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Abstract

Chemical scaffolds of natural products have historically been sources of inspiration for the
development of novel molecules of biological relevance, including hit and lead compounds.
To identify new compounds active against Trypanosoma cruzi, we designed and synthesized
46 synthetic derivatives based on the structure of two classes of natural products:
tetrahydrofuran lignans (Series 1) and oxazole alkaloids (Series 2). Compounds were
screened in vitro using a cellular model of T. cruzi infection. In the first series of compounds,
11 derivatives of hit compound 5 (ECso = 1.1 uM) were found to be active; the most potent (7,
8, and 13) had ECsy values of 5.1-34.2 uM. In the second series, 17 analogs were found
active at 50 pM; the most potent compounds (47, 49, 59, and 63) showed ECs values of 24.2—
49.1 uM. Active compounds were assessed for selectivity, hemocompatibility, synergistic
potential, effects on mitochondrial membrane potential, and inhibitory effect on trypanothione
reductase. All active compounds showed low toxicity against uninfected THP-1 cells and
human erythrocytes. The potency of compounds 5 and 8 increased steadily in combination
with benznidazole, indicating a synergistic effect. Furthermore, compounds 8, 47, 49, 59, and
63 inhibited parasitic mitochondria in a dose-dependent manner. Although increased reactive
oxygen species levels might be involved in the mitochondrial effects caused by compounds,
the results indicate that the mechanism of action is not dependent on trypanothione reductase
inhibition. In silico calculation of chemical descriptors and principal component analysis
showed that the active compounds share common chemical features with other trypanocidal
molecules and are predicted to have a good ADMET profile. Overall, the results suggest that
the compounds are important candidates to be further studied for their potential against T.
cruzi.

Keywords: T. cruzi, mitochondrial dysfunction, isoxazole, oxazole, antiparasitic, neglected
tropical diseases, natural products.
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1. Introduction

Trypanosoma cruzi, the causative agent of Chagas disease, is a hemoflagellate
protozoan parasite first described by Carlos Chagas in 1909. lts complex life cycle involves
multiple distinct morphological stages in both mammalian hosts and triatomine vectors. Not
long after this discovery, the human disease caused by T. cruzi was identified and named
Chagas disease [1]. The acute phase of Chagas disease occurs right after infection and
presents with unspecific symptoms such as fever and malaise. This stage is characterized by
high parasitemia, which facilitates diagnosis. Following the acute stage, the disease enters an
indeterminate stage where the amastigote form of T. cruziis found intracellularly in different
tissues. Although silent, the presence of the parasite leads to chronic inflammation and tissue
damage. These effects ultimately result in the potentially fatal complications seen during the
chronic stage of the disease, such as cardiac and gastrointestinal dysfunction [2,3]. Society
has experienced important advances in science and medicine more than a century since the
first reports, but Chagas disease remains a public health concern, especially in Latin America
[4].

The nitroheterocyclic drugs benznidazole and nifurtimox are used for the treatment of
Chagas disease. However, both drugs have a high incidence of side effects, causing a
significant number of patients to discontinue treatment [5-8]. In some cases, parasite
resistance greatly affects the efficacy of trypanocidal drugs [9,10]. Yet another challenge is
that benznidazole and nifurtimox are not effective in addressing Chagas disease during its
indeterminate and chronic stages, leaving millions of patients at risk of facing the life-
threatening consequences of the infection [11]. Over the last years, few clinical trials have
been conducted to assess the efficacy of other drugs in the treatment of Chagas disease.
Patients treated with posaconazole had no long-term benefit in comparison with those treated
with benznidazole [12]. Treatment with E1224 (prodrug of ravuconazole) was able to reduce
the parasite load to undetectable levels by the end of treatment, but a follow-up assessment
conducted months later revealed that the infection was active again [13-15]. The
nitroheterocyclic drug fexinidazole has been recently approved for the treatment of sleeping
sickness, caused by another species of the genus Trypanosoma, T. brucei gambiense; the
results of an ongoing trial in patients with Chagas disease are expected shortly [16,17].

The need for new chemical entities that are active against T. cruzi is clear. Chemical
compounds obtained from natural sources have long been explored for their medicinal
properties [18—21], and this situation is no different when it comes to the chemical space
occupied by antitrypanosomal molecules. Numerous alkaloids, quinones, lignans, and
terpenoids have been described as active against T. cruzi strains [22]. Some challenges,
however, limit the translation of natural products to marketable drugs. Most limitations are



related to the large-scale availability of the natural source, concerns about biodiversity
exploration, or the need for labor-intensive techniques for isolation of target metabolites.
Additionally, the fine balance between biological activity and pharmaceutical properties related
to chemical structure, such as solubility, bioavailability, and metabolic stability, might not be
easily encountered in unmodified natural products [23,24].

The synthesis of natural product analogs has been widely used to overcome these
limitations and facilitate the study of the structure—activity relationship of natural scaffolds
[25,26]. Up to one-third of FDA-approved drugs are natural product derivatives, including
compounds obtained either by semi- or total synthesis or inspired by a natural product or a
natural pharmacophore moiety. By contrast, unaltered natural products account for less than
4% of approved drugs [27]. Recent review articles have shown that natural-product-inspired
design and synthesis have been applied to obtain derivatives active against T. cruzi. In
multiple cases, the potency of derivatives against different strains and life stages of the
parasite is comparable to that of benznidazole [28,29]. Such findings demonstrate that natural
scaffolds can be an important starting point for the design of novel trypanocidal hits.

In this study, we report the use of two classes of natural products as potential starting
points in the development of new molecules that are active against T. cruzi. The biological
activity of tetrahydrofuran lignans against T. cruziis well documented, and multiple derivatives
have been described in the literature, including by our research group. On the basis of such
data, we further explored the potential of the lignan scaffold and investigated whether natural
products that share similar chemical features could also act against T. cruzi. Within the latter
category, we proposed derivatives of balsoxine-like oxazole alkaloids. Although the natural
alkaloids themselves were found not active against T. cruzi, derivatives modified to contain a
bisheterocyclic scaffold showed improved biological potential. After an initial screening, the
active compounds were further tested to gain insight into their toxicity (selectivity over
uninfected cells, hemotoxicity, and effects on T. cruzi plasmatic membrane) and mechanism
of action (mitochondrial effects and trypanothione reductase inhibition). The potential of the
most potent derivative to act synergistically with benznidazole is also reported.

2. Results and Discussion
2.1.  New compounds based on the scaffold of natural tetrahydrofuran lignans:
Rationale, synthesis, and evaluation against T. cruzi amastigotes

In plants, the condensation of two phenylpropanoids units leads to a class of secondary
metabolites named lignans. Depending on which position of the phenylpropanoid unit the
condensation takes place, more than twenty different scaffolds might be formed [30].
Tetrahydrofuran lignans (such as compounds 1-3) are in the largest group of lignans



described with trypanocidal activity [31-33]. Their in vitro potencies (ECso) range from 2.2 to
58.7 uM, however, the low yield in which they are isolated from plants compromises their
developmentability as lead compounds (Fig.1). Due to the presence of multiple chiral centers,
the total synthesis of tetrahydrofuran lignans is also complicated, requiring many synthetic
steps, and affording the final compounds in low global yields [34—36].

In an attempt of overcoming these limitations, the scaffold of the tetrahydrofuran lignans
has been used as inspiration for designing new derivatives through more accessible synthetic
routes. This approach also leads to chemically diverse derivatives, which might contribute to
study structure-activity relationships and improving physicochemical properties, such as
solubility. Examples of analogues include, dihydrofuran-[37], 1,4-diketo-1,4-diphenylbutan-
[38], furan-[39], isoxazole-[40], triazole-[41] and bisheterocyclic-containing molecules [42].

In previous work on this topic, our research group described a new series of 3,5-
disubstituted isoxazole derivatives active against T. cruzi [40]. From the first set of analogs,
the hit compound 3-(3,4-methylenedioxyphenyl)-5-(4-hydroxymethylphenyl)isoxazole
(Compound 4, ECso = 5.1 uM) was identified. Compound 4 was then derivatized and we could
identify that the p-phenyl substituent was necessary for increasing potency. Moreover, the
replacement of the 4-hydroxymethyl group by apolar substituents such as 4—methyl and 4—
chloromethyl was responsible for a further increase in potency. The 4—chloromethyl bearing
compound 5 was the most active and selective in that series, with ECso = 1,1 uM and selectivity
index (SI) = 165 (Fig. 1).
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Fig. 1. (a) Structure of a few natural tetrahydrofuran lignans 1-3 with remarkable activity against T.
cruzi (trypomastigotes, Y strain). The natural scaffold, common to other compounds, comprises a
central tetrahydrofuran ring linked to two substituted aryl rings. (b) Isoxazole-containing analogues 4-5
of the natural lignans active against T. cruzi (amastigotes, Tulahuen strain).

