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ABSTRACT

Chagas disease, caused by the protoZagpanosoma cruziis a neglected chronic
tropical infection endemic in Latin America. Newdaeffective treatments are urgently
needed because the two available drugs - benzedé2@D) and nifurtimox (NFX) -
have limited curative power in the chronic phasehaf disease. We have previously
reported the design and synthesis Nif[(5-nitrofuran-2-yl) methylene] substituted
hydrazides that showed high trypanocidal activiggiast axenic epimastigote forms of
threeT. cruzi strains. Here we show that these compounds aceaglsve against a
BZD- and NFX-resistant strain. Herein, multivariapproaches (hierarchical cluster
analysis and principal component analysis) werdieghpo a set of thirty-six formerly
characterized compounds. Based on the findings &rploratory data analysis, novel
compounds were designed and synthesized. Theseocowp showed two- to three-
fold higher trypanocidal activity against epimaste forms than the previous set and
were 25 to 30-fold more active than BZD. Their atyi was also evaluated against

intracellular amastigotes by high content screei#@S). The most active compounds
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+55 11 30913693; +55 11 3815 6386; Cel.: +1 519@3%r; e-mail: palaceberlf@usp.br



(BSF-38 to BSF-40) showed a selective index (Si8ater than 200, in contrast to the
SI' values of reference drugs (NFX, 16.45; BZD,  &1d a 70-fold greater activity
than BZD. These findings indicate that nitrofuraampounds designed based on the
activity against epimastigote forms show promisitmgpanocidal activity against
intracellular amastigotes, which correspond to phedominant parasite stage in the
chronic phase of Chagas disease.

Keywords: Nitrofurans; Trypanosoma cruzi; amastigote intracellular forms;
exploratory data analysis; chemometric approacBésigas disease; structure-activity

relationships.

1 INTRODUCTION

Chagas disease (CD) is a potentially life-threaignilness to around eight
million infected people in 21 Latin American coue$. The disease is emergent in non-
endemic countries introduced by extensive globagrations and perpetuated by means
of congenital transmission [1].

The protozoanTrypanosoma cruziwhich is the etiological agent of CD, has
three main developmental forms: the epimastigatepentered in the gut of triatomine
vectors and easily cultured in the laboratory; ttywomastigote, encountered in the
blood of infected hosts and that has the capaoitypytade mammalian cells; and the
amastigote, which multiplies in the cytoplasm deated cellsT. cruzistrains show a
remarkable genotypic and phenotypic heterogenaityhe present, the parasite strains
are partitioned into six lineages or discrete tgpimits (DTUs), Tcl-TcVI [2], which
have distinct, but not exclusive ecological andlepiiological associations [3].

Current treatment options for CD are limited to twitoroheterocyclic drugs:
benznidazole (BZD) and nifurtimox (NFX). Althougloth drugs are quite effective in

curing patients in the acute phase and cases geodal transmission, the efficacy of



both drastically diminishes in the chronic phasdjiclw is the prevalent clinical
presentation encountered [4]. The reasons for tded difference in the drug activity
in the two phases of CD are unclear, but they mayrélated to unfavorable
pharmacokinetic properties, such as relatively tsteominal half-life and reduced tissue
penetration, which might limit their action on thatracellular amastigotes, which
prevail in the chronic phase [5]. On the other hdahd acute phase is characterized by
high parasitemia and abundance of trypomastigoteodsiream forms. Drug
performance can also be affected by individual attaristics of the immunological
response of the patient [6]. One additional faatgplicated in the low rates of cure of
BZD and/or NFX in some patients (acute or chroriages) is the occurrence ©f
cruzi strains naturally resistant to these compounds8]7It is worth noting that the
resistance or sensitivity to the available drugansintrinsic characteristic of a given
strain, and is verified in the three developmemstalges of the strain (epimastigote,
trypomastigote and amastigote) [9-11].

