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ABSTRACT

The absence of effective chronic treatment, expansion to non-endemic countries and the significant bur-
den in public health have stimulated the search for novel therapeutic options to treat Chagas disease, a
protozoan disease caused by Trypanosoma cruzi. Despite current efforts, no new drug candidates were
approved in clinical trials in the past five decades. Considering this, our group has focused on the expan-
sion of a series (LINSO3) with low micromolar activity against amastigotes, considering the optimization
of pharmacokinetic properties through increasing drug-likeness and solubility. In this work, we report a
new set of 13 compounds with modifications in both the arylpiperazine and the aromatic region linked
by an amide group. Five analogues showed activity against intracellular amastigotes (ICsp 17.8 to
35.9 uM) and no relevant cytotoxicity to mammalian cells (CCso > 200 pM). Principal component analysis
(PCA) was performed to identify structural features associated to improved activity. The data revealed
that polarity, hydrogen bonding ability and flexibility were key properties that influenced the antipara-
sitic activity. In silico drug-likeness assessments indicated that compounds with the 4-methoxycinammyl
(especially compound 2b) had the most prominent balance between properties and activity in the series,
as confirmed by SAR analysis.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

zole), that show efficacy during the acute phase but have low effi-
cacy in the chronic disease (Kratz et al., 2018; Morillo et al., 2015).

The protozoan infection caused by Trypanosoma cruzi, Chagas
disease (CD), is a Neglected Tropical Disease (NTD) that affects over
than 7 million people, mostly in Latin America (WHO, 2021). How-
ever, transmission through contaminated food ingestion, transfu-
sion of infected blood and organ transplantation played the role
to spread the disease to non-endemic regions, such as North Amer-
ica, Europe and Asia (Justiz Vaillant and Sticco, 2022; Shikanai-
Yasuda and Carvalho, 2012). The human infective forms are the
trypomastigotes, transmitted by the insect vector with main
importance in the acute phase of the disease, while amastigotes
are intracellular forms responsible for parasite replication and per-
sistence of the disease. The current approved treatment includes
only two nitro-heterocyclic compounds (nifurtimox and benznida-
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https://doi.org/10.1016/j.jsps.2023.05.014

Benznidazole (BZN) is the only available drug in Brazil for more
than 50 years, causes severe side effects and requires long treat-
ment period (2 to 3 months), making tolerability, management
and patient compliance difficult to achieve (Castro et al., 2006).
These drawbacks emphasise the current need for more efficacious
and safer therapies, with particular selectivity towards the
amastigote form, the most relevant during the chronic infection.
Drug discovery for CD is often based on phenotypic screening of
compounds, using free trypomastigotes or amastigotes in infected
mammalian cells (Kratz, 2019). The intracellular location of the
parasites in the phenotypic model also provides useful information
regarding selectivity and mammalian cytotoxicity, as the parasite
needs a living cell to replicate (Aulner et al., 2019; Mansoldo
et al., 2020). Furthermore, since the compounds must permeate
through the host cell and afterwards into the parasitic cells to exert
activity, cellular-based assays provide an indirect assessment of
membrane permeability properties of the active compounds
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(Gilbert, 2013). LINSO3 series has been under expansion in our
group, with some promising results already reported against the
amastigotes (ICso < 10 uM) (Varela et al., 2022, 2018). Further
molecular modifications were made to achieve better balance
between physicochemical properties and activity. Since piperazine
group is a privileged structure in drug design and frequently
increases water solubility along with tuned lipophilicity, we
designed a set of piperazine-containing molecules to improve
antiparasitic activity allied to better pharmacokinetic profile. This
first set of these piperazine amides showed antiparasitic activity
with improved selectivity towards the parasite (Varela et al.,
2022), being compounds 1 and 2 (Fig. 1) highlighted as the most
promising analogues with noteworthy lipophilic ligand efficiency
and drug-likeness properties. However, these compounds present
the catechol moiety that may present biological instability and
therefore were selected as prototypes for further structural modi-
fication. In this work, we reported a new set of compounds (1a-g
and 2a-f, Fig. 1) taking advantage of the available SAR data to over-
come these limitations (Varela et al., 2018). The design approach
included the maintenance of the piperazine amide motif, with
the benzoyl (series 1) or cynnamoyl (series 2) moiety linked to
the piperazine, with further exploration of substituents in the aro-
matic and piperazine sides. This helped to better understand the
hydrogen bonding and electronic effect contributions on the aro-
matic side, as well as the role of ionization and flexibility in the
piperazine side. These concepts are depicted in Fig. 1.

2. Materials and methods
2.1. Chemicals

The chemicals were acquired from Sigma-Aldrich Co. in ade-
quate purity to use in the synthetic procedures. The obtained com-
pounds were characterized through 'H and '>C NMR spectroscopy
in a Bruker Advance 300 spectrometer, operating at 300 and
75 MHz frequency, respectively, using TMS as internal standard
and the chemical shifts (3) are presented in ppm.

