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KEYWORDS Abstract Chagas disease is the most widespread contagious tropical disease in Latin America,
Nitrocoumarins; being an important public health problem. Treatments against this disease are still very ineffective,
Trypanosoma cruzi; presenting several side effects. Therefore, the search for alternative therapeutic solutions is urgent.
ROS; In the present work, we evaluate the trypanocidal activity and the mechanism of action of a select
Fukui index series of synthetic 4-acyloxy-3-nitrocoumarins. All the coumarin derivatives showed moderate try-

panocidal activity in trypomastigotes, along with low cytotoxicity. In addition, compound 1
decreased the number of infected Vero cells in an intracellular 7' cruzi model. Electron spin reso-
nance and electrochemical studies showed the formation of nitro radical anions. The Fukui index
provided additional information to elucidate the proposed reduction mechanism. Furthermore,
in vitro radical formation studies demonstrated the potential of these compounds to achieve higher
concentrations of intracellular free radicals, proposing oxidative stress as a possible trypanocidal
mechanism. Furthermore, no correlation was observed between the diffusion of these compounds,
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which shows that lipophilicity is not a predominant factor for activity. Elsevier Ltd. All rights

reserved.
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1. Introduction

American trypanosomiasis or Chagas disease, is a life-
threatening disease caused by the infection of the protozoan
parasite Trypanosoma cruzi (T. cruzi) (Lazarin-Bidoia et al.,
2013; Pérez-Molina & Molina, 2018). In Latin America, Cha-
gas disease is a major public health issue, being amongst the
vector-borne diseases with the highest prevalence and mortal-
ity, followed by Malaria (Bonney, 2014; Malik, Singh, &
Amsterdam, 2015).

During 7. cruzi life cycle, different morphological stages are
observed, which are characterized by relative positions of flag-
ellum, kinetoplast and nucleus (Irigoin et al., 2008). The bio-
logical cycle begins when insects (Triatoma infestans) become
contaminated by consuming blood of mammals presenting
the parasite (blood trypomastigotes). In the upper digestive
tract, parasites differentiate into the epimastigote form. After
advancing to the lower intestine, the parasites covert into the
metacyclic trypomastigote form in the vicinity of the rectum.
Finally, when the insect defecates near the area where it feeds,
parasites enter the bloodstream and infect macrophages and
any nucleated cell, ultimately differentiating in the intracellular
replicative form known as amastigote (Rassi, Rassi, &
Marcondes de Rezende, 2012; Souza, 2005; Teixeira, Hecht,
Guimaro, Sousa, & Nitz, 2011; Zingales et al., 2012).

Currently, drugs used to treat this disease are nifurtimox
(NFX) and benznidazole (BNZ). Both have been mainstay of
parasiticidal treatment for almost 50 years. Even if they are
effective for acute infections, their use in chronic patients
remains controversial since both drugs show severe side effects
(Estani et al., 1998; Fernandez et al., 2016). Therefore, it is nec-
essary and urgent the development of new, more effective and
less toxic drugs.

It has been described that one of the possible mechanisms
of action for NFX would be through the formation of reactive
oxygen species (ROS) and/or electrophilic metabolites (Maya
et al., 2007; Wilkinson, Taylor, Horn, Kelly, & Cheeseman,
2008). An increase of these species would cause cellular dam-
age and induce apoptotic processes, interfering with mitochon-
drial functions, thus affecting cell bioenergetics. (Boiani et al.,
2010; Maya et al., 2007; Claudio Olea-Azar et al., 2003; Paiva,
Medei, & Bozza, 2018). In this context, there is evidence of
coumarins that have increased ROS generation as well as mito-
chondrial function (Aguilera-Venegas, Olea-Azar, Aran, &
Speisky, 2013; Robledo-O’Ryan et al., 2017; Rodriguez-Her
nandez, Martinez, Reyes-Chilpa, & Espinoza, 2020).

Coumarins are a chemical family of high interest in Medic-
inal Chemistry, given the broad spectrum of pharmacological
activities they may display (Borges, Roleira, Milhazes,
Santana, & Uriarte, 2005; Iaroshenko et al., 2011; Maria Joao
Matos et al., 2009; Riveiro et al., 2010), such as: neuroprotec-
tive (Maria Jodo Matos et al., 2015; 2014; 2010) (Jameel,
Umar, Kumar, & Hoda, 2016), anti-inflammatory
(Hadjipavlou-Litina, Litinas, & Kontogiorgis, 2008), antioxi-

dant (Maria Jodo Matos et al., 2013; F. Pérez-Cruz et al.,
2012; K. Pérez-Cruz et al., 2018; Vazquez-Rodriguez et al.,
2013) and antihypertensive (Razavi, Arasteh, Imenshahidi, &
Iranshahi, 2015), among others. Likewise, coumarins with try-
panocidal activity have been described, whose potency
depends on the substituents linked to the main scaffold. The
trypanocidal mechanism of action of this family of compounds
has not been fully elucidated and seems to depend on the sub-
stitution patterns. It may be related to the generation of oxida-
tive stress, mitochondrial function, inhibition of essential
enzymes for the parasite survival, among others (Figueroa-
Guinez et al., 2015; Govéa et al., 2020; Guinez et al., 2013;
Ribeiro et al.,, 2020; Rodriguez-Hernandez et al., 2019;
Santos, de Aratjo, Giarolla, Seoud, & Ferreira, 2020; Soares
et al., 2019; Uliassi et al., 2017).

