Phytomedicine 2015, 22, 969–974. [CrossRef]

65. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and
citotoxicity. J. Immunol. Methods 1983, 65, 55–63. [CrossRef]

66. Lecoeur, H.; De Oliveira-Pinto, L.M.; Gougeon, M.L. Multiparametric flow cytometric analysis of biochemical
and functional events associated with apoptosis and oncosis using the 7-aminoactinomycin D assay. J.
Immunol. Methods 2002, 265, 81–96. [CrossRef]

67. Atale, N.; Gupta, S.; Yadav, U.C.; Rani, V. Cell-death assessment by fluorescent and nonfluorescent cytosolic
and nuclear staining techniques. J. Microsc. 2014, 255, 7–19. [CrossRef] [PubMed]

68. Chen, X.; Zhong, Z.; Xu, Z.; Chen, L.; Wang, Y. 2′,7′-Dichlorodihydrofluorescein as a fluorescent probe for
reactive oxygen species measurement: Forty years of application and controversy. Free Radic. Res. 2010, 44,
587–604. [CrossRef]

69. Kessler, R.L.; Soares, M.J.; Probst, C.M.; Krieger, M.A. Trypanosoma cruzi Response to Sterol Biosynthesis
Inhibitors: Morphophysiological Alterations Leading to Cell Death. PLoS ONE 2013, 8, 55497. [CrossRef]

70. Johnson, L.V.; Walsh, M.L.; Chen, L.B. Localization of mitochondria in living cells with rhodamine 123. Proc.
Natl. Acad. Sci. USA 1980, 77, 990–994. [CrossRef]

71. Pokorný, J.; Pokorný, J.; Kobilková, J.; Jandová, A.; Vrba, J.J. Targeting mitochondria for cancer treatment-two
types of mitochondrial dysfunction. Prague Med. Rep. 2014, 115, 104–119. [CrossRef]

72. Zhang, E.; Zhang, C.; Su, Y.; Cheng, T.; Shi, C. Newly developed strategies for multifunctional
mitochondria-targeted agents in cancer therapy. Drug. Discov. Today 2011, 16, 140–146. [CrossRef]

73. Sampaio, T.L.; Menezes, R.R.P.P.B.; Da Costa, M.F.B.; Meneses, G.C.; Arrieta, M.C.V.; Chaves Filho, A.J.M.; de
Morais, G.B.; Libório, A.B.; Alves, R.S.; Evangelista, J.S.; et al. Nephroprotective effects of (−)-α-bisabolol
against ischemic-reperfusion acute kidney injury. Phytomedicine 2016, 23, 1843–1852. [CrossRef]

74. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF
Chimera-A visualization system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612.
[CrossRef]

75. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T.
Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome
Res. 2003, 13, 2498–2504. [CrossRef] [PubMed]

76. Peón, A.; Naulaerts, S.; Ballester, P.J. Predicting the Reliability of Drug-target Interaction Predictions with
Maximum Coverage of Target Space. Sci. Rep. 2017, 7, 3820. [CrossRef] [PubMed]

77. Nickel, J.; Gohlke, B.-O.; Erehman, J.; Banerjee, P.; Rong, W.W.; Goede, A.; Preissner, R. SuperPred: Update
on drug classification and target prediction. Nucl. Acids Res. 2014, 42, 26–31. [CrossRef] [PubMed]

78. Keiser, M.J.; Roth, B.L.; Armbruster, B.N.; Ernsberger, P.; Irwin, J.J.; Shoichet, B.K. Relating protein
pharmacology by ligand chemistry. Nat. Biotechnol. 2007, 25, 197–206. [CrossRef] [PubMed]

https://www.rcsb.org/structure/4GQ0
http://dx.doi.org/10.1016/j.bmc.2004.12.053
http://www.ncbi.nlm.nih.gov/pubmed/15727867
http://dx.doi.org/10.1002/cmdc.201402032
http://dx.doi.org/10.1016/j.arabjc.2014.05.018
http://dx.doi.org/10.1248/cpb.57.476
http://dx.doi.org/10.1371/journal.pone.0085706
http://dx.doi.org/10.1016/j.phymed.2015.07.004
http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://dx.doi.org/10.1016/S0022-1759(02)00072-8
http://dx.doi.org/10.1111/jmi.12133
http://www.ncbi.nlm.nih.gov/pubmed/24831993
http://dx.doi.org/10.3109/10715761003709802
http://dx.doi.org/10.1371/journal.pone.0055497
http://dx.doi.org/10.1073/pnas.77.2.990
http://dx.doi.org/10.14712/23362936.2014.41
http://dx.doi.org/10.1016/j.drudis.2010.12.006
http://dx.doi.org/10.1016/j.phymed.2016.11.008
http://dx.doi.org/10.1002/jcc.20084
http://dx.doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658
http://dx.doi.org/10.1038/s41598-017-04264-w
http://www.ncbi.nlm.nih.gov/pubmed/28630414
http://dx.doi.org/10.1093/nar/gku477
http://www.ncbi.nlm.nih.gov/pubmed/24878925
http://dx.doi.org/10.1038/nbt1284
http://www.ncbi.nlm.nih.gov/pubmed/17287757