The information outlined above indicates the urgee¢d for efficacious new
drugs active against all phases of CD and all terasrains. In a previous study, we
have reported the designing and synthesis No{(5-nitrofuran-2-yl) methylene]
substituted hydrazides agairist cruzj primarily based on molecular modifications of
nifuroxazide (NF), a nitroheterocyclic drug [12,] {Figure 1). In those studies, the
anti-T. cruziactivity was assessed against epimastigote fornthreé parasite strains
representatives of DTUs Tcl, Tcll and TcV, whichvédigh prevalence in patients of
different Latin American regions [3]. Most of thgnshesized compounds showed

trypanocidal activity four- to ten-fold higher th&zD.
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Figure 1. Nifurtimox (NFX) and nifuroxazide (NF; lead compal)rchemical structures
and structural scaffold of the designed compouasilar structural portions of NFX
and NF (rectangles) were maintained in the desigo@tipounds. The molecular

modifications in R correspond to aryl, alkyl, cialkyl, and heterocyclic groups.

Herein, we have investigated the activity of thevosusly reported compounds
[12, 13] against a fourth strain, Colombiana, whieltonsidered resistant to both BZD
and NFX [7]. Structure-activity relationships wesstablished to a set of thirty-six N’-
[(5-nitrofuran-2-yl) methylene] analogues employingultivariate chemometric
techniques in order to design novel and more acorepounds againgdt. cruzi The
explored compounds have in common the (5-nitrok@&aMhmethanamine moiety, that
is similar to the pharmacophoric group of NFX (eedles in Figure 1). The 5-
nitrofuran group was disclosed as an importamticiiral fragment for anti-
trypanosome activity [14, 15]. In addition, nitrédecyclic compounds have been
reported as pro-drugs due to the nitro group redicprocess that is required to
undergo biological response [16, 17]. These infaionaabout the 5-nitrofuran group
led us to further investigate N'-[(5-nitrofuran-B-ymethylene] analogues against
trypanosomatids.

Multivariate methods are often applied when moentbne variable needs to be
observed simultaneously. As complementary methadsetognize patterns in the
investigated set of compounds, hierarchical clusieneening (HCS) and principal

component analysis (PCA) were employed [18, 19keBlaon the findings of these



analyses, structure-activity relationships weraldshed. This allowed the designing
and synthesis of novel compounds that showed adsrable increase in trypanocidal
activity against trypomastigotes and intracellidarastigote forms, the latter evaluated

by high content screening (HCS).

2 RESULTS AND DISCUSSION
2.1 Biological activity against epimastigote formsf T. cruzi

The biological activity of thirty-siN’-[(5-nitrofuran-2-yl) methylene] substituted
hydrazides against the Colombiana strain, whiclorigd toT. cruziDTU Tcl [2], was
determined, following protocols previously repor{@®]. This activity is expressed as
the inhibitory concentration Kg, that corresponds to the drug concentration titabits
50% of the epimastigote growth (Table 1; See algppf&mentary Material: Dose-
response curve of anfi- cruziactivity — epimastigote forms, Colombiana strgurg3).
The activity of eighteenN’-[(5-nitrofuran-2-yl) methylene] substituted hydides
against Silvio X10 cl1, Y and Bug 2149 cl10 strairas been reported elsewhere [12,
13]. Compounds BSF-14 and BSF-31 showed low amtiagtigote activity and their
ICso values could not be determined even with the marinconcentration used in the
assay, dictated by the compound solubility.

According to Table 1, eighteen compounds out atysix (50%) were more
active than NFX, and thirty-two compounds (89%) evarore active than BZD for the
Colombiana strain. The activity of the same compisuwas evaluated against
epimastigotes of the Silvio X10 cl1 strain (also UDTTcl), indicating that four
compounds out of thirty-six (11%) were more activean NFX and twenty-five
compounds out of thirty-six (70%), more active tHBAD [13] (See Supplementary

Material: Table 1S, Biological activity of compowndgainst four strains @f. cruz).