Our research group previously studied a series of hydroxy
3-arylcoumarins. Trypanocidal activity was evaluated on both
epimastigote and trypomastigote forms. These studies demon-
strated moderate trypanocidal activity, which was associated
with the generation of oxidative stress in the parasite. This
mechanism of action was determined through electronic spin
resonance (ESR) studies using the spin trapping technique,
observing the formation of hydroxyl radicals, carbon centered
radicals and DMPOX (using DMPO as a spin trap) (Robledo-
O’Ryan et al., 2017).

Based on the above, we also synthesized a series of new 3-
carboxamidocoumarins, using different electron acceptors and
donors linked to aromatic group, and evaluated the trypanoci-
dal activity both in the infective form of parasite and epi-
mastigotes. The most active compounds from that series
contain nitro groups and quinoline substituents. The last ones
presented similar ICsy to NFX on the epimastigote form.
Compounds with nitro groups presented high cytotoxicity
against mammalian cells unlike those with quinolines. Regard-
ing the mechanism of action, we reported variations in the
mitochondrial membrane potential, which were directly related
to the dysfunction of this organelle (Munoz et al., 2016).

Finally, we also evaluated the trypanocidal activity of a 3-
amidocoumarins. In this series, the presence of an electron
donor at position 4 of the coumarin scaffold and different sub-
stituents linked to the amide group, were evaluated. The pres-
ence of a hydroxyl group at position 4 was found to decrease
the trypanocidal activity in the infective form of 7. cruzi. The
proposed mechanism of action was the generation of oxidative
stress, which was directly correlated with the absence of hydro-
xyl groups in those compounds, that produced the greatest
number of free radicals in the parasite. Therefore, it is interest-
ing to evaluate coumarins with electron acceptor groups that
have been described as free radical generators (Moncada-
Basualto et al., 2018).

Based on the previously described background, in this work
the trypanocidal activity of a series of new coumarins contain-
ing nitro groups at position 3 was synthesized and evaluated.
Groups of different chemical nature at position 4 were
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included to understand their role both in intracellular try-
panocidal activity as well as bioavailability.

2. Experimental section
2.1. Chemistry

2.1.1. General information

All reagents were purchased from Sigma-Aldrich and used
without further purification. All solvents were commercially
available grade. All reactions were carried out under argon
atmosphere, unless otherwise mentioned. Reaction mixtures
were purified by flash column chromatography using Silica
Gel high purity grade (Merck grade 9385 pore size 60 A,
230-400 mesh particle size). Reaction mixtures were analyzed
by analytical thin-layer chromatography (TLC) using plates
precoated with silica gel (Merck 60 F254, 0.25 mm). Visualiza-
tion was accomplished with UV light (254 nm) or potassium
permanganate (KMnO4). '"H NMR and '>C NMR spectra
were recorded on a Bruker AMX spectrometer at 250 and
75.47 MHz in the stated solvents (CDCl; or DMSO ) using
tetramethylsilane (TMS) as an internal standard. Chemical
shifts were reported in parts per million (ppm) on the ¢ scale
from an internal standard (NMR descriptions: s, singlet; dd,
double-doublet; t, triplet; td, triple-doublet; m, multiplet).
Mass spectroscopy was performed using a Hewlett-Packard
5988A spectrometer. This system is an automated service uti-
lizing electrospray (ESI) ionization. Elemental analyses were
performed using a Perkin-Elmer 240B microanalyser and were
within (0.4% of calculated values in all cases. The purity of
compounds was assessed by HPLC and was found to be higher
than 98%.

2.1.2. Synthetic methodology

In a round bottom flask, 50 mg of the 4-hydroxy-3-
nitrocoumarin are dissolved in 3 mL of DCM. Afterwards,
21 pL of pyridine is added to the mixture, and the mixture is
cooled to 0 °C. To this mixture, in the cold, 47 mg of the cor-
responding acid chloride are added little by little, and the reac-
tion is left stirring overnight, at room temperature. The
product obtained is evaporated in vacuo and purified by chro-
matographic column (hexane/ethyl acetate 1:1).

3-nitrocoumarin-4-yl-nicotinate (1). Yield: 53%. '"H NMR
(DMSO dg) &: 7.13-7.22 (m, 1H, H-5'), 7.46-7.53 (m, 1H, H-
7), 7.84-7.87 (m, 2H, H-6, H-8), 8.06-8.11 (m, 1H, H-5),
8.59-8.67 (m, 1H, H-6'), 8.92-8.97 (m, 1H, H-4'), 9.17 (s,
IH, H-2). *C NMR (DMSOdy) & 116.3, 117.5, 124.4,
125.8, 126.0, 126.1, 127.5, 128.7, 132.4, 142.0, 146.3, 146.4,
148.8, 148.9, 164.9. ESI-MS m/z (%): 312 (M™", 83). Ana.
Elem. Calc. for C;sHgN,O4: C, 57.70; H, 2.58. Found: C,
57.66; H, 2.57.