In this work, aiming to deepen our understanding of the structure-activity relationship,
we have synthesized derivatives of compound 5. Similar to the synthesis of compound 5 using
a halosulfoxide reagent, a compound containing the 4-bromomethyl substituent (Compound
6) could be obtained from the reaction of compound 4 with thionylbromide. Compound 4 also
was the starting material for the synthesis of compound 7 using DeoxoFluor® as a nucleophilic
fluorinating reagent. Multiple unidentified side-products were formed during this reaction and
compound 7 could only be obtained with a low yield after several attempts. Lastly, a compound
containing a substituent 4-iodomethyl (Compound 8) was obtained via the reaction of
compound 5 with potassium iodide (Fig. 2).
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Fig. 2. Yields are represented on top or to the left of arrows. i) SOBr2 (3.0 eq), CH2Cl2 (0.85 M), Ar, r.t.,

1h. ii) SOCI2 (3.0 eq), CH2Cl2 (0.85 M), Ar, r.t., 1 h. iii) DeoxoFluor (1.05 eq), CHz2Cl2 (0.85 M), Ar, 0 °C,
20 h. iv) Potassium iodide (1.2 eq), acetone (0.8 M), r.t, 20 h.

The replacement of chlorine by other halogens modifies logP, surface area, orbital
energy, and other properties that could modulate either the activity against T. cruzi or the
toxicity of the compounds. After the synthesis, the biological evaluation was performed using
a colorimetric assay with amastigotes of T. cruzi (Tulahuen strain) genetically modified to
express the enzyme B-galactosidase. The results revealed that compounds 7 and 8 also are
active against T. cruzi. The potency of these compounds is lower than that of compound 5.
However, they are still comparable to benznidazole regarding potency. Compound 6 has low
activity against the parasite, causing the death of only 20% of the parasites at the
concentration of 50 pM. Therefore, the compound was not evaluated in multiple
concentrations for ECso determination.

Looking at cytotoxicity data, compounds bearing more electronegative atoms at the
benzylic position are more toxic to THP-1 cells (Table 1). This was expected due to lower
LUMO energy at the benzylic carbon, which would facilitate the attack of cellular nucleophiles,
such as DNA and some amino acid residues. Combining both biological outputs, compound 5
remains the most potent and selective compound against T. cruzi among the halogenated

series.



Table 1. Effect of the treatment (72 h) with compounds 5-8 in T. cruzi amastigotes (ECso) and THP-1
cells (CCso).
ID Maximum activity (%) ECso T. cruzi (M) CCso THP-1 (uM) Si

5 92.7 (+2.3) 1.1 (0.4) 181.8 (+25.9) 165
6 20.0 (+2.8) - - -
7 79.3 (3.3) 5.1 (x1.1) 361.4 (+63.9)  70.8
8 89.0 (2.0) 9.8 (+1.4) 31.8 (+3.7) 3.2

Bzn 96.6 (+1.6) 10.2 (0.8) >500 >49

The results represent (average + SD) of two independent experiments in triplicate. 2Percentage of
parasite death after the treatment with 50 uM of the compounds. Compounds that led to more than 45%
of parasite death were evaluated in different concentration for ECso and CCso determination. Sl =
selectivity index, CCso/ECso

Having this in mind, we planned new derivatives in which the isoxazole ring in the central
region of the molecule was replaced by other linkers either acyclic or heterocyclic. A total of
eleven derivatives could be obtained containing ester, amide, ether, amine, a,3-unsaturated
ketone, triazole, isoxazoline, oxazole and oxadiazole bridges between the two aryl rings
present in compound 5.

All final compounds could be synthesized from simple building blocks using classical
synthetic methodologies. For synthesizing compounds 10 and 11, 4-chloromethylbenzoic acid
9 was coupled to piperonyl-alcohol or amine. The benzoic acid derivative was activated via an
acyl chloride intermediate or using carbonyldiimidazole, respectively. Carbonyldiimidazole
was also used for the coupling of 9 and 3,4-methylenedioxyamidoxime, for the preparation of
the intermediate 12 used for the synthesis of the 1,2,4-oxadiazole derivative 13 (Fig. 3).
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Fig. 3. Yields are represented on top or to the left of arrows. i) SOCI2 (3.0 eq), CH2Cl2 (0.15 M), Ar,
reflux, 1 h, then EtsN, piperonyl alcohol (1.0 eq), CH2Clz, reflux, 2 h. ii) CDI (1.1 eq), piperonylamine
(1.1 eq after 30 min), THF (0.15 M), r.t., 20 h. iii) CDI (2.0 eq), DMF (0.3 M), r.t., overnight. iv) DMF
(0.08 M), 80 °C, 4h.

4-Chloromethylbenzaldehyde 15 was the starting material for the synthesis of
compounds 16 and 17. The building block was prepared through the Jones oxidation of 4-
chloromethylbenzylalcohol 14 and reacted via reductive amination with piperonyl-amine or via
Claisen-Schmidit condensation with piperonyl-acetophenone to form compounds 16 and 17,
respectively (Fig. 4).
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Fig. 4. Yields are represented on top of arrows. i) Jones reagent 6 N (1.5 eq dropwise), acetone (0.3
M), 0 °C to r.t., 15 min. ii) piperonylamine (1 eq), CH2Cl2 (0.15 M), NaBHa (1.0 eq), MeOH (1 drop), r.t
i) 3,4-methylenedioxyacetophenone (1.0 eq), NaOH/MeOH 10% (0.6 M), r.t. 4 h.

Compounds 20 and 23 could be obtained through 1,3-dipolar cycloaddition using
piperonylnitrile oxide 18 and piperonylazide 21 as 1,3-dipoles. 4-Vinylbenzyl alcohol and 4-
ethynylbenzyl alcohol were used as dipolarophiles for obtaining the hydroxy-derivatives 19



and 22 that ultimately led to compounds 20 and 23 respectively. Finally, compound 26 was
obtained via the arylation of piperonyl-5-oxazole 24 using 4-iodo-benzylalcohol as coupling
partner. The synthetic routes are depicted in Fig. 5.
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Fig. 5. Yields are represented on top of arrows. i) NCS (1.1 eq), DMF (0.3 M), r.t. ii) 4-
ethynylbenzylalcohol (1.1 eq), NaHCOs (4.0 eq), copper(ii) sulfate (2 mol%), sodium ascorbate (10
mol%), H20:tBuOH (0.15 M), r.t., 2 h. iii) SOCIz (3 eq), CH2Cl2 (0.15 M), r.t., 1 h. iv) NaNOs (1.5 eq),
HCI 6 M (0.18 M), NaNs (4.0 eq), 0 °C to r.t., 2 h. v) 4-vinylbenzylalcohol (1.1 eq), copper(ii) sulfate (2
mol%), sodium ascorbate (10 mol%), DMF (0.15 M), 70 °C MW, 10 min. vi) TosMIC (1 eq), K=COs (2
eq), MeOH (0.2 M), reflux, 2 h. vii) 4-iodobenzylalcohol (1.2 eq), K2COs (2 eq), Cul (1 eq), TPP (0.2 eq),
DMF (0.3 M), 100 °C, 24 h.

After purification and chemical characterization (NMR and HRMS), the effect of the
compounds on T. cruzi viability was assessed. The results are compiled in Table 2.



Table 2. Effect of the treatment (72 h) with compounds 10-13, 16, 17, 19, 20, 22, 23, 25 and 26 in T.
cruzi amastigotes (Tulahuen strain).

ID Maximum activity (%)* ECso T. cruzi (uM) Sl

10 19.6 (+1.4) - =
11 NA - -
13 46.2 (£5.8) 34.2 (+1.8) >29P
16 NA - -
17 17.0 (x0.8) = =
19 3.9 (+2.6) - -
20 16.8 (+6.6) = =
22 NA - -
23 9.1 (+1.9) - —
25 10.4 (+3.8) - -
26 3.1 (0.3) — —
Bzn 85.6 (+2.5) 10.2 (20.8) >49

The results represent (average + SD) of one experiment in triplicate. 2Percentage of parasite death after
the treatment with 50 pM of the compounds. NA = Not active [p >0.05 (ANOVA/Dunnet) in comparison
with the negative control]. Bzn = Benznidazole. Compounds that led to more than 45% of parasite death
were evaluated in different concentrations for ECso and CCso determination. *The treatment with 1 mM
of the compound reduced cell viability by only 33.7%.

Most of the newly synthesized compounds were poorly active against T. cruzi, being
capable of reducing parasite viability by a maximum of 20% at 50 uM. Compound 13 was the
most active among the compounds evaluated. Therefore, the effect of multiple concentrations
of compound 13 against infected cells was assessed to determine the ECso (34.2 uM). The
cytotoxicity of the compound in non-infected THP-1 cells is low, contributing to a high
selectivity (Sl >29).

The replacement of the isoxazole ring of compound 5 by other chemical moieties in the
new compounds leads to changes in molecular shape and modifies properties that could affect
interactions with a putative molecular target. We could observe that changes in the central
region of the molecule are more detrimental to trypanocidal activity than changes in aromatic
substituents (such as in compounds 4 and 6-8). In compounds 19-20, 22—-23, and 25-26, we
see a small difference in activity caused by the replacement of the 4-chloromethyl substituent
by the 4-hydroxymethyl substituent. However, the activity is still lower than that observed for
compounds 4 and 5. As compound 13 was the only one described in Table 2 with significant
activity, we could suggest that a central aromatic ring is indeed a requirement for activity
against the parasite. However, the number and type of heteroatom in this ring play a role in



modulating activity. To date, the isoxazole ring seems to be the ideal choice in between the
evaluated options.