Comparison of the data of both strains evidencas ttie Colombiana strain is more
susceptible to the compounds than the Silvio stiaitontrast to what is reported for
the reference drugs, BZD and NFX, for which Siliganore sensitive than Colombiana
[7].

Furthermore, it is noteworthy that 4-lipophilickstituted benzene compounds
show high anti-parasitic activity. This feature kbibe related to the presence of a
lipophilic pocket in a putative receptor or to faated membrane permeation. In
contrast, hydrophilic substituents did not showreneent of activity. Interestingly,
compound BSF-23 [-C6H4-4-N(CH3)2] exhibited a hugss of biological activity
when compared to its bioisostere BSF-28 [-C6H4rd@dH9]. This characteristic was
previously reported [13], and was mainly attributedthe solvent accessible surface
area of hydrophobic atoms (ASA_H), which showedhhiglues for the most active
compound (BSF-28) and low values for less activBRE3). Thus, the hydrophobicity
of 4-substituted benzene seems to be directlyaglat the antiF. cruziactivity. These
observations match with the computational analgsesented below.

In face of the promising anii- cruzi activity of the compounds and aiming at
predicting more active compounds, the experimedtth were used as dependent

variables to establish qualitative structure-attivelationships.

Table 1. Biological activity of N’-[(5-nitrofuran-2-yl) methylene] substituted

hydrazides against epimastigote form3 o€ruziColombiana strain.

Colombiana Colombiana
Substituents (Tcl) Substituents (Tcl)
Crd (R) Cso(uM)  CPY (R) ICs0(UM)
(mean +SD) (mean +SD)
BSF-1* -CHs 9.52 +*1.03BSF-19 -CeHs-4-Cl 8.64 +0.92
BSF-2 -CH.CN 60.61 +6.17BSF-20 -CgH17 8.07 +0.78
BSF-3 -CsHyg 7.58 +0.76 BSF-2T -C¢Hs-4-iso-CsH; 6.08 +0.65

BSF-4 -OCGHs 7.07 10.74BSF-2Z  -CgHs-4-CsH 7.25 0.75



BSF-5 2-furyl 13.14 +1.07BSF-23 -CeHs-4-N(CHy), 85.53 +9.36
BSF-6  cyclopentyl  9.67 +0.93BSF-24 -CgHs;-4-OGHs 11.55 +1.15
BSF-7  -O+ertCsHo  7.41 +0.73BSF-25  -CgHs3-NO,  40.64 +4.24
BSF-& “CeHq 1130 +1.14BSF-26  2-naphthyl  7.58 +0.28
BSF-0  2-thiophene  15.12 +1.3BSF-27 -CeHs4-CiHe 245 +0.27
BSF-1G  cyclohexyl  10.19 +0.78BSF-28 -CeHs-4-tert-CsHs 6.10 +0.64
BSF-1F -CeHs3-CHs 853 +0.80 BSF-2¢ -CeHs4-OGH; 526 +0.55
BSF-12 -CH,-CeHs  10.06 +0.99BSF-30 -CeHs-3,4-OCH 26.59 +2.63
BSF-13 -CeHes-4-CH, 11.92 +1.21BSF-31 -CeHe-4-sulfamoyl ~ ND
BSF-14 -CeHs-4-NH, ND BSF-32  -CeHs3CF; ~ 9.98 +1.06
BSF-15 > 4CHel23- )50 11 A5BSF-3F -CoHs4-NHCH, 3.94 +0.43
thiadiazole ' - ' -

BSF-16 -CeHs4-CN 2024 +2.04BSF-34 -CeHs4-OGH, 2.86 +0.31
BSF-17 -CgH4-CoHs 6.55 +0.69 BSF-35 -CgH4-4-CeH4 3.06 +0.23
BSF-18 -CeHs4-OCH; 8.08 +0.85BSF-36 -CeHs2-OGH: 579 +0.43
NF 187.78 £9.01

BZD 47.91 +4.96

NFX 9.93 101

a: The anti¥. cruziactivity of these compounds was previously repoggdinst Silvio X10 cl1, Y and

Bug 2149 cl10 strains [12, 13].4£compound concentration that causes a reducti@@¥%f of parasite

growth, compared to controls. §Cvalues presented as the mean and the standardtidev{SD),

correspond to triplicates from at least two indefmt experiments. Errors are in a range of 10%. ND:

not determined in the maximum concentration useth@assay, without precipitation of compound.