3-nitrocoumarin-4-yl-furan-2-carboxylate (2). Yield: 59%.
'"H NMR (DMSO dy) &: 7.13-7.22 (m, 1H, H-4'), 7.46-7.53
(m, 1H, H-6), 7.86 (dd, 1H, H-8, J = 7.8, 1.6), 8.02-8.08 (m,
2H, H-7, H-5), 8.59 (dd, 1H, H-5, J = 7.8, 1.6), 8.88-8.91
(m, 1H, H-3"). 3C NMR (DMSO dy) &: 111.2, 116.4, 116.7,
121.5, 124.0, 125.8, 127.3, 133.3, 141.6, 146.5, 150.1, 152.3,
156.4, 164.0. ESI-MS m/z (%): 301 (M ", 91). Ana. Elem. Calc.
for C;4H,NO7: C, 55.83; H, 2.34. Found: C, 55.80; H, 2.37.

3-nitrocoumarin-4-yl-dimethylcarbamate (3). Yield: 64%. 'H
NMR (DMSO dy) 8: 2.49 (s, 6H, 2xCH3), 7.17 (dd, 1H, H-8,

J =177, 1.6), 7.46-7.53 (m, 1H, H-6), 7.84-7.88 (m, 1H, H-
7), 8.05 (dd, 1H, H-5, J = 7.7, 1.6). '3*C NMR (DMSO dy)
8: 39.7, 116.8, 117.3, 123.1, 125.1, 128.0, 129.7, 150.9, 155.8,
156.5, 164.2. ESI-MS m/z (%): 278 (M ", 91). Ana. Elem. Calc.
for C,H;oN>O¢: C, 51.81; H, 3.62. Found: C, 51.85; H, 3.60.

3-nitrocoumarin-4-yl-thiophene-2-carboxylate (4). Yield:
56%. "H NMR (DMSO dy) &: 7.19 (t, 1H, H-4, J = 6.7),
7.50 (td, 1H, H-6, J = 7.7, 1.5), 7.87 (dd, 1H, H-8, J = 7.7,
1.5), 8.06 (t, IH, H-3', J = 6.7), 8.55 (td, IH, H-7, J = 7.7,
1.5), 8.90-8.95 (m, 2H, H-5, H-5). *C NMR (DMSO dy)
116.7, 117.6, 123.7, 126.3, 127.6, 128.1, 128.9, 129.3, 132.9,
134.2, 143.6, 146.0, 153.1, 160.3. ESI-MS m/z (%): 317 (M ",
90). Ana. Elem. Calc. for C;;H/NO¢S: C, 53.00; H, 2.22.
Found: C, 52.98; H, 2.25.

3-nitrocoumarin-4-yl-benzoate (5). Yield: 71%. 'H NMR
(DMSO dg) 6: 7.14-7.22 (m, 1H, H-8), 7.46-7.63 (m, 4H, H-
6, H-7, H-3', H-5), 7.85-7.94 (m, 2H, H-2', H-6¢'), 8.06-8.12
(m, 1H, H-4), 8.92-8.95 (m, 1H, H-5). '*C NMR (DMSO dj)
8. 116.1, 123.0, 125.6, 127.3, 128.6, 129.2, 130.7, 132.2, 132.9,
141.9, 146.5, 152.4, 167.4. ESI-MS m/z (%): 311 (M™, 85).
Ana. Elem. Calc. for C;gHoNO¢: C, 61.74; H, 2.91. Found:
C, 61.77; H, 2.93.

2.2. Electrochemical studies

2.2.1. Cyclic voltametric

Electrochemical characterization of the new compounds was
performed through cyclic voltametric (CV) on a 693 VA
Metrohm instrument equipped with a 694 VA Stand converter
and 693 VA processor. Potentials were recorded against the
Ag/AgCl reference electrode, a hanging drop of mercury
(HMDE) was used as a working electrode and platinum as
an auxiliary electrode. Tetrabutylammonium perchlorate
(TBAP, 0.1 M) in DMSO was used as a supporting electrolyte
under an N, atmosphere at room temperature. Potential
sweeps were executed between —0.6 and —1.8 V, and 0.1-
2.5V/s.

2.2.2. Monitoring of electrochemically generated radicals by
ESR

ESR spectra were recorded in the X band (9.85 GHz) using a
Bruker ECS106 spectrometer with a rectangular cavity and 50-
kHz field modulation. The hyperfine splitting constants were
estimated to be accurate within 0.05 G. Nitrocoumarin radi-
cals were generated by an in situ electrolytic reduction process
under the same experimental conditions as those of CV, in
DMSO, with 0.1 M of TBAP. The reduction potentials were
acquired from CV. Every spectrum was obtained after 50
scans. ESR spectra were simulated using the program EPR-
WinSIM Version 0.98 (Davies, 2016; Duling, 1994).

2.3. Computational details

Full geometry optimizations for the 4-acyloxy-3-
nitrocoumarins in their neutral states were performed at the
dispersion-corrected B3LYP level of theory (B3LYP-D3) com-
bined with the Def2SVP basis set. Harmonic vibrational fre-
quencies were also performed to confirm optimized
structures on potential energy surfaces as minima. Fukui
indices for nucleophilic attack for every atomic k site, f;,
(Yang & Mortier, 1986) were calculated using natural atomic
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charges, ¢, (Reed, Weinstock, & Weinhold, 1985) in both neu-
tral (N) and anionic (N+1) states at the B3LYP-D3/
Def2TZVP//Def2SVP level of theory, for the purpose to gain
understanding the reduction process associated with the anion
radical formation. This index was computed as stated Eq. (1).

fi = a(N) = q(N+1) )

All calculations were performed using Gaussian09 suite of
programs (Frisch et al. (2009)).