2.2. New derivatives based on the scaffold of natural oxazole alkaloids: Rationale,
synthesis, and evaluation against T. cruzi amastigotes

Oxazole-containing alkaloids have been isolated from marine and terrestrial organisms
and described with multiple biological activities [43,44]. Among them, compounds containing
the 2,5-diaryloxazole scaffold were obtained from different species of higher plants from the
genera Halfordia and Amyris (Rutaceae). Texamine (27), texaline (28), balsoxine (29),
halfordinol (30), and uguenenazole (31) are examples of compounds in the class (Fig. 2) [45—
47]. These molecules differ among each other in the number and type of substituents in the
aromatic ring and in the type of aromatic ring linked to position 2 of the oxazole ring. The C2-
linked ring might be an aryl or heteroaryl ring depending on the specific compound. The
scaffold similarity between balsoxine-like alkaloids, the tetrahydrofuran lignans, and their
derivatives led us to contemplate whether these molecules could also be active against T.
cruzi. The natural compounds have scarce reports of biological properties, except for the anti-
mycobacterial properties of compound 28 and the lipolytic activity of compound 30 [48-50].
Synthetic derivatives possessing a similar scaffold were described with cytotoxic properties,
and others also affected the viability of Caenorhabditis elegans or of multiple species in the
genus Trypanosoma, such as T. brucei, T. congolense, and T. evansi[51-54].

In the previous section, we observed that the oxazole compounds 25 and 26 showed a
weak activity against T. cruzi. To optimize both potency and chemical properties we undertook
a more disruptive approach proposing a bisheterocyclic scaffold where one of the aryl rings
linked to the oxazole core was replaced by a hydroxymethylfurfuryl moiety. A similar strategy
has been previously applied to isoxazole derivatives and afforded a series of compounds with
interesting biological profiles [42]. The presence of a hydroxymethyl group in the compounds
also resembles active molecules such as the ones described herein earlier. Hence, the novel
derivatives combine features of both natural and synthetic products with known trypanocidal
properties (Fig. 6).
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Fig. 6. (a) Structure of natural oxazole alkaloids 27—-31 isolated from higher plants. The natural scaffold,
common to other compounds, comprises a central oxazole ring linked to two substituted aryl rings. (b)
Synthetic scaffold designed from combining the structure of oxazole alkaloids 27-31 and other
trypanocidal compounds.

To obtain the final compounds, we used 5-hydroxymethylfurfural (5-HMF) as starting
material in a two-step synthetic route, similar to that depicted in Fig. 5 (for the synthesis of
compound 25). To explore the chemical reactivity and contributing to the valorization of the
bio-based building block 5-HMF, we put our efforts in optimizing the second step of the
synthetic route. This step would be common to the synthesis of all derivatives and 5-HMF is
proven to be a challenging substrate under some specific conditions [55,56]. After assessing
multiple variables, the final synthetic route allowed us to obtain thirty-two derivatives 32—63.
We chose aromatic substituents in compounds to cover a range of different electronic, steric,
and physicochemical properties. Overall, all of them could be obtained with fair to good yields
of 20—85% (Fig. 7). The methodological details were made available by our research group
elsewhere [57].
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Fig. 7. Structure and yield of compounds 32—63, designed to combine features of both natural and
synthetic products with known trypanocidal properties. 2Reaction using an aryl bromide instead of an
aryl iodide.

The natural alkaloids texamine (27), balsoxine (29), and uguenenazole (21) also were
included in the study, and the effect of all compounds on T. cruzi viability was assessed.
Seventeen of the thirty-one natural product analogs could reduce the parasite viability after 72
h of treatment. On the other hand, the alkaloids 27, 29, and 21 showed no effect on parasite



viability. This suggests that our strategy of molecular modification might have contributed to
the biological activity, by either modulating PK or PD properties. The results are compiled in
Table 3.

Table 3. Effect of the treatment (72 h) with compounds 32—63 in T. cruzi amastigotes (Tulahuen strain).

ID Maximum activity (%)® ECso T. cruzi (M) CCso THP-1 (uM) Si

33 16.0 (£3.2) - - -
34 28.5 (+0.7) - - -
36 19.9 (+4.3) - - -
37 23.6 (+10.7) - - -
39 22.8 (17.4) - - -
40 14.6 (+3.9) - - -
M 25.2 (+1.8) - - -
42 18.8 (+14.0) - - -
46 25.7 (+7.4) - - -
47 74.3 (x7.1) 34.4 (2.2) 282.2 (+46.6) 8.2
48 11.9 (+1.8) - - -
49 54.0 (+6.9) 33.0 (x1.1) 157.6 (£7.4) 4.8
55 10.4 (+2.8) - - -
59 50.1 (+3.1) 49.1 (+1.6) 550.9 (+16.8) 11.2
61 23.4 (16.7) - - -
60 31.6 (£1.2) - - -
63 77.4 (+3.9) 24.2 (+1.4) 282.2 (+38.2) 11.7
21 NA - - -
27 NA - - -
29 NA - - -
Bzn 99.5 (+1.8) 10.2 (+0.8) - >49

The results represent (average + SD) of one experiment in triplicate. 2Percentage of parasite death after
the treatment with 50 pM of the compounds. NA = Not active [p >0.05 (ANOVA/Dunnet) in comparison
with the negative control]. Bzn = Benznidazole. Compounds that led to more than 45% of parasite death
were evaluated in different concentrations for ECso and CCso determination.

The results showed that most compounds are less active than the unsubstituted
compound 60, independently of the chemical nature of the substituent or the position in which
they are linked to the aryl ring. 4-Position substitutions in the phenyl ring seem to the tolerated
only for substituents with larger atomic radii and that are not strongly electron-withdrawing.
Compounds 47, 49, 59, and 63 are the most active in the entire series. The presence of bulky
apolar substituents at the aryl ring of compounds 47, 49, and 63 contribute to increasing their



hydrophobicity, measured by clogP. It is known that high activity observed in compounds with
high clogP could be justified by chemical features of some molecular targets: active sites are
mostly located inside pockets, which makes the presence of apolar side chains of amino acids
more likely. This favors hydrophobic interactions with ligands. Additionally, it also represents
a challenge in drug design, as a hit compound should balance high potency with adequate PK
properties.

Looking at compound 59, although a 1,3-benzodioxole ring contributes to the bulkiness
in the same region as in compounds 47, 49, and 63, the presence of two heteroatoms in the
ring counterbalances the lipophilicity of the substituent, and the compound shows lower clogP.
This type of modification could be a strategy to obtain active compounds with friendlier
physicochemical properties. The calculated solubility values (logP and logS) of the
compounds are described in Supplementary Information, Table S1. Overall, these results
introduce a new active scaffold and reinforce the importance of specific chemical features,
such as the 1,3-benzodioxole ring, for the activity against T. cruzi.

2.3. The in vitro potency of compound 5 increases when in combination with

benznidazole

The three most active compounds (5, 7, and 8) described in the previous sections were
evaluated in combination (5 concentrations, 1:1 ratio, based on ECso values) with benznidazol
against T. cruzi (Tulahuen) in an additional in vitro assay. When two different compounds are
evaluated in combination it is expected to observe a stronger biological response, called
additive effect. Synergism and antagonism are situations in which the biological response is,
respectively, superior, or inferior to that of additive effect [58]. Translating this to an in vivo
context, the higher efficacy of a synergistic combination could impact the dose, treatment
length, onset of side effects, and drug-related toxicity. The results of the combination studies
are depicted in Table 4.

Table 4. Anti-trypanosomal activity (72 h) of compounds 5, 7, and 8 in combination with the drug

benznidazole in T. cruzi amastigotes (Tulahuen strain)

Compound Benznidazole Cl at the following inhibition2
Combination
ECso (IJM) ECso (IJM) 50% 70% 90%
5+ Bzn (1:1) 0.0019 0.017 0.004 3.0 96162
7 + Bzn (1:1) 3.69 7.40 1.27 1.21 1.15
8 + Bzn (1:1) 3.33 4.36 0.91 0.86 0.80

aThe Cl value compares how much of a combination is needed to cause a biological effect (50, 70
and 90% inhibition), with the amount of the compounds needed when they are used alone. A
combination is synergistic, additive or antagonistic if Cl <1, =1, >1, respectively.



Compound 5 in combination with benznidazole has a strong synergistic effect (Cl < 1)
at the concentration that causes 50% of the parasite death. We observe a steady reduction in
the ECso of benznidazole and compound 5 in the combination when compared to individual
ECso values. The combination of compound 5 with benznidazole also dramatically reduced
the cytotoxicity of compound 5 to THP 1 cells. In combinations containing concentrations up
to 364 uM of compound 5, no reduction in cell viability was observed.

Analyzing the data obtained at higher concentrations (70 and 90% inhibition), we
observe that the combination of compound 5 with benznidazole is no longer synergistic but
antagonistic instead. Similar dose-dependent results were observed in a study of drug
combinations against Aspergillus species [59]. It is expected that concentration changes the
nature of pharmacodynamic interactions, once side activities might become more prominent
and counterbalance the effects seen in lower concentrations.

The combinations of compounds 7 and 8 with benznidazole are either weakly
antagonistic or weakly synergistic, respectively. The change in pattern indicates that although
structurally similar, the compounds have different biological behaviors. The presence of
different halogens at the benzylic positions of compounds 5, 7 and 8, might hinder or contribute
to putative intermolecular interactions, impacting the overall results observed in the

combinations.