2.2. General procedure for the preparation of aryl piperazine
derivatives

Amides were prepared by reacting the adequate benzoic (1a - g)
or cinnamic (2a - f) acids with the desired phenyl or benzyl piper-
azines (Scheme 1). Briefly, 1.1 mmol of the carboxylic acids were
dissolved in dichloromethane (DCM) or dimethylformamide
(DMF) followed by addition of 1.1 mmol of N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC.
HCl) and 1-hydroxybenzotriazole hydrate (HOBt-xH,0). The activa-
tion reaction was allowed for 1 h, when 1 mmol of the substituted
piperazine was added in the reaction vessel. The reaction mixture

pegeVsi=nege

pepgelel="
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was stirred at room temperature for 24 h and afterwards distilled
water was added. The organic layer was washed sequentially with
distilled water, sodium bicarbonate solution and brine, and dried
with anhydrous sodium sulphate and evaporated. Crude material
was purified through column chromatography, using silica gel
and hexane:ethyl acetate mixtures as eluent.

2.3. Anti-trypomastigote assay

T. cruzi trypomastigotes (Y strain) were added (1 x 10° cells/
well) to 96-well microplates and incubated in RPMI 1640 medium
for 24 h at 37 °C (5% CO, humidified incubator) with different con-
centrations of the test compounds (150 to 1.1 puM, 1:2 dilution).
Subsequently, resazurin (0.011% v/v) was added for 24 h to assess
the parasite viability. The analysis was performed using a spec-
trophotometer (FilterMax F5, Molecular Devices) at 570 nm. The
50% inhibitory concentration (ICsg) values were estimated by
non-linear regression analysis, using untreated trypomastigotes
as 100% viability. DMSO was added at final concentration of 0.5%
(v/v) per well and an internal control was used to confirm the lack
of toxicity of the solvent for the parasites at this concentration.
BZN was used as reference drug (Romanelli et al., 2022).

2.4. Anti-amastigote assay

The ICsq values for amastigote forms of T. cruzi were determined
as follows. Peritoneal macrophages were collected from BALB/c
mice and seeded (1x10°) in 16-well chamber slides (NUNC,
Thermo Fisher Scientific). These macrophages were infected with
T. cruzi trypomastigotes (1:10 macrophage-parasite ratio) during
2 h. After washing out the extracellular parasites with medium,
the infected cells were treated with the test compounds in differ-
ent concentrations (60 to 0.93 pM, 1:2 dilution) at 37 °C in a 5%
CO, humidified incubator for 48 h. The cells were transferred to
slides and were then fixed with MeOH, stained with Giemsa and
observed under a light microscope (EVOS M500, Thermo). Investi-
gation of compounds’ cytotoxicity to macrophages was verified at
the highest concentration (i.e. 60 pM) through macrophages’
counts, and only compounds that did not caused relevant cytotox-
icity at this concentration were considered in the assay. The infec-
tion index was obtained in 200 macrophages and used to calculate
the ICso through non-linear regression. DMSO was added at final
concentration of 0.5% (v/v) per well and an internal control was
used to confirm the lack of toxicity of the solvent for the parasites
at this concentration. BZN was used as the reference drug
(Romanelli et al., 2022).

2.5. Cytotoxicity against mammalian cells

To determine the 50% cytotoxic concentration (CCsg), fibroblasts
NCTC cells (clone 929) were seeded (6x10* cells/well) in 96-well

hydrogen bonding
electronic effect
possible metabolism sites

R1 =-OH, R2 = -OMe (a, f)
R1=-OMe, R2 =-H (b, ¢, g)
R1=-Cl, R2 = -H (d)
R1=R2 = 3,4 —diOH (e)

R3 = benzyl (a - c, g) or phenyl (d - f)
X=N(a, b,d-f)orC (c)

ionizability
flexibility

v

Fig. 1. Previously reported benzylpiperazine amides (1 and 2) and novel piperazine amide derivatives 1a - g and 2a-f.
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Scheme 1. General synthetic method for the preparation of the compounds.

microplates and incubated with the compounds (200 to 1.5 pM,
1:2 dilution) for 48 h, at 37 °C in a 5% CO, humidified incubator.
The cell viability was spectrophotometrically determined by the
MTT method (Tada et al., 1986) using a spectrophotometer at
570 nm (FilterMax F5, Molecular Devices, USA). DMSO was added
at final concentration of 0.5% (v/v) per well and an internal control
was used to confirm the lack of toxicity of the solvent for the par-
asites at this concentration. The selectivity index (SI) was deter-
mined by the ratio between CCsg in NCTC and the ICso values
(Amaral et al., 2019).

The determination of the CCsq and ICs9 values was obtained
from sigmoid dose-response curves, using Graph Pad Prism 6.0
software. All the assays were replicated twice and samples tested
in duplicates (Amaral et al., 2019).