Cpd: compounds, NF: nifuroxazide, BZD: benznidazhlEX: nifurtimox.

2.2 Molecular modelling approach, calculation and election of descriptors

The crystallographic structure of NF was used agptate to construct the three-

dimensional (3D) molecular models of each compoumdheir neutral form, as

described [12, 13]. The lowest-energy conformeeaxth compound was selected in the

energy equilibrium region of the conformational emble profile (CEP) from

molecular dynamics (MD) simulations. The root meagsare deviation (RMSD) was

computed as a criterion to verify whether the dtmat integrity was maintained after

simulations by comparing the atomic positions & #elected conformers from CEP

and those of the energy-minimized structures (Sgar& 1S, Supplementary Material).

The RMSD values found for the lowest-energy confarof all compounds and the NF

template were lower than 0.07 A. The pharmacopl{begitro-2-furan) and the\-



acylhydrazone moiety were considered in the strastoverlay in order to emphasise
the pharmacophore moiety structural integrity fdre tinvestigated compounds.
Otherwise, higher RMSD values would indicate losstauctural integrity during MD
simulations regarding the crystallographic struetused as template [20]. The total
potential energy (lotaL) Was calculated considering the summation of tilwing
energy contributions: contribution of axial stranergy (Erretcy, energy input of
angular deformation @enp), contribution of torsional strain energytrs, energy
input of interactions of 1-4 type {&), energy input of van der Waals energyq(&,
contribution of electrostatic energy diarce), including the intramolecular energy of
solvation (Eqy) and the intramolecular energy of hydrogen bondig). The values
obtained for each energy contribution and for t@adential energy can be found in
Table 2S of Supplementary Material. The total ptisdenergy values ranged from 4.22
to 67.86 kcal.mat.

Molecular properties, or descriptors, of differenature (thermodynamic,
hydrophobic, electronic, topological, geometricedpograph and steric properties)
were calculated for each compound, using the mesthbsted in Table 3S
(Supplementary Material). The values of the cakealgroperties can be found in Table
4S (Supplementary Material).

The activity values (expressed as logif@gainst epimastigote forms of the
four strains were considered as the dependentblariBecause compounds BSF-14
and BSF-31 did not show activity agairist cruzi, they were discarded. Thirty-four
compounds plus NF were considered to carry outatiedysis (n = 35). The activity
ranges were evaluated for each strain and, thenmom intervals were assigned as

follows: log1/1Gs values from 6.00 to 5.40 as highly active compauid); 10g1/1Go



values from 5.40 to 4.60 as moderately active (d)1/1Cso values from 4.60 to 3.50 as
low activity compounds (L).

A matrix composed by 35 rows (samples or compouraig) 56 columns
(descriptors plus biological activity values) wesed as input for studies of structure-
property/activity relationships. The descriptordues were autoscaled [21] due to the
different orders of magnitude among the moleculaoperties considered in the
analysis. A preliminary variable selection was ieatrout using as criteriai)(the
Pearson's linear correlation coefficient betweescdptors and biological activity
(cutoff = 0.35), andii) data distribution through scatter plots (biol@jiactivity, plGo
values, versus each calculated molecular propergscriptor) [18]. These findings are

presented in Figure 2S of Supplementary Material.