2.4. The treatment with the active compounds leads to mitochondrial membrane
depolarization in T. cruzi epimastigotes

Kinetoplastida parasites have a single mitochondrion Different from mammalian cells,
where hundreds of mitochondria are present, a malfunctioning in parasites might compromise
life itself once the organelle is essential to synthesize energy as ATP. Multiple mitochondrial
proteins have been described as targets of trypanocidal compounds. Besides, a change in the
mitochondrial membrane potential (AWYm) after treatment is an indication that the organelle is
being affected. Usually, the interplay among calcium, ATP, and reactive oxygen species (ROS),
metabolism maintains AWYm and an unbalance in any of these could ultimately lead to parasite
death. Structural changes that cause membrane permeability also affect AYm [60-62].

We investigated the compounds active in the phenotypic assay regarding the effect they
would cause in the AWm in T. cruzi epimastigotes. After 24 h of treatment, the parasites were
dyed with rhodamine-123 (Rh-123) and analyzed using flow cytometry. Rh-123 accumulates
in the mitochondrial matrix and the measurement of its fluorescence can be used to determine
AWm [63]. The difference in median of Rh-123 fluorescence between untreated and treated
parasites was used to calculate the AWm index of variation, where negative values indicate
membrane depolarization (Fig. 8a). Additionally, the parasites were dyed with propidium



iodide (PIl) to evaluate whether the treatment with the compounds could also increase the
permeability of their plasmatic membrane (Fig. 8b).

Among active lignan derivatives (Section 2.1), only compound 8 interfered with the AWm of
T. cruzi epimastigotes. On the other hand, all oxazole alkaloid derivatives (Section 2.2) affected
the AWm causing depolarization, notably compounds 47 and 49. This indicates that although
compounds in both series are structurally similar, they trigger different cellular events that
ultimately lead to parasite death. In most cases the effect in AWYm was dose-dependent, reaching
its maximum in the groups treated with eight times the ECs of the compound (Fig. 8a). Compound
8 led to a strong depolarization of the mitochondrial membrane even in parasites treated with the
lowest concentration (ECso). The extent of the effect of compound 8 did not change significantly in
parasites treated with up to eight times the initial concentration (P> 0.05).

The PI staining is additional evidence that the compounds do not necessarily act through
the same pathway to cause parasite death. The treatment with compounds 8 (all concentrations),
47 (4 and 8 x ECso), and 63 (8 x ECso) led to the highest Pl fluorescence, meaning that the
plasmatic membrane integrity was affected by the treatment. Integrity loss of the plasmatic
membrane is mostly associated with necrosis or late-stage apoptosis, which also could be
triggered by oxidative stress. It is not clear whether the permeability of the mitochondrial
membrane also has increased after treatment with these compounds, which could explain the
observed depolarization. In all other treatment groups, the percentage of Pl+ parasites was similar
to that of the negative control (DMSO 1%). This could indicate that compounds 49 and 59 are
slowly acting or that other cell death mechanisms might be activated in parasites after being
treated with them (Fig. 8b).
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Fig 8. (a) AWm index of variation calculated from Rh-123 signal intensity after 24 h of treatment. (b)
Percentage of Pl+ epimastigotes after 24 h of treatment. The bars represent average + SD of triplicates.
Ptm = Pentamidine 100 pM. (-) = DMSO 1%. Index of variation = (Rh-123 in treated parasites — Rh-123
in untreated parasites)/(Rh-123 in untreated parasites). *P <0.001 in comparison with the negative
control (ANOVA/Dunnet).

2.5.  Trypanothione reductase is not the molecular target though which the compounds
exert their trypanocidal action

Trypanothione (N1,N8-Bis(glutathionyl)spermidine) is a glutathione analog present in
Kinetoplastida parasites that acts in the cellular defense against oxidative stress. In the
presence of ROS, trypanothione is oxidized to trypanothione disulfide. The enzyme
trypanothione reductase (TryR, EC 1.8.1.12) is responsible for recycling trypanothione
disulfide, maintaining the intracellular concentration of trypanothione in the levels needed for

its biological role [64]. Although there are other enzymes involved in the metabolism of



trypanothione, TryR is the main target involved in the ROS metabolism explored for drug
discovery in T. cruzi. Different classes of TryR inhibitors have already been identified and it is
known that the inhibition of the enzyme also leads to reduced parasite viability in phenotypic
models [65,66].

Considering that an increasing concentration of ROS is one of the causes of
mitochondrial dysfunction, we investigated whether the inhibition of TyrR is involved in the
mechanism of action of the compounds that were active in the phenotypic assay. However,
the compounds did not inhibit the enzymatic activity in concentrations up to 100 uM. Additional
assays are needed to determine which biological pathways are involved in the parasite death
and mitochondrial effects caused by the treatment with the compounds presented herein.

2.6.  The active compounds do not affect the membrane integrity of erythrocytes

We evaluated whether the active compounds 5, 7, 8, 13, 47, 49, 59, and 63 could affect
the plasma membrane integrity of human erythrocytes as a complementary step to assess
their toxicity. After treating red-blood cells with 100 uM and 50 uM of the compounds no
increase in the concentration of free hemoglobin was observed after 3 h for most compounds.
The promising results in this endpoint indicate that the compounds are not haemotoxic, which
is one of the requisites for in vivo testing.

Compound 47 in the concentration of 100 uM caused hemolysis in 37.7 (£ 5.6)% of the
cells. As compound 47 also led to a loss of membrane integrity in T. cruzi epimastigotes
(Section 2.5), we might suggest that this effect is unspecific at higher concentrations. On the
other hand, no hemolytic effect was observed in cells treated with 50 uM. This indicates a
margin of at least 1.5 between the effective and the non-haemotoxic concentrations of
compound 47.

2.7. The active compounds share structural features with other known trypanocidal

compounds

The seminal work of Lipinski brought to light that the number of polar heteroatoms and
the molecular weight of chemical compounds affect their oral bioavailability [67]. Since then,
multiple physicochemical descriptors have also been associated with properties required for
small molecules having a good biological performance [68,69]. Therefore, an early
assessment of chemical features such as the number of rotatable bonds, fraction of sp®
hybridized carbons, aromatic ring count, and aqueous solubility (logS) can suggest whether a
hit or lead compound needs further chemical optimization to maximize its probability of
success within a drug development program. In addition, an integrative analysis of



physicochemical descriptors could bring information of similarities and differences between a
group of compounds with known biological activity and hit compound candidates.

Hundreds of small molecules have been reported active against different life stages and
strains of T. cruzi. For instance, an HTS campaign run by GlaxoSmithKline led to the
identification of 222 new hit compounds (GSK Chagas box) [70]. These compounds were first
selected using biological screening conditions similar to those employed herein. To visualize
the chemical space occupied by these known trypanocidal molecules and analyze whether
the compounds reported in our work fit similar space we used principal component analysis
(PCA). Twenty physicochemical descriptors (Supplementary Information, Table S2) were
obtained using Data Warrior (openmolecules.org/datawarrior/) and compiled into three
principal components (PC), comprising 67% of the variance of the data [71].

In the PCA plot, we can observe that all analyzed compounds were highly distributed in
the chemical space, demonstrating that different chemotypes might present activity against T.
cruzi (Fig. 9). The main descriptors that contribute to PC1, 2, 3 are related to the presence of
polar atoms in the molecules [such as HBA/HBD fraction (PC1), electronegative atoms, and
H-acceptors (PC2)]. Additionally, we observe that molecular complexity descriptors [such as
molecular complexity index (PC3), and the number of rings (PC4)] could be relevant to explain
differences among molecules. Details are described in Supplementary Information, Table S2.
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Fig 9. Principal component analysis (PCA) plot comparing physicochemical properties of 230
compounds active against T. cruzi in a phenotypic assay. GSK Chagas box compounds (n = 222) are
represented as gray open circles and the active lignan- and alkaloid-based compounds presented in
this work are represented as red and blue circles, respectively.



Overall, compounds 5, 7, 8, 13, 47, 49, 59, and 63 share structural features with other
active compounds and could give insights about structural elements required for biological
activity or be further optimized to afford novel improved derivatives. Individual compounds
reported in this work are not flagged in a Pan Assay Interference Compounds (PAINS) filter,
supporting the validity of the biological results presented (as analyzed in SwissADME,
swissadme.ch). Additionally, they fit common druglikeness “rules”, suggesting they are
predicted to have good pharmaceutical properties from an ADMET standpoint.

3. Conclusion

Natural products exhibit enormous potential as sources of inspiration for the design of
biologically active molecules. Our results confirm that a nature-driven design of novel
derivatives is an interesting strategy to obtain hit compounds with in vitro activity against T.
cruzi. Multiple factors contribute to making drug discovery a challenging task, one of them
being the understanding of complex chemical requirements for biological activity. Therefore,
identification of such privileged scaffolds can foster the search for novel effective candidates
that could advance drug development.