2.4. Biological studies

2.4.1. Cytotoxicity assay

The effect of the new coumarins on RAW 264.7 cells was eval-
uated through the tetrazolium dye (MTT; 3-(4,5-dimethylthia
zol-2-yl)-2,5-di-phenyltetrazolium bromide) assay, as a viabil-
ity test (Mosmann, 1983). Briefly, 10 pL of S mg/mL MTT plus
0.22 mg/mL phenazine methosulfate (electron carrier) (Bisby,
Brooke, & Navaratnam, 2008), were added to each well con-
taining RAW 264.7 cell culture, in 100 pL. RPMI 1640 without
phenol red. Compounds under study, dissolved in DMSO,
were added to the culture media at the concentrations demon-
strated in the figures and tables. DMSO final concentration
was less than 0.25% v/v. After incubation for 4 h at 37 °C,
the generated water-insoluble formazan dye was dissolved by
the addition of 100 puL of 10% w/v sodium dodecyl sulphate
(SDS) in 0.01 M HCI. The plates were further incubated over-
night at 37 °C, and optical density of the wells was determined
using a micro-plate reader (Asys Expert Plus©, Asys Hitach,
Austria) at 570 nm. Under these conditions, the optical density
is directly proportional to the viable cell number in each well.
All the experiments were performed at least three times and
data reported as means and their standard deviations from
triplicate cultures. Results are reported as the percentage of
non-viable RAW 264.7 cells regarding the control.

2.4.2. Determination of the activity in trypomastigotes, viability
study

Primary cultures of peritoneal macrophage from chagasic mice
were used as the source of T. cruzi trypomastigotes. Vero cells
were cultured in 5% fetal bovine serum supplemented RPMI
1640 medium in humidified air with 5% CO, at 37 °C. Then,
cells were infected with the trypomastigotes at a multiplicity
of infection (MOI) of 3. After incubation at 37 °C in humidi-
fied air and 5% CO,, for 5-7 days the culture medium was cen-
trifuged at 500g for 5 min. The trypomastigote containing
pellet was re-suspended in free- serum RPMI 1640 and peni-
cillin—streptomycin at a final density of 1x107 parasites/mL.
The trypomastigote viability was determined by the previously
described MTT assay incubating 1x107 parasites/mL in free-
serum RPMI 1640 culture medium at 37 °C during 24 h with
or without the studied compounds. Untreated parasites were
used as controls (100% of viability). Compound was evaluated
at different concentrations (10-250 uM) to determinate the
1C5 values.

2.4.3. Detection of radical species in parasite by ESR

T. cruzi epimastigotes (Dm28c), from our collection (Pro-
grama de Farmacologia Molecular y Clinica, Facultad de
Medicina, Universidad de Chile, Santiago, Chile), were main-
tained in liver infusion tryptose (LIT) medium supplemented

with 10% heat-inactivated FBS at 28 °C. Parasites were har-
vested by 500 g centrifugation for 10 min. The pellet was sus-
pended in PBS to archive a final suspension of 8x107 parasites/
mL. A suspension of 8x107 epimastigotes correspond to 1 mg
protein or 12 mg of fresh weight. ESR spectra were obtained
using epimastigotes, in a reaction medium containing 1 mM
NADPH and 100 mM DMPO, in 20 mM phosphate buffer,
pH 7.4. All experiments were done after of 10 min of incuba-
tion, at 28 °C, for each 3-nitrocoumarins (5 mM) with epi-
mastigotes of T. cruzi (1 mg/100 pL), NADPH and DMPO,
in an aerobic environment.

2.4.4. Generation of ROS in T. cruzi cultures

For the detection of ROS, 2'.7'-dichlorodihydrofluorescein
diacetate (DCFH,-DA) method was used. 96-well plates were
seeded with 1.5x10° epimastigotes/mL in LIT medium. The
cultures were incubated with a 20 uM DCFH,-DA solution
for 15 min at 28 °C. Then, they were spun at 3500 rpm and
washed 2 times with pH 7.4 saline phosphate buffer. Cells
loaded with DCFH,-DA were transferred to a Nunc® fluores-
cence 96-well plate, where the 3-nitrocoumarins series were
added at 10 uM). Fluorescence (excitation: 488 nm, emission:
528 nm) was recorded for 40 min on a Biotek Synergy HT
spectrofluorometer. The area under the fluorescence increase
curves over time was determined using Origin 8 software, the
areas were normalized with the control. The results are the
means = SD from three independent experiments.

2.4.5. Effect on intracellular parasites

Vero cells were detached by trypsinization, sedimented and
resuspended in media containing 10% FBS. Then, 5 x 10* cells
were seeded into six-well plates. The cells were allowed to
adhere to the bottom of the wells for 2 h and were then chal-
lenged with the parasites at a Vero cell:parasite ratio of 1:3 for
2 h, after which the supernatant was removed and the cells
were exposed to the compounds or NFX at the ICs, concentra-
tion, for other 24 h.