2.3 Exploratory data analysis (Hierarchical clusteranalysis, HCA, and principal
components analysis, PCA)

The unsupervised HCA aims at grouping a data seisidering similar
attributes. Euclidean distance and complete linkimeghod were used to systematically
cluster the samples [18, 22]. The similarity ind8X), generated by the data set, varies
between 0 and 1, in which 1 corresponds to the mmaxi similarity. The similarity
matrix generates the dendrogram, which is a mapeshttee constructed from the data
distances [18, 19, 21]. According to HCA, 35 sampl@4 compounds and NF) were
grouped into two major clusters, A and B, sharir®j93% and 61.2 % similarity,
respectively (Figure 2A). Cluster A grouped morealiophilic compounds with low
anti-trypanosomal activity. Compound BSF-23 dHi-4-N(CHg),] was grouped with
BSF-21 [-GH4-4-is0-C3H7] into cluster B, probably due to topological siamities.

Compounds containing alkyl and heterocyclic substits (BSF-1 to BSF-7; BSF-9,
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BSF-10, BSF-12 and BSF-15) grouped mostly in ctuateOnly one alkyl-substituted
compound, BSF-20 [4EH17], was grouped into cluster B likely due to its kyuhighly
lipophilic substituent. The highly active compounsre grouped in the sub-cluster B’
sharing 80.7 % similarity. Compound BSF-27 dHz-4-C4Hg] (highly active) was
grouped with BSF-28 [-§Hs-4-terc-C4Hg] (moderately active) into sub-cluster B"

probably because they are constitutional isomass they differ regarding molecular

volume.
A: HCA of samples B: Factor selection C: Table of Loadings
Similarity index (SI) Variance Percent Cumulative Descriptors PC1 PC2
i Tz o9 PC1 39303 7706  77.06 Esrgeren 0196 -0.450
NF | pc2 5036 987 86.94 Eror 0173 -0.577
BSF-13-M il PC3 22.81 4.47 91.41 CHELPG Cé6 -0.134 0.548
BSF-8-M | pPCc4 1772 3.38 94.79 Clog Pwar 0257  0.112
BSF-12-M i/ PC5 961 1.88 96.67 Tpran 0.261  0.218
BSF-10-M | Pc6 687 135 98.02 Transic  0.282 0176
BSF-7-M | peT 566 1.11 9913 Inyper wiener  0.283  0.025
BSF-3-M i Iszegea 0277 -0.011
BSF-32-M Iwiener 0.283 0.010
BSF-25-L i LB sl b VvdW 0288  0.079
BSF-16-L 0o Cesau Avdw 0.283 0.136
BSF-19-M H 3 | Coaru — ASA H 0256 0.044
BSF-11-M i e sk ’>p—.snu bernl RM 0.288 0.018
BSF-18-M {3 *;;F;L;“’“‘__“” No.atoms 0275 0.205
BSF-17-M I I < Esr/z L B Pipsr st MM 0.275 -0.053
BSF-15-L A g L3 O Eg%ﬂ ol " \&vH;F a5l 2 BIF{EM
BSF-5-M 389% ! a Qsi;';ﬂ ‘5“ i
z [IBSF-9-M : : T : r
g BSF-6-M Mahalanobis D:s!ance
w2 BSF-4-M f
BSF-2-L 5 :
BSF-1-M il E: Plot of scores
BSF-36-M § & A .
BSF-35-H | 80.7% i \/NFO asro0-u
BSF-34-H [—F O psrrar Bsrbm
BSF-33-H | Casram
BSF-30-M o
: ?t © pep o™ BEF-4n Cesrrau B 5-: "
Sgi ig T B 3 ol 2 Bsrg as.g‘ - if:sﬂg
BSF~21 " 612% a | Cesram rORFEE T
- = & fﬁ@?ff i
BSF-24-M B Cperopnesi®an
BSF-29-M
BSF-28-M 1 < psraai” Bsra
BSF-27-H i B”
BSF-22-M , o ot , |
SF-20-M 3 v ’

PC 1(77.069%)

Figure 2. HCA findings: (A) Dendrogram of samples in whicketbompounds were
grouped into two main clusters: A (SI = 0.339; ldrdky, hydrophilic, aliphatic,
heterocyclic, cycloalkyl substituents) and B (S10:612; bulky and hydrophobic
substituents). Sl: similarity index; H: highly aeti compounds against thie cruzi
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epimastigote forms (in blue); M: moderately acticempounds; L: low activity
compounds. PCA findings: (B) Factors selectionédalthe two first factors, or PCs,
explained 86.94 % of total variance from the orafjidata; (C) Loadings’ table for the
two first factors, PC1 and PC2: high loadings valwe in bold; (D) Outliers’
diagnosis: samples residuarsusMahalanobis distance; (E) Plot of scores for the tw
first factors, PCVersusPC2.