Seven compounds described in this study were highly active, with ECso values in the low
micromolar range. Compounds 7 and 8 are as potent as benznidazole in vitro. Moreover,
compounds 5 and 8 act synergistically with benznidazole, meaning that reduced
concentrations are necessary to achieve the same effects of individual treatments. The
mechanisms leading to parasite death are not yet fully understood. However, there is an
indication that compounds 8, 47, and 63 disrupt the integrity of the parasitic plasmatic
membrane. Additional assays revealed that compounds 8, 47, 49, 59, and 63 also target
parasitic mitochondria, affecting membrane potential. One of the causes of mitochondrial
dysfunction is oxidative stress. Of note, compounds did not inhibit TryR, which is one of the
main enzymes involved in ROS metabolism in T. cruzi. These compounds are nontoxic to
uninfected cells (SI = 5-71) and erythrocytes (Sl > 1.5), suggesting parasite specificity. The
findings are an indication that compounds could show low toxicity in preclinical models of the
disease.

As a next step, it is important to identify and understand which specific molecular
mechanism is involved in the observed mitochondrial effect. Such knowledge could guide the
design of more effective, target-directed derivatives using the herein described hit compounds
as starting points.
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4. Materials and Methods

4.1.  Chemistry
All reagents and solvents were purchased from commercial sources and used in the
experiments without further purifications, unless stated otherwise. 'H and *C NMR data were
acquired on a Bruker Fourier 300 ("H 300 MHz, "*C 75 MHz) or Bruker 400 (H 400 MHz, 3C
100 MHz) at 298 K using CDCls, DMSO-ds or CDsOD as solvents. The NMR spectra were
calibrated using an internal standard (TMS & 0.00) or the residual non-deuterated solvent peak
(FULMER et al., 2010). The chemical shifts (8) are reported in ppm and the coupling constants
(J) in hertz. The following abbreviations or the combination of them are used for the
multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, m =
multiplet. High-resolution mass spectra (HRMS) were recorded on a Finnigan Mat 95xL or on
Waters XEVO G2-S QToF mass spectrometer using electrospray (ESI). Analytical thin-layer
chromatography was run on silica gel Merck 60 D254 (0.25 mm) plates. Column
chromatography was performed on silica gel HF2s4 (40—-63 um) using different combinations
of hexane, pentane, ethyl acetate, acetone, or dichloromethane as eluent. Melting points were
measured using a Blchi apparatus B-540 or a Microquimica apparatus MQAPF-301 and are
reported uncorrected.

4.1.1. Synthesis of 3-(3,4-benzodioxole)-5-(4-hydroxymethylphenyl)isoxazole (4)
Compound 4 was synthesized using a previously published method [40]. '"H NMR (400 MHz,
CDCl3): 6 7.83 (d, J = 8.5, 2H), 7.50 (d, J = 8.5, 2H), 7.39 (d, J= 1.8 Hz, 1H), 7.34 (dd, J =
1.8, 8.1, 1H), 6.91 (d, J = 8.1, 1H), 6.75 (s, 1H), 6.04 (s, 2H), 4.78 (s, 2H). 13C NMR (100



MHz, CDsOD): & 171.5, 164.1, 150.8, 149.7, 145.4, 128.4, 127.5, 126.8, 124.0, 122.4, 109.6,
107.6, 102.9, 98.6, 64.6. HRMS (ESI-TOF) m/z: [M+H]* Calcd for C17H1sNO4 296.0923; Found
296.0891. MP °C: 180.1-181.4.

4.1.2. Synthesis of 3-(3,4-benzodioxole)-5-(4-chloromethylphenyl)isoxazole (5)
Compound 4 (0.85 mmol, 25 mg, 1 eq) was solubilized in anhydrous CHxCl> (1 mL) and
maintained under N2. Thionyl chloride (3 eq) was added dropwise, and the solution was stirred
at room temperature until the complete conversion of the starting material (approximately 1
h). At the end, the reactional mixture was placed in an ice bath, diluted with 15 mL of CH2Cl
and washed with brine (3 x 10 mL). The organic layers were dried over anhydrous Na>SOs,
filtered, and the solvent was removed under vacuum. The product was obtained as a yellow
solid (25 mg, 94% yield) after purification (SiOz, hexane:ethyl acetate 7:3). '"H NMR (300 MHz,
CDClz): 6 7.82 (d, J= 8.4, 2H), 7.51 (d, J = 8.4, 2H), 7.38 (d, J = 1.7, 1H), 7.34 (dd, J = 8.0,
1.7, 1H), 6.90 (d, J = 8.0, 1H), 6.77 (s, 1H), 6.05 (s, 2H), 4.64 (s, 2H). *C NMR (75 MHz,
CDCls): 6 169.6, 163.2, 149.2, 148.2, 139.4, 129.2, 127.4, 122.9, 121.2, 106.6, 101.5, 97.7,
46.6. HRMS- ESI: m/z [M+H]* Cald for C17H13CINO3 314.0584; Found 314.0576. MP °C:
162.1-163.2.

4.1.3. Synthesis of 3-(3,4-benzodioxole)-5-(4-bromomethylphenyl)isoxazole (6)
Compound 6 was synthesized from product 4 using the same procedure used for the synthesis
of compound 5. However, thionyl bromide (3 eq) was used instead of thionyl chloride (3 eq).
The product was obtained as a yellow solid (25 mg, 82% yield) after purification (SiO2, hexane:
ethyl acetate 7:3). '"H NMR (300 MHz, CDCl;): & 7.82 (d, J = 8.4, 2H), 7.52 (d, J = 8.4, 2H),
7.39 (d, J=1.7,1H), 7.35 (dd, J= 8.0, 1.7, 1H), 6.92 (d, J= 8.0, 1H), 6.77 (s, 1H), 6.06 (s, 2H),
4.54 (s, 2H). *C NMR (75 MHz, CDCls): & 169.6, 162.6, 149.2, 148.3, 139.8, 129.7, 127 4,
126.2, 122.9, 121.2, 108.7, 101.5, 97.7, 32.6. HRMS-ESI: m/z [M+H]* Calcd for C17H13BrNO3
358.0079; Found 358.0074. MP °C: 173.7-175.0.

4.1.4. Synthesis of 3-(3,4-benzodioxole)-5-(4-fluoromethylphenyl)isoxazole (7)
Compound 4 (0.85 mmol, 25 mg, 1 eq) was solubilized in anhydrous CH2Cl, (1 mL), placed in
an ice bath, and maintained under N2. Deoxo-Fluor® (1.05 eq) was added to the solution
dropwise. The ice bath was removed, and the reactional mixture was stirred for 20 h at room
temperature. At the end, a NaHCOs 5% solution (10 mL) was added, and the reactional
mixture was extracted with CH2Cl> (3 x 10 mL). The organic layers were dried over anhydrous
Na>SOq, filtered, and the solvent was removed under vacuum. The product was obtained as
a white solid (3 mg, 4% yield) after purification (SiO», hexane:ethyl acetate 7:3). '"H NMR (300
MHz, CDCls): 6 7.87 (d, J= 8.1, 2H), 7.50 (d, J= 8.1, 2H), 7.38 (d, J= 1.5, 1H), 7.34 (dd, J =



1.5, 8.0, 1H), 6.91 (d, J = 8.0, 1H), 6.78 (s, 1H), 6.05 (s, 2H), 5.45 (d, J = 47.5, 2H, CHzF).
HRMS-ESI: m/z [M+H]* Calcd for C17H13FNO3 297.0801; Found 297.0869.

4.1.5. Synthesis of 3-(3,4-benzodioxole)-5-(4-iodomethylphenyl)isoxazole (8)
Compound 5 (0.08 mmol, 25 mg, 1 eq) and Kl (1.2 eq) were solubilized in acetone (1 mL).
The reaction was stirred for 20 h at room temperature. At the end the reaction diluted with 15
mL of CH2Cl> and washed with brine (3 x 10 mL). The organic layers were dried over
anhydrous Na>SOs, filtered, and the solvent was removed under vacuum. The product was
obtained as a white solid (13 mg, 40% yield) after purification (SiO2, hexane:ethyl acetate 7:3).
'H NMR (300 MHz, CDCl3): 8 = 7.76 (d, J = 8.3, 2H), 7.49 (d, J = 8.3, 2H), 7.38 (d, J = 1.7,
1H), 7.34 (dd, J= 8.0, 1.7, 1H), 6.91 (d, J = 8.0, 1H), 6.75 (s, 1H), 6.04 (s, 2H), 4.50 (s, 2H).
3C NMR (75 MHz, CDCls): & 169.6, 162.7, 149.2, 148.2, 141.5, 129.4, 126.8, 126.3, 122.9,
121.2,108.6, 107.0, 101.5, 97.6, 4.5. HRMS-ESI: m/z [M+H]* Calcd for C17H13INO3 405.9940;
Found 405.9931. MP °C: 165.8—-167.0.