2.6. Calculation of physicochemical properties

Lipophilicity (cLogP), distribution coefficient (LogD7 4), aqueous
solubility at pH 7.4 (LogS;4) and other structural descriptors used
in the chemometric analysis were calculated using MarvinSketch
20.21 (ChemAxon, Inc.) in the default settings. Drug-likeness score
and overall drug score were calculated using OSIRIS Property
Explorer (organic-chemistry.org), using an algorithm that combi-
nes structural features and physicochemical properties into values
that describe the drug-likeness of a given compound.

2.7. Statistical SAR analysis

The principal component analysis (PCA) was done using values
of those descriptors. The values were autoscaled prior to analysis
using the software PAST 4.03 (Hammer et al., 2001). Initial descrip-
tor selection was done by visual inspection of raw data. For those,
the PCA was carried out several times and five descriptors with
higher loading values in the PC1 and PC2 (polarizability, dipole
moment [], fraction of sp3-hybridized carbons [Fsp3], hydrogen
bond donor [HBD] and acceptor [HBA] counts) were kept in the
model, allowing to discriminate between active and inactive
compounds.

2.8. Drug-likeness analysis

Drug-like properties of solubility (ESOL class), gastrointestinal
(GI) absorption, P-glycoprotein (P-gp) substrate, Lipinski’s Rule of
Five violations and PAINS alerts were calculated for the active com-
pounds using the SwissADME on-line platform (Daina et al., 2017).

1267

3. Results
3.1. Synthesis of the compounds

The compounds were successfully prepared according to the
described methodology (Scheme 1), with adequate yields to the
biological evaluation. Characterization and obtained yields are
described below.

3.1.1. (4-Benzylpiperazin-1-yl)(4-hydroxy-3-methoxyphenyl)
methanone (1a)

Reaction between vanillic acid and 1-benzylpiperazine yielded
22% of a yellow oil. 'TH NMR (300 MHz, DMSO dg, 5 = ppm, TMS)
2.37 (br s, 4H), 3.50 (br s, 6H), 3.77 (s, 3H), 6.73-6.86 (m, 2H),
6.93 (s, 1H), 7.20-7.39 (m, 5H), 9.40 (br s, 1H). '3C NMR
(75 MHz, CDCl3, & = ppm, TMS) 53.04, 55.99, 62.88, 110.70,
114.00, 120.75, 127.27, 127.37, 128.36, 129.26, 137.28, 146.70,
147.29, 170.35.

3.1.2. (4-Benzylpiperazin-1-yl)(4-methoxyphenyl)methanone (1b)

Reaction  between 4-methoxybenzoic acid and 1-
benzylpiperazine yielded 47% of a yellow oil. '"H NMR (300 MHz,
CDCls, 8 = ppm, TMS) 2.48 (br s, 4H), 3.56 (s, 2H), 3.64 (br s, 4H),
3.82 (s, 3H), 6.90 (d, J = 8.8 Hz, 2H), 7.26-7.35 (m, 5H), 7.38 (d,
J = 8.8 Hz, 2H). '*C NMR (75 MHz, CDCls, & = ppm, TMS) 53.08,
55.35, 62.93, 113.68, 127.30, 127.92, 128.34, 129.14, 129.17,
137.55, 160.72, 170.27.

3.1.3. 4-Benzyl-1-(4-methoxybenzoyl)piperidine (1c)

Reaction  between 4-methoxybenzoic acid and 1-
benzylpiperidine yielded 66% of a white solid (mp 63-65 °C). 'H
NMR (300 MHz, CDCI3, & = ppm, TMS) 1.07-1.53 (m, 3H), 1.54-
1.92 (m, 4H), 2.57 (d, J = 7.0 Hz, 2H), 2.82 (br s, 2H), 3.82 (s, 3H),
6.90 (dt, J = 8.8, 2.3 Hz, 2H), 7.10-7.33 (m, 5H), 7.36 (dt, J = 8.8,
2.3 Hz, 2H). 3C NMR (75 MHz, CDCI3, § = ppm, TMS) 32.26,
38.42, 43.05, 55.34, 113.63, 126.06, 128.32, 128.48, 128.93,
129.09, 139.99, 160.58, 170.32.