PCA has the purpose of correlating descriptorsrdemto find other variables,
not only to reduce the descriptors’ number, bub édsgroup redundant descriptors in a
new set of variables, orthogonal, called principamponents (PC) or factors, which
describe the information contained in the origidala set [18, 19, 21]. In regard to our
data set, the first two factors have described apprately 87 % of the total variance
from the original data, being 77 % discriminatedR@1 (Figure 2B). In the table of
loadings (Figure 2C) are highlighted the descrgptovhich most influenced the
compounds’ discrimination. In PC1, the loading eslufor stereochemical and
geometric (ASA_H, Auwand Mqaw), topological (biat, Irandio Hyper wiener Iszeged Iwienep,
hydrophobic (ClogRw), hydrophobic/stereochemistry (RM), and constitodl (¥ of
atoms and MM) properties were higher and similaghag from 0.25 to 0.29 (absolute
values). For PC2, thermodynamic+{f -0.57) and electronic (CHELPG_C6; 0.55)
properties showed the highest loading values.

Regarding the score plot (Figure 2E), PCA and HGC#d ltomplementary
findings. Compounds with higher values in PC1, actbr 1 (77 %), correspond to the
same compounds grouped into cluster B (dendrogramamples, HCA). Of note,
bulkier and more hydrophobic substituents seemmfrave the activity againgt. cruzi
epimastigotes.

The diagnosis of possible outliers was carriedughoplotting sample residual

valuesversusMahalanobis distance [23]. The confidence intengdd was 95 %, which
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is defined internally in Pirouette program [22]dathe threshold lines are indicated in
red color (Figure 2D). Generally, samples are aereid as outliers when they cross
both threshold lines. Compound BSF-6 (five-membematloalkyl substituent;
moderately active) and NF (similar to phenyl-suligéid compounds; low activity) have
crossed only one threshold line and were not censttlas outliers in this exploratory
analysis.

A panel with the activity profile of all compoundis = 36) against the fourF.
cruzistrainsis provided in Figure 3 to better visualize the\atst data, which were used
for grouping the compounds regarding the chemieaine of their substituents (Figure
3). The 4-substituted benzene compounds, mainlysethpresenting bulky and

hydrophobic substituents, showed better activity.

b [ d 4-substituted benzene e f

BSF-1
BSF-2
BSF-3
BSF-4
BSF-T
BSF-20
BSF-5
BSF-9 (&
BSF-15
BSF-10*
BSF-6¢
BSF-127

ICso (uM)
Colombiana
ICs (UM)
Silvio X10 cl1

ICso (WM)

Y

ICs (uM)
Bug 2149 cl10

Figure 3. Activity profile of the 36 compounds against epitigate forms ofT. cruzi

Ranges of Ig values are indicated by the colors: dark-greei2, |(M; green, 3-5uM;
light-green, 6-1QuM; yellow, 11-30uM; orange, 31-6QuM; dark-orange, 61-99M;
red, >100uM; a: heterocyclic; b: cycloalkyl; c: benzene; do 3 or 3,4-substituted

benzene; e: naphthyl; f: reference drugs.