4.1.6. Synthesis of 3,4-methylenedioxybenzyl-4-(chloromethyl)benzoate (10)
4-chloromethylbenzoic acid (0.14 mmol, 25 mg, 1 eq) was solubilized in anhydrous CHxCl> (3
mL) and maintained under N2. Thionyl chloride (3 eq) was added dropwise, and the solution
was stirred at reflux temperature until the complete conversion of the starting material
(approximately 2 h). The solvent and the excess of thionyl chloride were removed under
vacuum and the crude reactional mixture was again solubilized in anhydrous CH2Cl> (3 mL)
and maintained under N2. 3,4-methylenedioxybenzyl alcohol in anhydrous CH2Cl> (2 mL) was
added dropwise and the reactional mixture was stirred at room temperature for 1 h. At the end,
the reactional mixture was placed in an ice bath, diluted with 15 mL of CH2Cl, and washed
with aqueous NaHCOs; 5% and brine (3 x 10 mL). The organic layers were dried over
anhydrous Na>SOs, filtered, and the solvent was removed under vacuum. The product was
obtained as a white solid (40 mg, 94% yield) after purification (SiO2, hexane:ethyl acetate 8:2).
'"H NMR (300 MHz, CDCls): 6 8.06 (d, J = 8.1, 2H), 7.47 (d, J = 8.1, 2H), 6.99 — 6.90 (m, 2H),
6.82 (d, J = 7.6, 1H), 5.99 (s, 2H), 5.27 (s, 2H), 4.62 (s, 2H). 3C NMR (75 MHz, CDCls): &
165.9, 147.8, 142.3, 130.13, 130.08, 129.6, 128.5, 122.3, 109.0, 108.3, 101.2, 66.8, 45.4.
HRMS-ESI: m/z [M+H]* Calcd para C1sH13CINaO4 327.0400; Found 327.0404. MP °C: 71.2—
72.1.

4.1.7. Synthesis of N-(3,4-methyelendioxybenzyl)-4-(chloromethyl)benzamide (11)
4-chloromethylbenzoic acid (0.14 mmol, 25 mg, 1 eq) was solubilized in anhydrous THF (1
mL) and N,N-carbonyldiimidazole (1.1 eq) was slowly added to the solution. The reactional
mixture was stirred at room temperature for 30 minutes and then piperonylamine (1.1 eq) was



added and the reaction was maintained under stirring for 20 h. At the end, brine (15 mL) was
added, and the reactional mixture was extracted with CH2Cl> (3 x 10 mL). The organic layers
were dried over anhydrous Na>SO, filtered, and the solvent was removed under vacuum. The
product was obtained as a white solid (12 mg, 27% yield) after purification (SiO, hexane:ethyl
acetate 6:4).

'"H NMR (300 MHz, CDCls): 8 7.77 (d, J = 8.4, 2H), 7.44 (d, J = 8.4, 2H), 6.85-6.78 (m, 2H),
6.76 (d, J=7.9, 1H), 6.43 (t, J= 5.7, 1H), 5.95 (s, 2H), 4.60 (s, 2H), 4.54 (d, J= 5.7, 2H). "*°C
NMR (75 MHz, CDCP): 5 166.7, 148.0, 147.1, 140.9, 134.2, 133.9, 128.7, 127.4, 121.3, 108.5,
108.4, 101.1, 45.8, 44.0. HRMS-ESI: m/z [M+H]* Calcd para C1sH1sCINO3 304.0740; Found
304.0744. MP °C: 123.6-124.7.

4.1.8. Synthesis of N'-((4-(chloromethyl)benzoyl)oxy)3,4-methylenedioxyphen-1-yl-5-
carboxyimidamide (12)

4-chloromethylbenzoic acid (0.28 mmol, 47 mg, 1 eq) and N,N-carbonyldiimidazole (0.56
mmol, 94 mg, 2 eq) in anhydous DMF (1 mL) were stirred at room temperature for 30 minutes.
3,4-methylenedioxyphenylamidoxime (0.28 mmol, 50 mg, 1 eq) was added and the reaction
maintained under stirring overnight. At the end, brine (25 mL) was added, and the reactional
mixture was extracted with CH>Cl>:MeOH (1:1 v/v, 4 x 10 mL). The organic layers were dried
over anhydrous Na>SOQs, filtered, and the solvent was removed under vacuum. The product
was obtained as a white solid (69 mg, 74% yield) after purification (SiO2, hexane:ethyl acetate
4:6). 'H NMR (300 MHz, CDCls): & 8.16 (d, J = 8.3, 2H), 7.60 (d, J = 8.3, 2H), 7.40 (dd, J =
1.8, 8.2, 1H), 7.34 (d, J= 1.4, 1H), 6.92 (d, J = 8.2, 1H), 6.08 (s, 2H), 4.81 (s, 2H). '*C NMR
(75 MHz, CDCls): & 163.8, 157.7, 150.6, 148.7, 143.6, 130.9, 130.8, 129.6, 126.6, 122.0,
108.8, 107.8, 102.6, 46.0. HRMS-ESI: m/z [M+Na]* Calcd for C1sH13CIN.OsNa 355.0462,
found 355.0481. MP °C: 150.4—151.8.

4.1.9. Synthesis of 3-(3,4-methylenedioxyphen-1-yl)-5-(4-chloromethylphen-1-yl)1,2,4-
oxadiazole (13)

Compound 12 (0.075 mmol, 25 mg, 1 eq) was heated in anhydrous DMF (1 mL, 80 °C) until
full conversion (approximately 4 h). At the end, brine (25 mL) was added, and the reactional
mixture was extracted with CH2Cl>:MeOH (1:1 v/v, 4 x 10 mL). The organic layers were dried
over anhydrous Na>SOs, filtered, and the solvent was removed under vacuum. The product
was obtained as a white solid (21 mg, 89% yield) after purification (SiO2, hexane:ethyl acetate
4:6). '"H NMR (300 MHz, acetona-d): 6 8.23 (d, J = 8.5, 2H), 7.75 (d, J= 8.5, 2H), 7.74 (dd, J
=1.7,8.1;1H), 7,55 (d, J= 1.7, 1H), 7.05 (d, J = 8.1, 1H), 6.15 (s, 2H), 4.86 (s, 2H). '*C NMR
(75 MHz, acetona-ds): 6 176.0, 169.4, 151.4, 149.4, 144.0, 130.6, 129.3, 124.9, 123.2, 121.6,



109.6, 107.8, 103.0, 46.0. HRMS-ESI: m/z [M+H]* Calcd for C1sH12CIN2O3 315.0536, found
315.0526. MP °C: 152.0-152.7.

4.1.10. Synthesis of 1-(3,4-methylenedioxybenz-1-yl)-N-(4-chloromethyl)benzylamine
(16)

4-chloromethylbenzaldehyde (0.16 mmol, 25 mg, 1 eq) and piperonylamine (1 eq) were
solubilized in anhydrous CHxCl> (1 mL). The reaction was maintained under stirring until full
conversion of the starting materials to the imide intermediate. Then, NaBH4 (1 eq) and a few
drops of methanol were added to the reaction. At the end, the reactional mixture was diluted
in methanol (25 mL), filtered in a Celite® pad and concentrated under vacuum. The product
was obtained as a white solid (16 mg, 35% yield) after purification (Al2Os, hexane:ethyl acetate
1:1). '"H NMR (300 MHz, CDCls): & 7.30-7.43 (m, 4H), 6.88 (s, 1H), 6.74—6.82 (m, 2H), 5.94
(s, 2H), 4.58 (s, 2H), 3.78 (s, 2H), 3.70 (s, 2H). '*C NMR (75 MHz, CDCl;):  147.7, 146.6,
140.6, 136.2, 13.0, 128.7, 128.5, 121.3, 108.7, 108.1, 100.9, 52.9, 52.5, 46.2. HRMS-ESI: m/z
[M+H]* Calcd for C16H17CINO2 290.0948; found 290.0952. MP °C: Liquid at room temperature.

4.1.11. Synthesis of (E)-1-(3,4-methylenedioxyphenyl)-3-(4-(chloromethyl)phenyl)prop-2-
en-1-one (17)

3,4-methylenedioxyacetophenone (0.15 mmol, 25 mg, 1 eq) and 4-chloromethylbenzaldehyde
(1 eq) were added to a methanolic solution of NaOH 10% (m/v). The reaction was maintained
under stirring until full conversion of the starting materials (approximately 4 hours). At the end,
HClaq) 0.1 mol L' was added for neutralizing the reactional mixture and EtOAc (3x 10 mL)
was used for extracting the product. The organic layers were dried over anhydrous NaxSOs,
filtered, and the solvent was removed under vacuum. The product was obtained as a yellow
solid (35 mg, 75% yield) after purification (SiOz, hexane:ethyl acetate 6:4). '"H NMR (300 MHz,
CDCl3): 6 7.71 (d, J = 15.7, 1H), 7.61-7.54 (m, 3H), 7.47 (d, J= 1.7, 1H), 7.43 (d, J = 15.7,
1H), 7.37 (d, J = 8.0, 2H), 6.83 (d, J = 7.8, 1H), 6.00 (s, 2H), 4.54 (s, 2H). '*C NMR (75 MHz,
CDCl3): 5 188.1, 151.8, 148.4, 143.4, 139.6, 135.1, 132.8, 129.2, 128.7, 124.8, 122.2, 108.4,
108.0, 101.9, 45.7. HRMS-ESI: m/z [M+H]* Calcd for C17H14CIlO3 301.0631; found 301.0624.
MP °C: 143.0-144.7.