Int. J. Mol. Sci. 2019, 20, 5916 21 of 21

79. Mendez, D.; Gaulton, A.; Bento, A.P.; Chambers, J.; De Veij, M.; Félix, E.; Magariños, M.P.; Mosquera, J.F.;
Mutowo, P.; Nowotka, M.; et al. ChEMBL: Towards direct deposition of bioassay data. Nucl. Acids Res. 2019,
47, 930–940. [CrossRef] [PubMed]

80. Kim, S.; Chenm, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, P.A.; Yu, B.; et al.
PubChem 2019 update: Improved access to chemical data. Nucl. Acids Res. 2019, 47, 1102–1109. [CrossRef]
[PubMed]

81. Altschul, S.F.; Madden, T.L.; Schäffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W. Gapped BLAST and PSI-BLAST:
A new generation of protein database search programs. Nucl. Acids Res. 1997, 25, 3389–3402. [CrossRef]

82. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H. The Protein Data Bank. Nucl.
Acids Res. 2000, 28, 235–242. [CrossRef]

83. Bienert, S.; Waterhouse, A.; De Beer, T.A.P.; Tauriello, G.; Studer, G.; Bordoli, L.; Schwede, T. The
SWISS-MODEL Repository-new features and functionality. Nucl. Acids Res. 2017, 45, 313–319. [CrossRef]

84. Hawkins, P.C.D.; Skillman, A.G.; Warren, G.L.; Ellingson, B.A.; Stahl, M.T. OMEGA [Internet]. Santa Fe, NM:
OpenEye Scientific Software. Available online: http://www.eyesopen.com (accessed on 10 April 2019).

85. Jones, G.; Willett, P.; Glen, R.C.; Leach, A.R.; Taylor, R. Development and validation of a genetic algorithm
for flexible docking11Edited by F. E. Cohen. J. Mol. Biol. 1997, 267, 727–748. [CrossRef]

86. Case, D.A.I.Y.; Ben-Shalom, S.R.; Brozell, D.S.; Cerutti, T.E.; Cheatham, V.W.D.; Cruzeiro, T.A.; Darden, R.E.;
Duke, D.; Ghoreishi, M.K.; Gilson, H.; et al. AMBER 2018; University of California: San Francisco, CA,
USA, 2018.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/nar/gky1075
http://www.ncbi.nlm.nih.gov/pubmed/30398643
http://dx.doi.org/10.1093/nar/gky1033
http://www.ncbi.nlm.nih.gov/pubmed/30371825
http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.1093/nar/28.1.235
http://dx.doi.org/10.1093/nar/gkw1132
http://www.eyesopen.com
http://dx.doi.org/10.1006/jmbi.1996.0897
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Chemistry of Compounds 1–12 
	Trypanocidal Activity of Compounds 1–12 
	Cell Death Profile 
	Analysis of Reactive Oxygen Species 
	Mitochondrial Transmembrane Potential 
	Scanning Electron Microscopy 
	Computational Methods 

	Conclusions 
	Materials and Methods 
	Chemical Characterization and Reagents 
	General Procedure for Preparation of Compounds 1–8 
	Preparation of Compounds 9–12 by Mitsunobu Reaction 
	Chemical Characterization of Compounds 1–12 
	Effect of p-Coumaric Derivatives on T. cruzi Epimastigote Forms 
	Effect of p-Coumaric Derivatives on T. cruzi Trypomastigote Forms 
	Cytotoxicity Evaluation (Mammalian Cells) 
	Statistical Analysis 
	Evaluation of Cell Death Mechanisms 
	Principle of the Method 
	Experimental Procedure 

	Analysis of Cytoplasmic Reactive Oxygen Species 
	Principle of the Method 
	Experimental Procedure 

	Assessment of Mitochondrial Transmembrane Potential 
	Principle of the Method 
	Experimental Procedure 

	Scanning Electron Microscopy 
	Computational Methods 
	General Modeling Workflow 
	Targets Selection 
	Molecular Docking 
	Molecular Dynamics Simulations and MM-PBSA Calculations 


	References