3.1.4. (3,4-dihydroxyphenyl)-(4-phenylpiperazin-1-yl)methanone
(1d)

Reaction between 3,4-dihydroxybenzoic acid and 1-
phenylpiperazine yielded 10% of a light brown solid (mp 127-
129 °C). 'H NMR (300 MHz, DMSO dg, & = ppm, TMS) 3.91 (br s,
4H), 4,22 (br s, 4H), 6.65-6.86 (m, 5H), 6.90-7.05 (m, 1H), 7.15-
7.30 (m, 2H), 9.10-9.50 (m, 2H). '*C NMR (75 MHz, DMSO ds,
8 = ppm, TMS) 49.08, 115.55, 115.59, 116.36, 119.49, 119.82,
126.81, 129.45, 145.42, 147.45, 151.30, 169.78.
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3.1.5. (4-hydroxy-3-methoxyphenyl)(4-phenylpiperazin-1-yl)
methanone (1e)

Reaction between vanillic acid and 1-phenylpiperazine yielded
37% of a white solid (mp 168-170 °C). 'H NMR (300 MHz, CD50D,
& =ppm, TMS) 3.20 (br s, 4H), 3.80 (br s, 4H), 3.92 (s, 3H), 5.85 (br s,
1H), 6.86-7.00 (m, 5H), 7.27-7.33 (m, 3H). '3C NMR (75 MHz,
CDCl;, & = ppm, TMS) 49.79, 56.05, 110.69, 113.95, 116.71,
120.62, 120.84, 127.19, 129.27, 146.68, 147.35, 150.98, 170.43.

3.1.6. (4-methoxyphenyl)(4-phenylpiperazin-1-yl)methanone (1f)

Reaction between 4-methoxybenzoic acid and 1-
phenylpiperazine yielded 35% of a white solid (mp 117-119 °C).
'"H NMR (300 MHz, CDCls, 5 = ppm, TMS) 3.19 (br s, 4H), 3.50-
415 (m, 7H), 6.80-7.05 (m, 5H), 7.20-7,35 (m, 2H), 7.43 (d,
J = 8.3 Hz, 2H)."3C NMR (75 MHz, CDCls, 8 = ppm, TMS) 49.76,
55.39, 113.79, 116.71, 120.57, 127.67, 129.26, 151.02, 160.90,
170.40.

3.1.7. 1-benzyl-4-(4-chlorobenzoyl)piperazine (1g)

Reaction between 4-chlorobenzoic acid and 1-benzylpiperazine
yielded 86% of a white solid (mp 98-100 °C). 'H NMR (300 MHz,
CDCls, & = ppm, TMS) 2.42 (br s, 2H), 2.51 (br s, 2H), 3.41 (br s,
2H), 3.54 (s, 2H), 3.77 (br s, 2H), 7.24-7.40 (m, 9H). *C NMR
(75 MHz, CDCl3, & = ppm, TMS) 52.81, 62.88, 127.35, 128.37,
128.63, 128.75, 129.13, 134.18, 135.74, 137.46, 169.21.

3.1.8. (2E)-1-(4-benzylpiperazin-1-yl)-3-(4-hydroxy-3-
methoxyphenyl)prop-2-en-1-one (2a)

Reaction between ferulic acid and 1-benzylpiperazine yielded
32% of a yellow solid (mp 138-140 °C). '"H NMR (300 MHz, CDCl;,
8 = ppm, TMS) 2.42-2.54 (m, 4H), 3.54 (s, 2H), 3.70 (br s, 4H), 3.92
(s, 3H), 6.70 (d, J = 15.3 Hz, 1H), 6.90 (d, J = 8.2 Hz, 1H), 6.98 (d,
J = 1.7 Hz, 1H), 7.09 (dd, J = 8.2, 1.7 Hz, 1H), 7.28-7.35 (m, 5H),
7.60 (d, J = 15.3 Hz, 1H). 13C NMR (75 MHz, CDCls, § = ppm, TMS)
42.21, 55.99, 62.92, 109.84, 114.56, 114.72, 121.87, 127.29,
127.89, 128.35, 129.16, 137.63, 142.87, 146.67, 147.29, 165.64.

3.1.9. (2E)-1-(4-benzylpiperazin-1-yl)-3-(4-methoxyphenyl) prop-2-
en-1-one (2b)

Reaction between 4-methoxycinnamic acid and 1-
benzylpiperazine yielded 82% of a yellow oil. 'H NMR (300 MHz,
CDCls, & = ppm, TMS) 2.48 (m, 4H), 3.45 (s, 2H), 3.70 (br s, 4H),
3.83 (s, 3H), 6.73 (d, J = 15.4 Hz. 1H), 6.89 (d, J = 8.7 Hz, 2H),
7.27-7.35 (m, 5H), 7.46 (d, J = 8.7 Hz, 2H), 7.63 (d, ] = 15.4 Hz,
1H). 3C NMR (75 MHz, CDCls, 8 = ppm, TMS) 52.84, 55.37, 62.90,
114.22, 114.59, 127.31, 128.05, 128.36, 129.18, 129.31, 137.58,
142.46, 160.83, 165.71.