4.1.12. Synthesis of 3-(3,4-methylenedioxyphen-1-yl)-5-(4-hydroxymethylphen-1-
yl)isoxazoline (19)
3,4-methylenedioxybenzaldoxime (0.12 mmol, 20 mg, 1 eq) and N-chloro succinimide (1.2 eq)
were dissolved in CH2C2 (1 mL) and maintained under stirring until full conversion of the
starting material. Then, triethylamine (1.2 eq) and 4-vinylbenziylic alcohol (1.2 eq) were added
and the reactional mixture was kept stirring for 2 more hours. At the end, brine (15 mL) was



added, and the reaction was extracted with EtOAc (3 x 10 mL). The organic layers were dried
over anhydrous Na>SOQsy, filtered, and the solvent was removed under vacuum. The product
was obtained as a white solid (25 mg, 27% yield) after purification (SiO2, hexane:ethyl acetate
6:4). '"H NMR (300 MHz, CDCls): & 7.40 (s, 4H), 7.34 (d, J= 1.7 Hz, 1H), 7.06 (dd, J= 1.7, 8.2
Hz, 1H), 6.83 (d, J= 8.2, 1H), 6.03 (s, 2H), 5.72 (dd, J= 8.2, 11.2; 1H), 4.72 (s, 2H), 3.74 (dd,
J=11.2;16.5, 1H), 3.29 (dd, J = 8.2, 16.5, 1H). '*C NMR (75 MHz, CDCls): & 155.7, 149.4,
148.1,140.9, 140.3, 127.4, 126.1, 123.6, 121.6, 108.2, 106.6, 101.5, 82.3, 65.0, 43.4. HRMS-
ESI: m/z [M+H]* Calcd for C17H16NO4 298.1079, found 298.1065. MP °C: 123.0-124.1.

4.1.13. Synthesis of 3-(3,4-methylenedioxyphen-1-yl)-5-(4-chloromethylphen-1-
yl)isoxazoline (20)

Compound 20 was synthesized from compound 19 (0.067 mmol, 20 mg, 1 eq) using the same
procedure described for the synthesis of compound 5. The product was obtained as a yellow
solid (15 mg, 71% yield) after purification (SiOz, hexane:ethyl acetate 8:2). '"H NMR (300 MHz,
CDCls): 6 7.39 (s, 4H), 7.32 (d, J= 1.6, 1H), 7.03 (dd, J = 1.6, 8.0, 1H), 6.82 (d, J = 8.0, 1H),
6.02 (s, 2H), 5.72 (dd, J= 8.0, 11.0, 1H), 4.59 (s, 2H). 3.74 (dd, J= 11.0, 16.5, 1H), 3.27 (dd,
J = 8.0, 16.5, 1H). '®*C NMR (75 MHz, CDCls): 5 155.8, 149.5, 148.2, 141.4, 137.6, 129.1,
126.4, 123.5, 121.7, 108.3, 106.6, 101.6, 82.1, 46.0, 43.6. HRMS-ESI: m/z [M+H]* Calcd for
C47H15CINOs 316.0740, found 316.0736. MP °C: 117.2-119.0.

4.1.14. Synthesis of 1-(8,4-methylenedioxyphen-1-yl)-4-(4-hydroxymethylphen-1-
yl)triazole (22)

Piperonylamine (0.36 mmol, 50 mg, 1 eq) was added to HCI 6N (2 mL) and maintained in an
ice bath. Sodium nitrite (1.5 eq) was slowly added to the solution and the reactional mixture
was stirred for 30 minutes. Then, sodium azide (4 eq) dissolved in 0.5 mL of water was added
and the reaction was maintained under stirring at room temperature for 2 hours. At the end,
brine (25 mL) was added, and the reactional mixture was extracted with EtOAc (3 x 10 mL).
The organic layers were dried over anhydrous Na>SQOs, filtered, and the solvent was removed
under vacuum. The crude reactional mixture was dissolved in DMF (1 mL) and transferred to
a microwave tube. 4-ethynylbenzyl alcohol (1.05 eq), sodium ascorbate (10 mol%), copper(ll)
sulfate (2 mol%) were added to the tube. The reactional mixture was irradiated for 10 minutes
(70 °C) and we proceeded with the work-up in the same way as in the previous step. The
product was obtained as a dark yellow solid (28 mg, 26% yield) after purification (SiOz,
hexane:ethyl acetate 6:4). '"H NMR (300 MHz, acetone-ds): & 8.86 (s, 1H), 7.94 (d, J = 8.0,
2H), 7.49-7.45 (m, 3H), 7.44 (dd, J= 8.3, 2.2, 1H), 7.06 (d, J= 8.3, 1H), 6.17 (s, 2H), 4.69 (d,
J=154,2H), 4.34 (t, J = 5.4, 1H). C NMR (75 MHz, acetone-ds): d = 149.5, 148.7, 148.4,



143.4, 130.2, 127.7, 126.1, 119.5, 114.6, 109.2, 103.1, 102.7, 64.3. HRMS-ESI: m/z [M+H]*
Calcd for C16H14N303 296.1035, found 296.1033. MP °C: 177.3-178.9.

4.1.15. Synthesis of 1-(3,4-methylenedioxyphen-1-yl)-4-(4-chloromethylphen-1-yl)triazole
(23)

Compound 23 was synthesized from compound 22 (0.04 mmol, 12 mg, 1 eq) using the same
procedure described for the synthesis of compound 5. The product was obtained as a yellow
solid (10 mg, 78% yield) after purification (SiOz, hexane:ethyl acetate 8:2). '"H NMR (300 MHz,
CDCl3): 6 8.10 (s, 1H), 7.90 (d, J= 8.2, 2H), 7.49 (d, J= 8.2, 2H), 7.31 (d, J= 1.7, 1H), 7.20
(d, J=1.7,8.3, 1H), 6.93 (d, J= 8.3, 1H), 6.10 (s, 2H), 4.64 (s, 2H). "*C NMR (75 MHz, CDCls):
O 148.7, 148.2, 147.4, 137.7, 131.4, 129.7, 126.2, 118.3, 114.3, 108.6, 102.8, 102.2, 46.0.
HRMS-ESI: m/z [M+H]* Calcd for C1sH13CIN3O2 314.0696, found 314.0689. MP °C: 197.4—
199.0.

4.1.16. Procedure for the synthesis of compounds 32—41, 44, 46-52, and 55—63.
2-oxazolyl-5-hydroxymethyl-furan (0.30 mmol, 50 mg, 1 eq), an aryl iodide (0.36 mmol, 1.2
eq), Pd(OAc)2 (0.0030 mmol, 7 mg, 10 mol%), anhydrous K-COj3 (0.60 mmol, 82 mg, 2 eq)
and Cul 99.999% (0.30 mmol, 57 mg, 1 eq) were added to a oven-dried reaction tube. The
reactional mixture was sealed with a septum and evacuated in the Schlenk line (three vacuum-
nitrogen cycles). Anhydrous DMF (1 mL) was added and the reaction was maintained at 100
°C for 24 hours. At the end, the reaction was diluted in methanol, filtered through a Celite®
pad and concentered under vacuum. The purification of the final compounds was done by
column chromatography (SiO., pentane:ethyl acetate). The spectral details of the compounds
are available in a previous publication of our research group [57].

4.1.17. Procedure for the synthesis of compounds 25, 42, 43, 45, 53 and 54.
2-oxazolyl-5-hydroxymethyl-furan (0.30 mmol, 50 mg, 1 eq) or 3,4-methylenedioxyphen-1-
yloxazole (0.26 mmol, 50 mg, 1 eq), aryl-iodide [p-hydroxymethyliodobenzene, p-cyano-
iodobenzene, p-nitro-iodobenzene, o-chloro-iodobenzene, m-fluor-iodobenzene, or m-chloro-
iodobenzene (0.36 mmol, 1.2 eq), triphenylphosphine (0.0060 mmol, 15 mg, 20 mol%)],
anhydrous K2COs (0.60 mmol, 82 mg, 2 eq) and Cul 99.999% (0.30 mmol, 57 mg, 1 eq) were
added to a oven-dried reaction tube. The reactional mixture was sealed with a septum and
evacuated in the Schlenk line (three vacuum-nitrogen cycles). Anhydrous DMF (1 mL) was
added and the reaction was maintained at 100 °C for 24 hours. At the end, the reaction was
diluted in methanol, filtered through a Celite® pad and concentered under vacuum. The
purification of the final compounds was done by column chromatography (SiO2, pentane:ethyl



acetate). The spectral details of the compounds are available in a previous publication of our
research group [57].

4.1.18. Synthesis of 2-(4-hydroxymethylphen-1-yl)-5-(3,4-methylenedioxyphen-1-
yl)oxazole (25)

Compound 25 was synthesized as described in item 4.1.17. The product was obtained as a
yellow solid (25 mg, 33% yield) after purification (SiO., hexane:ethyl acetate 1:1). '"H NMR
(300 MHz, acetona-ds): 6 8.09 (d, J = 8.4, 2H), 7.56 (s, 1H), 7.53 (d, J = 8.4, 2H), 7.38 (dd, J
=1.7,8.3; 1H), 7.36 (d, J= 1.7, 1H), 6.97 (d, J= 8.3, 1H), 6.08 (s, 2H), 4.72 (d, J = 5.8, 2H),
4.44 (t, J = 5.8; 1H). '®C NMR (75 MHz, acetona-de): & 160.4, 151.8, 149.2, 148.8, 145.9,
127.6, 126.9, 126.7, 123.5, 123.0, 119.0, 109.6, 105.3, 102.4, 64.1. HRMS-ESI: m/z [M+H]*
Calcd para C17H14NO4 296.0923, found 296.0933. MP °C: 173.0—174.8.