2.4.5.1. Morphological analysis. Vero cells were fixed in cold
90% methanol and washed with PBS and incubated with
1 pg/mL of 4,6-diamidino-2-phenylindole (DAPI) (Molecular
Probes). Then, the sections were mounted in Vectashield (Scy-
Tek ACA) and observed on an epifluorescence microscope
(Motic BA310; Hong Kong, China). Amastigotes were recog-
nized by their morphology, including nuclear size and the pres-
ence of a kinetoplast, and analyzed with the MATLAB®
software (Liempi et al., 2015). At least 500 cells were analyzed
per condition.

2.5. Parallel artificial membrane permeability assays (PAMPA)

Determination of permeability in an artificial membrane of the
coumarins derivates was carried out according to the method-
ology described by Sierpe et al. (2017) (Sierpe et al., 2017).
Donor plates contained 300 pL of the sample at a concentration
of 0.5 mM (solubilized in 30% DMSO and 70% phosphate buf-
fer pH 7.4). Quantification of compounds was carried out by
spectrophotometry in a microplate spectrophotometer (Mul-
tiskan Spectrum, Thermo Electron Co.). PAMPA assay was
performed in triplicate (n = 3). Data is expressed as the
means £+ SD from three independent measures.
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2.6. Statistical analysis

Statistical analysis was performed using Graph Pad Prism 4.03
(GraphPad Software. San Diego. California USA). Data are
expressed as mean + SD of three independent experiments.
Statistical analysis was performed using one-way ANOVA
with Dunnett post-test when multiple comparisons were
required. Data are considered statistically significant when
p less than 0.05.

3. Results and discussion

3.1. Chemistry

Compounds 1-5 were synthetized according to the scheme pre-
sented in Fig. la. 4-Hydroxy-3-nitrocoumarin undergoes an
esterification reaction in the presence of an acid chloride, in
dichloromethane and using dry pyridine, from 0 °C to room
temperature. The reaction is complete after stirring overnight.
The reaction mixture is then purified by flash chromatography
to afford the desired compound. In order to explore the chem-
ical space, different substituents were included at position 4 of
the scaffold.

3.1.1. Electrochemical studies

Electrochemical characterization of the new 3-nitrocoumarins
was performed by CV in an aprotic medium. Fig. 1b shows the

cyclic voltammogram of compound 1, the first cathodic signal
(Ic), without the corresponding anodic signal, was not assigned
to any particular species. Second quasi reversible peak (Ilc),
observed at more negative potentials, was assigned to the
monoelectronic reduction of the nitro group that generates
the nitro anion radical R-NO3™ (Eq. (2)). This step has been
described as the first step required to reduce nitro compounds.
All the compounds of the series exhibited similar electrochem-
ical behavior, which agrees with previous reports (Aravena,
Figueroa, Olea-Azar, & Aran, 2010; Bollo et al., 2003; C.
Olea-Azar et al., 1998; Rigol et al., 2005; Squella, Bollo, &
Nunez-Vergara, 2005).

In particular, the reduction of nitroaromatic compounds in
aprotic solvents has been widely described, where the first cou-
pling is reversible. However, this is not the case for the studied
series. This fact may be explained by the low stability of the
anion radical formed by the substituent at 3 position of the
coumarin.

R—NO,+e¢ 2R~ NOy )

On the other hand, to determine if the reduction process
was controlled by an adsorption or diffusion phenomenon,
logarithm of cathode peak (log (Ipc)) was plotted against the
logarithm of speed of process (log (v)) (Fig. Ic). The value of
the slope indicates the process involved. For a diffusion-
controlled process, the value of the slope of the curve is close
to 0.5 and for a controlled adsorption process, the value is
close to 1.0. Slope values for all the compounds indicate a
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diffusion-controlled process without adsorptive interference on
the surface of the working electrode (Nicholson & Shain, 1964;
Rodriguez et al., 2008).

Cathodic and anode peak potentials of all compounds are
shown in Table 1. The reduction potentials of all the coumar-
ins were higher than NFX. Therefore, the 4 position of the acy-
loxy groups, together with the electron-attracting effect of the
carbonyl at position 2, would hinder the reduction of the nitro
group relative to BZN and NFX. These values are similar to
those described by Pardo-Jimenez and co-workers for
dihydropyridine-fused coumarins with a nitro group at posi-
tion 7 of coumarin scaffold. In the voltammogram previously
obtained by the authors, in similar conditions, a low intensity
signal can be observed that is not attributed to any particular
species (Pardo-Jiménez et al., 2014).

Comparing to other nitro compounds, our research group
previously found similar values of reduction potential for a
series of 5-nitroindazoles (compounds with high trypanocidal
activity) that do not contain labile hydrogens in their structure,
exhibiting a low intensity peak at less negative potentials that
was not assigned (Claudio Olea-Azar et al., 2006). Likewise,
Aguilera-Venegas and co-workers described for a series of 7-
nitroquinoxalin-2-ones with trypanocidal activity and poten-
tial values close to 1.1 V, for compounds without labile hydro-
gens (Aguilera-Venegas et al., 2011).