3.1.10. (2E)-1-(1-benzylpiperidin-4-yl)-3-(4-methoxyphenyl)prop-2-
en-1-one (2c)

Reaction between 4-methoxycinnamic acid and 1-
benzylpiperidine yielded 45% of a white solid (mp 84-86 °C). 'H
NMR (300 MHz, CDCl3, § = ppm, TMS) 1.14-1.35 (m, 2H), 1.67-
1.91 (m, 3H), 2.56 (br s, 3H), 3.05 (br s, 1H), 3.83 (s, 3H), 4.08 (br
s, 1H), 4.70 (br s, 1H), 6.75 (d, J = 154 Hz, 1H), 6.88 (d,
J = 8.7 Hz, 2H), 7,11-7.35 (m, 5H), 7.46 (d, J = 8.6 Hz, 2H), 7.62
(d, J = 15.3 Hz, 1H). '3C NMR (75 MHz, CDCl3, 5 = ppm, TMS)
38.39, 42.99, 5536, 114.19, 115.11, 126.06, 128.18, 128.32,
129.11, 129.25, 140.00, 142.09, 160.73, 165.69.

3.1.11. (2E)-3-(3,4-dihydroxyphenyl)-1-(4-phenylpiperazin-1-yl)
prop-2-en-1-one (2d)

Reaction between caffeic acid and 1-phenylpiperazine yielded
23% of light brown solid (mp 168-170 °C). '"H NMR (300 MHz, CDs-
0D, 6 = ppm, TMS) 3.27 (br s, 4H), 3.90 (br s, 4H), 6.78 (d, ] = 8.2 Hz,
1H), 6,92 (d,J = 15.3 Hz, 2H), 6.98-7.02 (m, 1H), 7.05-7.10 (m, 3H),
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7.30 (t, ] = 8.4 Hz, 2H), 7.50 (d, ] = 15.3 Hz, 1H). '*C NMR (75 MHz,
CD;0D, & = ppm, TMS) 112.89, 114.03, 115.08, 120.96, 127.10,
128.87, 143.87, 145.33, 147.61, 166.90.

3.1.12. (2E)-3-(4-hydroxy-3-methoxyphenyl)-1-(4-phenylpiperazin-
1-yl)prop-2-en-1-one (2e)

Reaction between ferulic acid and 1-phenylpiperazine: yielded
28% of a yellow solid (mp 168-170 °C). 'H NMR (300 MHz, CD50D,
& =ppm, TMS) 3.16 (br s, 4H), 3.72 (br s, 4H), 3.84 (s, 3H), 6.74-6.86
(m, 2H), 6.99 (d, J = 7.9 Hz, 2H) 7.04-7.17 (m, 2H), 7.18-7.31 (m,
2H), 7.32-7.38 (m, 1H), 7.45 (d, J = 15.3 Hz, 1H), 9.44 (br s, 1H).
13C NMR (75 MHz, CDCls, & = ppm, TMS) 49.73, 56.02, 109.99,
114.19, 114.83, 166.66, 120.58, 121.98, 127.74, 129.29, 143.41,
146.77, 147.50, 150.94, 165.87.

3.1.13. (2E)-3-(4-methoxyphenyl)-1-(4-phenyilpiperazin-1-yl )prop-
2-en-1-one (2f)

Reaction between 4-methoxycinnamic acid and 1-
phenylpiperazine yielded 36% of a white solid (mp 156-158 °C).
'"H NMR (300 MHz, CDCl5, 3 = ppm, TMS) 3.01-3.26 (m, 4H),
3.65-4.00 (m, 7H), 6.72 (d, ] = 15.3 Hz, 1H), 6.77-6.94 (m, 5H),
7.15-7.28 (m, 2H), 7.42 (d, ] = 8.6 Hz, 2H), 7.61 (d, J = 15.3 Hz,
1H). 3C NMR (75 MHz, CDCl;, 8§ = ppm, TMS) 49.65, 55.39,
114.27, 114.35, 116.63, 120.51, 127.96, 129.28, 129.39, 142.82,
150.97, 160.94, 165.80.

3.2. Activity against T. cruzi and cytotoxicity assessment

Results from the evaluation of the activity against both trypo-
mastigote and amastigote forms of T. cruzi, as well as the assess-
ment of the cytotoxicity towards mammalian cells are presented
in Table 1.

3.3. Calculation of molecular descriptors

The five selected descriptors for SAR studies are presented in
Table 2 with respective values. These values were autoscaled prior
to their use in the PCA procedure.

3.4. Pca

The results from PCA indicated that 71% of the total variance
was explained by the first two PCs (PC1 39%; PC2 32%). PC1 was
comprised mainly by the descriptors Fsp3, HBA and HBD whereas
PC2 was mainly represented by electronic descriptors of polariz-
ability and dipole moment. Loading values for the descriptors in
each PC are depicted in Table 3. The distribution plot of the com-
pounds in relation to PC1 and PC2 values is presented in Fig. 2.
Active compounds were clustered into two groups, A and B, of
mono- and di-substituted analogues, respectively, as indicated in
Fig. 2.

3.5. Drug-likeness assessment

The assessment of the compounds on the SwissADME on-line
platform resulted in the data presented in Table 4. The compounds
presented high predicted solubility, adequate permeation through
GI tract and general adequate pharmacokinetic and drug-like
profile.
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Efficacy data (ICso) determined for T. cruzi trypomastigotes (T.c.T) and amastigotes (T.c.A) and cytotoxicity (CCsp) determined for mammalian NCTC cells (clone L929). Values for

LogD- 4 were calculated in MarvinSketch 20.21.