4.1.19. Synthesis of 2-(4-chloromethylphen-1-yl)-5-(3,4-methylenedioxyphen-1-yl)oxazole
(26)

Compound 26 was synthesized from compound 25 (0.004 mmol, 10 mg, 1 eq) using the same
procedure described for the synthesis of compound 5. The product was obtained as a yellow
solid (10 mg, 94% yield) after purification (SiO», hexane:ethyl acetate 8:2). '"H NMR (300 MHz,
CDClz): 6 8.08 (d, J = 8.4, 2H), 7.50 (d, J = 8.4, 2H), 7.32 (s, 1H), 7.24 (dd, J= 8.2, 1.7, 1H),
7.18 (d, J = 1.7, 1H), 6.89 (d, J = 8.2, 1H), 6.03 (s, 2H), 4.64 (s, 2H). '*C NMR (75 MHz,
CDCls): 6 160.1, 151.3, 148.2, 148.0, 139.4, 129.1, 127.4, 126.5, 122.4, 122.1, 118.4, 108.9,
104.8, 101.4, 45.7. HRMS-ESI: m/z [M+H]* Calcd for C17H13CINO3 314.0584, found 314.0586.
MP °C: 134.6—-135.9.

4.2.  Biology

4.2.1. Parasites and cells
T. cruzi trypomastigotes (Tulahuen strain) expressing p-galactosidase were cultivated in a
mice fibroblast cell line (L929, ATCC CCL-1) in 75 cm? cell culture bottles. RPMI-1640 without
phenol red (10 mL), supplemented with 10% FBS, 10 U/mL of penicillin, and 10 yg/mL of
streptomycin was used as culture medium.
THP-1 cells (ATCC TIB 202TM) were cultivated in 75 cm? cell culture bottles. RPMI-1640
without phenol red (12 mL), supplemented with 10% FBS, 2 mM of glutamax, 1 mM of sodium
pyruvate, 10 U/mL of penicillin, and 10 pg/mL of streptomycin was used as culture medium
All cell cultures were maintained at 37°C, 5% de COz, and the cells were passaged every 3—
4 days.

4.2.2. Stock and test solutions preparation



The chemical compounds were weighted in an analytical balance and solubilized to 50 mM
using DMSO prior to the assays. From this stock solution, the test solutions were prepared
using RPMI-1640 as diluent. The maximum DMSO concentration in the final cell culture was
1%. The stock solutions were not stored for more than 24 h.

4.2.3. Biological activity against intracellular amastigotes of T. cruzi.

THP-1 cells were cultivated in 96 well plates (4.0x10* cells/well) in 10% SBF supplemented
RPMI-1640. The cells were treated with 100 ng/ml of phorbol 12-myristate 13-acetate (PMA)
for 72 h (37 °C, 5% CO») to allow cell differentiation into non-dividing macrophages. Then,
THP-1 cells were incubated with cell-culture-derived T. cruzitrypomastigotes in a parasite/cell
ratio of 2:1 overnight (37 °C, 5% CO.). Next, non-adherent parasites were removed by
washing with PBS and infected cells incubated with 180.0 pL of full supplemented RPMI-1640
medium for another 24 h (37 °C, 5% CO») to allow the parasite differentiation into intracellular
amastigotes. Inittially, the compounds were screened at a single concentration (50 uM) in a
72 h treatment. At the end of the treatment time, cells were washed with PBS and incubated
for 16 h (37 °C, 5% CO.) with 250.0 pL of chlorophenolred-B3-d-galactopyranoside (Sigma—
Aldrich Co., St. Louis, MO, USA) at 100 uM and Nonidet P-40 (Amresco Inc, Solon, Ohio,
USA) 0.1%. Optical density was read at 570/630 nm in an Infinite M200 TECAN, Austria.
Benznidazole (Sigma Aldrich) was used as positive control and DMSO 1% as negative control.
The compounds that reduced >45% of the parasite viability in the single-concentration
screening were further assayed in the concentration range 3—100 uM for ECso determination.
For the assays where the parasites were treated with a combination of an active compound
and benznidazole (1:1 ratio based on ECsp), the results were further analyzed in the software
CompuSyn (ComboSyn, Inc) for calculation of combination indexes (Cl) [72].

4.2.4. Cytotoxicity evaluation in THP-1 cells

THP-1 cells were grown and cultivated in 96 well plates (4.0 x 10 cells/well), as described in
Section 4.2.3. The cells were treated with the compounds in the concentration range 15.6—
500 uM and incubated for 72 h (37 °C, 5% CO.). DMSO 1% was used as negative control,
and DMSO 50% as positive control. Cell viability was assessed using the MTT assay. After
the treatment time, 50 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, 3 mg/mL) was added to each well and the cells incubated for 4 h (37 °C, 5% CO). The
culture medium was removed carefully, and the formazan crystals were dissolved with DMSO
100%. Immediately after, the optical density was read at 540 nm in an Infinite M200 TECAN
microplate reader.

4.2.5. Haemolysis assay



180 pL of a 2% erythrocyte suspension (in NaCl 0.85% containing 10 nM of CaCl,) was
distributed in a 96 well-plate. The cells were treated with the test compounds to a final
concentration of 100 and 50 uM and the plates were incubated under stirring for 4 h (37 °C).
Then, the plates were centrifugated (3500 rpm, 5 min), the supernatant was carefully
transferred to another 96 well-plate, and the absorbance at 540 nm was read in Infinite M200
TECAN microplate reader. Triton X-100 (1%) was used as positive control and DMSO 1% as
negative control. The human cells used in this experiment were collected following a
procedure approved by the Universidade Federal de Santa Catarina institutional review board
for studies involving human subjects (Process 2190 FR 453659). All the procedures comply
with national and international guidelines for the protection of human subjects from research-
related risks.

4.2.6. Mithocondrial membrane potential assay in T. cruzi epimastigotes

Flow cytometry using rhodamine 123 (Rh-123) as probe was used for analyzing the
mitochondrial membrane potential (AWYm) of T. cruzi epimastigotes after treatment. 1 mL of
parasites (2.5 x 106 parasites/mL) was seeded in 48-well plates and treated with the active
compounds in the final concentrations of ECso, 2 X ECso, 4 x ECso, and 8 x EDso. The parasites
were maintained at 27 °C for 24 h and then centrifuged (3000 x g, 5 min) and washed with
PBS. The parasites were incubated in PBS with 100 pL of R123 (5 pg/mL) for 20 min at 27 °C
and then washed with PBS thrice again. The fluorescence of Rh-123 was measured in a
FACSCalibur (BD Biosciences) (YAMANAKA et al., 2013). A total of 50.000 events were
acquired in the region of light scattering (FSC x SSC) corresponding to the parasites. Relative
mitochondrial membrane potential was determined by considering the fold change in the
geometric mean of FL1-H signal intensity. The data were subsequently analyzed using the
program FLOWJO (Treestar Software, Ashland, OR, USA). All experiments were performed
in triplicate, using DMSO 1% as a negative control and pentamidine (100 uM) as positive
control. Alterations in the fluorescence of Rh-123 were quantified using the A¥Ym index of
variation (1V). The IV is calculated using the following equation:

(MT — MC)

APm IV =
m MC

Where MT and MC are the median of fluorescence for treated and negative control parasite,
respectively. Negative IV values correspond to depolarization of the mitochondrial membrane
[73].

4.2.7. Plasmatic membrane integrity assay in T. cruzi epimastigotes.



Flow cytometry using propidium iodide (PI) as probe was used for analyzing the plasmatic
membrane integrity of T. cruzi epimastigotes after treatment. The experiment was conducted
as described in Section 4.2.6. but the parasites were collected and incubated in PBS
containing 100 pL of propidium iodide (10 pg/mL) instead. After 20 min, the parasites were
washed with PBS thrice and quantified by flow cytometry as described above. The number of
cells dyed by PI (Pl+ cells) was expressed as percentage.

4.2.8. Trypanothione reductase inhibition assay
Recombinant trypanothione reductase from T. cruzi (TryR), was expressed in Escherichia coli
(BL21DES3) and purified by affinity chromatography. TryR assays were performed as
described by Hamilton et al. [74]. In 96 well micro plates (final volume = 240 uL), TryR (3.5
mU), HEPES (40 mM, pH 7.5), NADPH (0.15 mM), DTNB (25 uM) and EDTA (1 mM) were
incubated for 5 min (27 "C) before trypanothione (1 mM) and the test compounds (100 pM)
were added. Compounds and controls were pre-incubated at 27 °C for 30 min and 10 pL of
DTNB was added to the reaction mixture. Absorbance at 412 nm was measured for 30 min in
an Infinite M200 TECAN microplate reader to determine the enzymatic activity. DMSO 1%

was used as negative control and clomipramine as positive control.

4.2.9. Statistical analysis
The ECso and CCso values were calculated from the non-linear regression of the dose-
response curve using the software GraphPad Prism 9. One-way ANOVA followed by the post-
hoc test Dunnet were used for comparing the means of treatment groups with the controls.
The null hypothesis was rejected when P <0.05.
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