3.1.2. Radical characterization by ESR

To deeply study the 3-nitrocoumarins reduction mechanism,
the radical electrolytic generation was obtained by CV. The
detection and characterization of these radical species was per-
formed using ESR (Barriga-Gonzalez et al., 2015; Davies,
2016).  Electrochemical reduction of substituted 3-
nitrocoumarins was performed under the same conditions as
for the CV, using the potentials for the formation of nitro
anion radical. For all the studied compounds, a hyperfine pat-
tern of three broad lines was obtained (Fig. 1d) that were
assigned to nitro group nitrogen without the apparent delocal-
ization of radical in the benzene ring of the coumarin. Hyper-
fine coupling constants were obtained by semi-empirical
simulation of spectra using WinSIM 9.

The observed hyperfine pattern would indicate that the
unpaired electron is centered in the nitro group, independent
of substituents at position 4. Hyperfine coupling constants
obtained in the ESR study of the family of 4-acyloxy-3-
nitrocoumarins are shown in Table 2. According to Kolker
and co-workers (Waters, 1963), the value of the hyperfine cou-
pling constants can vary depending on the solvent used. That is
because the presence of a polar solvent allows the hyperfine

Table 2 Hyperfine coupling constants and g value (in Gauss
units) of the simulated 4-acyloxy-3-nitrocoumarins free radical
spectrum.

Compound an g-value
1 20.23 2.103
2 20.26 2.115
3 20.24 2.108
4 20.25 2.113
5 20.28 2.128

constant to considerably increase its value due to a radical-
solvent interaction, causing changes in the electron density dis-
tribution in the radical. Furthermore, the width of the lines
suggests the existence of smaller coupling constants that add
to the high coupling constants in the spectrum. Likewise, the
similarity of the g values could indicate that the series of the
studied nitrocoumarins feels the same magnetic field corre-
sponding to the nitrogen atom of the nitro group, since its g
value provides information on the electronic structure of a
paramagnetic center, regardless the chemical medium in which
it is found.

To rationalize these results, the nucleophilic Fukui function
(f;) was obtained for the neutral molecule of all the 4-acyloxy-
3-nitrocoumarins. Table 3 shows that the atom with an
increased possibility for a nucleophilic attack is carbon 4. That
is due to electron-attracting effect of the nitro group, which
can delocalize the positive charge on the ring A (Scheme 1).
This effect was more noticeable in compound 3, since in posi-
tion 7 of the coumarin presented the highest f .

According to the above, the formation of the nitro radical
would subsequently imply a higher location at carbon 4 of
the coumarin scaffold. Compound 3 presented the highest f;,
so it would be expected that it had a lower reduction potential.
However, it was compound 2 that presented the lowest reduc-
tion potential. This could be explained by the f; at carbons 3’
and 5°, due to the influence of the furan oxygen, unlike com-
pound 3 where the tertiary amine does not present this
influence.

Delocalization in the A ring of the coumarin, which could
have the unpaired electron when the nitro radicals formed,
could explain the width of the lines observed in the ESR spec-
tra, which can involve low hyperfine coupling constants of
hydrogens of the ring A.

Consequently, a reduction mechanism is proposed in
Scheme 1, implying the formation of a nitro anion radical

Table 1 Electrochemical parameters in DMSO.

Compound Ej 11 Ep, 11 AE L 11 I, 11 10, /11,
1 —1.20 —1.07 0.13 —0.18 —0.03 0.17
2 —1.18 —1.03 0.14 —-2.39 —0.35 0.15
3 —1.19 —1.08 0.11 —0.38 —0.11 0.29
4 —1.30 —1.14 0.16 —-2.69 —0.57 0.21
5 —1.24 —1.13 0.11 —0.49 —-0.14 0.29
NFX —0.88 —0.81 0.07 0.05 0.02 —0.45
BZN —0.79 —1.14 0.35 —0.63 0.51 —0.81
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Scheme 1  Delocalization of charge density in coumarin scaffold.

and its subsequent oxidation in a reversible mechanism, which
can involve redox recycling in biological systems, as it has been
proposed for NFX and BZN. It should be noted that obtaining
fiwas essential to explain the line widths observed in the ESR
spectra and it turned out to be a useful tool to postulate the
mechanism of action that involve radical species.

3.2. Biological activity

3.2.1. Cytotoxic in mammalian cell

Cytotoxicity was determined in RAW 264.7 macrophage line
determining the cell viability through the tetrazolium salt
reduction assay. None of the compounds under study was
found to interfere with the method, due to its characteristics
as oxidants. All the coumarin derivatives presented 1Csq values
above 200 uM (Table 4); thus, considering to be non-toxic
against this cell line. These values were higher than those
reported for the series of 3-amidocoumarins, 3-
carboxamidocoumarins and hydroxy-3-arylcoumarins, except
for the 7,8-dihydroxy-3-(hydroxyphenyl)coumarins, which
were previously studied by the group, and also higher than that
determined for NFX.

Therefore, it would be of high interest for subsequent stud-
ies to maintain the nitro group in the coumarin scaffold, mod-
ifying the substituents at position 4, to reduce the cytotoxicity
comparing to the currently used drugs.

Low cytotoxicity on this cell line represents an huge advan-
tage, since macrophages belong to the mononuclear phago-
cytic system, which constitute one of the main defense
mechanisms of the organism against external pathogens,
enabling the use of these compounds as potential trypanocidal
agents.