Entry Structure ICso (uM * SD) NCTC SI LogD7.4 LogS74
T.c.T T.c.A
1 o 8 ~ 425+89 282+38 >200 >7.1 2.11 -244
N
HO" k/"\/O
1a o ? ~ >150 359+34 >200 >5.6 2.27 —2.86
- N
segeNe
1b o ~ >150 >60 >200 ND 2.58 -3.29
N’
LI00
1c o 65.3+23 >60 >200 ND 3.83 —4.55
N’
HegoVs
1d o >150 34.8 £9.0 >200 >5.7 2.36 —-3.16
HDQ)LN/\
k/N
HO
Q0
1e Q >150 >60 >200 ND 2.54 —-3.60
N,
HO’
QO
1f ~ >150 >60 >200 ND 2.85 —4.04
N’
ST
(*}
0
1g Q >150 >60 >200 ND 3.61 —4.77
™
Begele
27 Wo « ? ~ 46.4 £ 09 13.0+7.1 >200 >15.4 2.56 —-2.93
N
pepaels
2a o >150 >60 >200 ND 2.71 -3.33
0 SN
Ho)@/\)Lk/"\/Q
2b o >150 286 +7.7 >200 >7 3.02 —3.77
e
LU0
2c o >150 17.8 £ 9.0 >200 >11.2 433 —-5.08
R N’
HeaaoUs
2d Ho)@/\){ 195+74 204 + 3.7 572 +20 2.8 2.90 —-3.73
™
(@
HO’
0
2e Q >150 >60 >200 ND 3.05 —-414
20
(1
HO'
0
2f /@/\)"L >150 >60 >200 ND 3.36 —4.58
™
N (@
o jij
BZN o =\ 123 +33 5+15 >200 >40 - -

# Varela et al., 2022. NA: not active. DP: standard deviationBZN: benznidazole. SI: Selective Index, given by the ratio between CCso and ICs, (amastigote - TCA).

4. Discussion
4.1. Antitrypanosomal activity and cytotoxicity

The optimization of LINSO3 series of compounds was done con-
sidering to improve the activity/selectivity profile of the com-
pounds allied to adequate physicochemical properties for oral
bioavailability. This strategy in early drug discovery allows initial
selection of promising compounds with balanced predicted phar-
macodynamic and pharmacokinetic profiles (Shi and Zha, 2019;
Sohlenius-Sternbeck et al., 2016). The piperazine amide derivatives
1 and 2 were previously reported as promising trypanocidal candi-
dates in the LINSO3 series, with improved activity and physico-
chemical properties from the previous set (Varela et al., 2022),
suggesting the maintenance of this motif in the structure. Although
the catechol ring was associated with the greatest improvements
in both activity and hydrosolubility of previously reported com-
pounds, it can also be associated with high metabolic instability
and potential toxicity related to quinone formation (Cavalieri
et al., 2002; Zhu, 2002). Therefore, the compounds herein reported
(Table 1) were designed by mainly modifying the catechol motif to
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guaiachol (3-methoxy-4-hydroxy) or 4-methoxybenzene ana-
logues (Varela et al., 2019) to overcome these issues. These pat-
terns were present in other amides of the LINSO3 series and
preliminary stability data indicated that these substructures were
less susceptible to oxidative metabolism than corresponding
catechol-containing compounds (data not shown).

The obtained activity data (Table 1) provided some useful SAR
information about this series. For instance, the 3-methoxy (1a)
analogue of compound 1 maintained the activity against the
amastigotes but lost the anti-trypomastigote activity. Modification
of the benzyl group to phenyl mostly led to inactive compounds,
except for compound 1d. Compound 1c¢ was the only derivative
in the benzoyl amide set to show moderate activity against trypo-
mastigotes (ICsq 65.3 UM).