3.2.2. In vitro trypanocidal activity

Trypanocidal activity of all the compounds was evaluated on
the trypomastigote form of 7. cruzi (Dm28c), calculating the
1Cspvalues for all of them. Results in Table 4 indicate that
all the studied coumarins showed similar trypanocidal activity
to that previously described by the group for a series of 3-
amido-4-hydroxycoumarins (Moncada-Basualto et al., 2018).
In that study, a compound presenting a pyridine substituent
was described as the most active. This suggests that the
lipophilicity of the compounds is not a predominant factor
for the activity.

These compounds were less active than the 3-
amidocoumarins also described by the group (Guifiez et al.,
2013), which suggests that the introduction of more lipophilic
substituents decreases the activity of this series of compounds.
However, the presence of a nitro group in position 3 of the
coumarin scaffold seems to be fundamental, since it decreases
the activity against mammalian cells, possibly due to the struc-
tural similarity with NAD, which can also partially explain a
possible trypanocidal mechanism of action by inhibition of
the enzyme GAPDH.

Another trypanocidal mechanism of action associated with
the nitro compounds may be based on the generation of oxida-
tive stress. Mammalian cells have more efficient endogenous
antioxidant mechanisms than 7. cruzi. Nitrorreductases are
responsible for reducing the nitro group, generating the nitro
anion radical, triggering a series of chain reactions or products
that cause damage to the parasite. However, it appears that the
trypanocidal activity is not correlated with the reduction
potentials of the compounds, unlike that described for other
trypanocidal nitro-compounds (Claudio Olea-Azar et al.,
2006; Rodriguez et al., 2008). Thus, the trypanocidal action
may not be observed due to the generation of oxidative stress
through the formation of a nitroanion radical.

To associate the trypanocidal activity with the permeability
of the membrane of the compounds under study, a PAMPA
test model was used (Kansy, Senner, & Gubernator, 1998). It
is worth mentioning that the PAMPA technique is a prelimi-
nary test that allows an indication of a possible passive diffu-
sion of the compound in artificial membrane and thus
determine its physicochemical properties. Of the entire series
of compounds studied, it was observed that compound 3 was
the only one that presented diffusion through the membrane
with an effective permeability (Pe) of 3.2x107 cm/s (Table 5),
which it was lower than previously described by the group
for a series of coumarins in a more complex membrane model
(Maria Joao Matos et al., 2015).

Compound 3 is less lipophilic due to the tertiary amine and
the smaller volume of the substituent, which can explain a
higher diffusion in this membrane model. This hypothesis
can be partially corroborated by the high association percent-
ages of the most lipophilic compounds in the artificial mem-
brane. Likewise, it must be taken into account that these
values cannot be directly correlated with the trypanocidal
activity, since both the parasite and the mammalian cells have
cell membranes that are lipidic bilayers with different compo-
sitions (glycoproteins, mucins, transialidase, among others) (de
Souza, 2009). Therefore, another type of diffusion, such as
active, may be involved. In this case, several transporters, such
as proteins, can help the diffusion of the compound.
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Table 3 Fukui indeces (f;) for 4-acyloxy-3-nitrocoumarins computed at B3LYP-D3/Def2TZVP//Def2SVP level.

I

N\
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3.2.3. Determination of intracellular parasites

Most of the compounds with potential trypanocidal activity
are tested on the extracellular form of the parasite, evaluating
their efficacy in the acute phase of the disease. However, the
evaluation of the activity on the intracellular form would
account for the efficacy in the chronic phase of the disease.

In this case, DAPI staining was used, which recognizes the
presence of intracellular parasites as well as their nuclear and
kinetoplasmic size (Fig. 2a, c, e and g), due to the great capac-
ity of this molecule to bind nucleic acids, generating a blue flu-
orescence stain.

In addition, we assayed the effect of the compounds 1 and 2
on mammalian cells infected with intracellular amastigotes.
Vero cells infected previously with the parasite were incubated
in the presence and absence of the selected compounds or
NFX, at their respective 1Cso values.

Compound 1 significantly decreased (p < 0.0001) the per-
centage of infected cells in a lower way than NFX (Fig. 2a
and 2b). Compound 2 did not reduce the percentage of infec-
tion of VERO cells. Finally, compound 1 did not significantly
decrease the number of amastigotes per cell, comnparing to the
infection control (Fig. 2¢ and 2f).
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Table 4 [n vitro cytotoxicity in murine RAW 264.7 macro-
phages (ICsg) and trypanocidal activity against trypomastigote
strain (ICs).

Compound Trypomastigote RAW 264.7 SI¢
1Cso/uM 1Cso/uM

1 137.4 £ 1.3 >200 * >1.46
2 237.6 + 2.1 >200 * >0.84
3 2129 + 1.6 >200 * >0.94
4 2233 + 1.8 >200 * >0.90
5 187.7 + 1.4 >200 * >1.07
NFX 10.0 + 0.4 263.4° > 26.34

# The highest studied concentration was 200 uM, since the com-
pounds are active between 10 and 100 pM. ° reference value
obtained from Robledo et al 2017. “SI: selective index, (ICsy raw
264.7/1Csq parasite). All experiments were carried out in triplicate,
and the data represent the mean values (£S.D.).