On the other hand, cinnamic acid derivatives were more
promising, highlighting the importance of the benzylidene sub-
structure to enhance the anti-T. cruzi activity. Comparable anti-
amastigote activity was observed between 4-methoxy derivatives
2b and 2c¢ (IC50 28.6 pM and 17.9 pM, respectively) to the catechol
prototype 2 (IC5o 13.0 uM), suggesting that hydroxy groups in the
aromatic ring are not essential to the activity. The comparable
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Table 2
Molecular descriptors calculated in MarvinSketch 20.21 used for the principal component analysis.
Entry Structure Polarizability (A%) p (Debye) Fsp3 HBA HBD
1* vo. % 33.79 831 044 5 2
™
HO:Q)L K/"\/@
1a o Q ~ 35.71 8.52 0.47 5 1
- N
pegeVvs
1b e 28.39 10.03 0.42 4 0
N
Hegole
1c o 35.55 9.72 0.40 3 0
N’
WegeUs
1d Ho. 9 ~ 32.02 7.78 0.35 5 2
N
Ho:©)L '\/N\O
1e o ? 33.72 9.29 0.39 5 1
/ @)LN/\
K/N\O
HO
1f 33.34 8.93 0.33 4 0
@im
N k,N\©
(*}
1g 2 34.25 5.05 0.33 3 0
™
Begels
2* wo X 37.45 10.83 0.40 5 2
™
heanel¥e
2a o N 2 39.43 12.07 0.43 5 1
A NN
gepgeVs
2b 38.73 12.57 0.38 4 0
@/Jr«’\
o k/"\/@
2c 2 39.14 11.78 0.36 3 0
N’
WeagoUs
2d Q 35.63 9.94 0.32 5 2
HO Nj{j
2e O)@/\)"L 37.65 11.14 0.35 5 1
/ NN
k/N\O
HO'
2f 2 36.89 12.02 0.30 4 0
O/\)LN/\N
\0 \@
Fsp3 = number of sp3 hybridized carbons/total number of carbons.
Table 3
Loading values for the physicochemical descriptors in the 2 principal components.
Component Polarizability n Fsp3 HBA HBD
PC1 -0.151 -0.143 0.341 0.646 0.649
PC2 0.682 0.694 0.027 0.211 0.087

activity of 2b and 2c indicates that the basic nitrogen atom is also
not essential to the antiparasitic activity, but it provides advantage
in the solubility for compound 2b (1.3-log unit increase in LogS; 4
value) with desirable lipophilicity (LogD; 4 3.05) over the neutral
analogue 2c. Catecholic derivative 2d was the only compound in
the set to show trypanocidal activity against both forms of the par-
asite; however, the cytotoxicity to mammalian cells increased
accordingly, suggesting an unspecific toxic activity not observed
for other compounds. This profile may be related to the presence
of the phenylpiperazine moiety, since the benzylpiperazine coun-
terpart 2 did not show important cytotoxic activity. Additionally,
most of the active compounds (1, 1a, 2 and 2b) are benzylpiperazi-
nes, suggesting that the presence of a basic nitrogen and/or higher
flexibility may increase the antiparasitic activity with higher
selectivity.

Another important criterion during evaluation of hit com-
pounds is the selectivity index (SI) measured as the ratio mam-
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malian cytotoxicity/activity against amastigotes. The Drug for
Neglected Diseases initiative (DNDi) suggests a hit selection crite-
rion as ICso value < 10 pM (against amastigotes) and selectivity
index > 10 (Don and loset, 2014; Katsuno et al., 2015). Except for
compound 2d, the tested compounds showed promising profile,
with no important cytotoxicity to mammalian cells up to
200 pM. With these regard, compounds 2b and 2c¢ must be high-
lighted as the most promising and selective (SI > 10).

4.2. Statistical SAR analysis

Previously studied compounds showed a good correlation
between active compounds and hydrosolubility, described by
LogD- 4 and LogS; 4 values (Varela et al., 2022). Although most of
the active compounds had balanced lipophilicity and solubility
properties, this relationship was not clearly observed in this series.
Compounds 2b (LogD;4 3.02 and LogS;4-3.77) and 2c (LogD74
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Fig. 2. Distribution plot of compounds 1-1 g and 2-2f according to the PCA. Green: active compounds. Black: inactive compounds.

Table 4

Results of predicted pharmacokinetic and drug-like properties obtained from SwissADME platform.

Cpd ESOL class GI Absorption P-gp substrate Lipinski’s Ro5 violations Drug- likeness
1 Soluble High Yes 0 Yes
1a Soluble High No 0 Yes
1d Soluble High Yes 0 Yes
2 Soluble High Yes 0 Yes
2b Soluble High No 0 Yes
2c Moderate High No 0 Yes
2d Soluble High No 0 Yes

433 and LogS;4 5.08) are less hydrosoluble than prototype 2
(LogD7 4 2.56 and LogS; 4-2.93) but similar activity against the par-
asite was obtained. The discrepancy in the observed activity
between benzoyl and cinnamyl series suggests that these
hydrosolubility/lipophilicity descriptors were not enough to
explain the biological activity. Therefore, other structural and
physicochemical properties should be studied through additional
descriptors to provide a better understanding of the SAR.

Principal component analysis (PCA) has been used to identify
the roles of molecular descriptors by distributing the compounds
into subsets. By converting the original variables to orthogonal
principal components (PCs) that describe similar information, the
obtained two-dimensional plot allows the visual analysis of these
data (Abdi and Williams, 2010). In the context of this work, PCA
allowed visual separation between active and inactive compounds
in clusters given by the descriptors that composes each PC
(Table 3), and therefore such descriptors can be correlated to the
activity (Guo, 2017).