Although the trypanocidal activity of the studied 3-
nitrocoumarins is low, comparing to the other coumarins stud-
ied by the group, it was possible to determine that compound 1
reduces the number of infected cells. The new data add value
to the potential use of trypanocidal coumarins in the treatment
of Chagas disease, considering that a limit in the efficacy of
anti-chagasic drugs is the low activity in infective forms of T.
cruzi.

3.3. Detection of radical species

3.3.1. ESR spin trapping

Free radical formation in the epimastigote form of 7. cruzi was
carried out to determine whether oxidative stress is a possible
mechanism of action of the substituted 3-nitrocoumarins. ESR
was used with the spin trapping technique and DMPO was
used as a spin trap, since it can cross cell membranes and react
with free radicals focused on oxygen and carbon, thus, differ-
entiating between the spectra obtained (Aguilera-Venegas
et al.,, 2013; Aguilera-Venegas & Speisky, 2014; Barriga-
Gonzalez et al., 2015). Fig. 1e shows the ESR-generated repre-
sentative spectra. It was observed that all the compounds
under study generated the same hyperfine coupling pattern
(Aguilera-Venegas et al., 2013; Moncada-Basualto et al.,
2018; Claudio Olea-Azar et al., 2003). This decomposition is
due to the previous formation of the spin adduct between
DMPO and the hydroxyl radical, which was then DMPOX,
through the mechanism proposed in Scheme 2.

Detection of radical species would indicate that one of the
mechanisms of action for this type of compound involves the
generation of oxidative stress, which could be generated by the

Table 5 Association and diffusion percentages to artificial
membrane.

1

Compounds % Association % Diffusion Pe/cms™

98.9 + 0.1 = -
6.1 = 0.1 - -
27.7 £ 0.5 1.67 + 0.3 32x 1077 £ 02
40.8 + 0.5 = =
192 + 0.7 = =

N B W N -

Nuclear Staining Phase contrast

Fig. 2

Infected Vero cells with 7. cruzi amastigotes. The arrows
show Vero cells nuclei and intracellular amastigotes. Scale bar:

10 um. “Control with nuclear staining with DAPI, ® Phase
contrast control, © NFX with nuclear staining with DAPI, D NFX
with phase contrast, © Compound 1 nuclear staining with DAPI, ¥
Compound 1 with phase contrast, ¢ Compound 2 nuclear staining
with DAPL " Compound 2 with phase contrast.

nitro group. Likewise, it is worth mentioning that the use of a
spin trapping technique is essential for detection and character-
ization of free radicals in whole cells, which has made it possible
to postulate this type of trypanocidal mechanism of action.

3.3.2. Determination of intracellular oxidative stress

To quantify the generation of radical species in 7. cruzi epi-
mastigotes, determination of intracellular free radicals was
performed based on the quantification of dichlorofluorescein
probe (DCF). All the compounds managed to penetrate the
cell membrane, generating an increase in the fluorescence
intensity (Fig. 1f). Compound 3 presented the highest increase
in fluorescence intensity related to an increase in the intracellu-
lar free radical concentration. This effect was less than that
found for NFX. These results are similar to those obtained
through PAMPA, where compound 3 presented higher mem-
brane permeability. This suggests that the trypanocidal mech-
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Scheme 2 Proposed mechanism for the generation of radical species in T. cruzi epimastigotes.

anism of action may not involve the generation of oxidative
stress as the only route of action.

The ROS generation assay indicates that all the compounds
can permeate the parasite membrane by different mechanisms,
unlike that found by the PAMPA assay. Therefore, the ROS
generation assay would be more useful for the study of this
type of compounds, since it provides information about mem-
brane permeability and evaluation of oxidative stress in vitro in
different types of cells.

Therefore, for further studies, it would be interesting to study
a series of compounds that maintain the 3-nitrocoumarin scaf-
fold, presenting different substituents at position 4, with similar
lipophilicity to compound 1. It would be also interesting to eval-
uate other potential mechanisms of action.

4. Conclusions

Voltammetric and ESR studies suggested that the formation of
a nitro radical anion is possible, which would emulate the
enzymatic function within the parasite. The Fukui index pro-
vided additional evidence of the relevance of the nitro group
at position 3, whose electron withdrawing effects can delocal-
ize the charge density of the coumarin scaffold. Regarding the
trypanocidal activity, it was established that the compounds
present low trypanocidal activity. This may be related to the
formation of intracellular free radicals, evidenced through
the tests of spin trapping and formation of intracellular
ROS. It is postulated that the mechanism of trypanocidal
action in the studied series would not only be via oxidative
stress, given the low correlation of these parameters. Suggested
mechanisms involve essential enzymes for the survival of the
parasite. The membrane permeability test suggests that high
lipophilic compounds are mostly retained in the membrane.
In this case, there is no direct relationship between the biolog-
ical activity observed and the percentage of diffusion of the
compounds. Finally, the decrease in cells infected with para-
sites in the amastigote form suggests that the introduction of
the pyridine substituent is essential to decrease the infection
rate. Therefore, in future studies the synthesis and biological
evaluation of coumarins with nitrogen-containing heterocycles
in different positions of the scaffold would be interesting to

improve the bioavailability and enhance the use of this type
of compounds as trypanocidal agents.
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