Several structural, electronic, topological and geometrical
molecular descriptors were calculated and used in the analysis.
After visual inspection from several PCA runs, descriptors with
higher loading scores were prioritized based on the clustering of
compounds. The five selected descriptors, polarizability, dipole
moment (), fraction of sp3-hybridized carbons (Fsp3) and hydro-
gen bond acceptors (HBA) and donors (HBD) (Table 2), resulted in
the best clustering of active and inactive compounds. These
descriptors are also correlated to lipophilicity and solubility, since
they describe the molecule in terms of polarity and flexibility.

It can be noted in Fig. 2 that cinnamoyl amide derivatives (ser-
ies 2) had positive values for PC2 (y-axis) while benzoyl amides
(series 1) had negative PC2 values, indicating that derivatives of
the subset 2 are more polar than the subset 1. This suggests that
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by maintaining the electronic conjugation between aromatic ring
and carbonyl group, the vinylic spacer led to different electron den-
sity in the molecules and therefore higher polarity for compounds
from series 2. Nevertheless, mono-substituted compounds were
distributed on the negative left-side of the x-axis (PC1), while di-
substituted compounds were on the positive side, describing the
increase in the flexibility and hydrogen-bonding ability given by
the substitution pattern in the aromatic ring. The obtained cluster-
ing suggests that 4-substituted compounds depend on different
molecular characteristics from the 3,4-disubstituted to present
high activity. This suggests that presence of the substituent in
the 3-position may lead to specific molecular effects that directly
affect activity.

4-Substituted analogues in the aromatic ring 2b and 2c are in
the top-left quadrant, where negative values for PC1 and positive
values for PC2 are found. This means that these compounds pre-
sent high values for polarizability and dipole moment associated
with lower values for Fsp3, HBA and HBD. Considering that com-
pounds 2b and 2c are active compounds while the benzoyl amides
counterparts 1b and 2c are inactive, this analysis suggests that
vinylic spacer modified the polarizability and dipole moment in a
way to play the role on activity. Polarizability refers to the charge
distribution to an applied force field (i.e. induced dipole moment),
whereas the dipole moment relates to the net charge distribution
in the molecule (Das et al.,, 2021; Tandon et al., 2021).

The active 3,4-substituted analogues were clustered on the
right side of the distribution plot, suggesting that increased activity
is associated with hydrogen-bonding ability. In fact, active com-
pounds in cluster B (except 1a) are catechols, denoting the positive
effect of the number of HBD groups on activity. Compounds in clus-
ter B have five HBA and two HBD groups, except for 1a. On the
other hand, the inactive compounds 2a and 2e have the highest
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values for polarizability and dipole moment among the 34-
substitutted analogues, suggesting that excessive polarity may
reduce the antiparasitic activity indeed.

This SAR analysis provided helpful insight to understand which
molecular features are associated to the biological activity of com-
pounds, as previously discussed. The electronic descriptors were
important to separate between active and inactive compounds,
particularly by describing modifications of the aromatic region of
the amide moiety. For the 3-substituted analogues, higher polariz-
ability and dipole moment values increased antiparasitic activity,
whereas for 3,4-disubstituted analogues activity seems to be corre-
lated to the presence of the catechol (with increased HBD count).

4.3. Drug-likeness assessment

Although the obtained compounds possess similar activity
against the amastigotes to the prototypes 1 and 2, the drug-
likeness was considerably improved in this new series. Catechol
motif is frequently associated to chemical or enzymatic instability
due to its susceptibility to oxidation reactions, that involve the
conversion of hydroxy groups to reactive quinones. The proposed
modifications in the aromatic moiety improved the drug-likeness
of the compounds as suggested by the in silico assessment (Table 4).
carried out in the SwissADME platform (Daina et al., 2017). This
tool enables rapid and reliable predictions of physicochemical,
pharmacokinetic and medicinal chemistry descriptors, and there-
fore has been broadly used for this purpose (Bakchi et al., 2022;
Pantaledo et al., 2022).

Catechol analogues 1, 1d, and 2 were identified as possible sub-
strates of P-gp, which is associated to efflux of xenobiotics. This
may indicate future issues regarding bioavailability and tissue dis-
tribution related to catechol structure. Thus, the modification of
this motif should be considered an improvement for non-
catecholic compounds 2b and 2c. Obtained data also suggested
that the novel compounds have high GI absorption due to their bal-
anced lipophilicity and hydrosolubility. The compounds had also
high predicted solubility, with exception of the analogue 2c due
to the absence of an ionizable group in its structure.

5. Conclusions

Given together, the results suggest that 4-methoxycinammates
2b and 2c are the promising compounds with antiparasitic activity
and improved drug-likeness. These compounds were statistically
equipotent to the prototype 2 but have improved drug-likeness
by avoiding the undesired catechol moiety. Compound 2b should
be considered advantageous over 2c due to its better solubility
provided by piperazine motif, and in summary, is a noteworthy
prototype for further development as anti-Trypanosoma bioactive
compound.
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