The molecular properties highlighted as importamttihe anti-epimastigote
activity in HCA/PCA approaches (Figure 2) and tlagadfrom the compounds’ activity
profile regarding the structural nature of substitis (Figure 3) were considered to
choose the representative descriptors (hydrophatkt steric/geometric) to be further

exploited. ClogRwm (calculated partition coefficient, water/n-octan@lpplying the



13

weighted method) [24-27] and ASA H (solvent acddssisurface area of all
hydrophobic atoms) properties can be visualizeéignre 4, comparing the more active
compounds (BSF-27, BSF-33, BSF-34, BSF-35) withNRkelead compound and NFX

drug (Figure 4).

A -0,13 I (] }
> i\ L 4 .rr L 4
e L o <o 2
NFX NF
ClogPyu=-0.27 ClogPyn=1.75 BSF-27
log1/ICsp = 5.22 (Silvio X10 clt) log1/ICso = 3.52 (Silvio X10 cl1) ClogPwn= 3.90
4389(Y) - 3.52(D) 1og1/ICs0= 3.32 (Silvio X10 cil)
5.14 (Bug21490 li0) 332 (Bug2149 cl10) 551 ()
35.00 (Colombiana) 3.73 (Colombiana) 5.33 (Bug2149 cl10)
5.61 {Colombiana)
E .. ! [N )_‘ . f " ¢ .
¢ \“‘\,. N5 2o f A ; Pt ~
:;\":\\ __'.2'*h‘ﬂ-.&;j' : . - ! =
BSF-33 BSF-34 BSF-35
ClogPyn=2.85 ClogPwm = 3.22 ClogPun=3.70
log1/ICsg = 5.36 (Sitvio X10 c1l) log1/ICsp = 528 (Silvio X10 cll) 10g1/ICs0 = 3.71 (Sitvio X10 clf)
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Figure 4. Representation of the calculated hydrophobic &edcggeometric descriptors
for the most active compounds (BSF-27, BSF-33, B8FBSF-35), NF (nifuroxazide)
and NFX (nifurtimox): (A) map of lipophilic poteradi, MLP, calculated using the
SYBYL 8.0 package. More hydrophobic regions arensha brown ( 0.13) and more
hydrophilic regions in blue (-0.13); the ClogP esuwere calculated using the Marvin
program [27], considering equal weights to the mdthof VISVANADHAN et al,
1989 Klopman et al, 1993 and PHYSPROP © databa#®T2 The compounds are
presented in the stick model, where carbon atorasiradight gray, oxygen in red,
nitrogen in blue, sulphur in yellow, and hydrogengreen. (B) ASA_H was calculated
using ViewerlLite 5.0 software [28] employing a peobf 1.4 A radii (water); the
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surfaces are displayed as transparent format. [Hok& Bpots correspond to hydrophobic
atoms (|Jd < 0.125; |q is the absolute value of the partial charge ef &kom). The
compounds are showed in stick model (carbon atangsay, oxygen in red, nitrogen in

blue, sulphur in yellow and hydrogen in white).

The lipophilicity property is widely investigated EAR and QSAR approaches.
The descriptors of such nature are commonly reltddoiological activity, since they
may express the permeation of a molecule througlogical tissues/membranes, as
well as interactions with transporter proteins andymes [29]. The biological activity
against T. cruzi has been related to hydrophobic descriptors irnvipus studies
considering compounds of similar structures [13, 30]. In this regard, comparing
BSF-8 [-C6H4] and BSF-13 [-C6H4-4-CH3] with the ebv-alkyl substituted benzene
compounds, we verified that the biological activitgreases proportionally with the
size of the alkyl chain. This suggests the presefce lipophilic pocket in a putative
receptor of the parasite that would better accomateoccompounds with greater
hydrophobicity.

Maps of lipophilic potential (MLP) were calculatedto a molecular Connolly
surface and interpreted according to a color schevheh ranged from brown (0.13,
more lipophilic region) to blue (-0.13; more hydhd region). Regarding the most
active compounds, 4-alkyl-substituted benzenes hamg&ibuted to increase compound
lipophilicity (brown region on the molecular suréaof BSF-27, BSF-33, BSF-34, BSF-
35; see Figure 4A). The ASA H descriptor indicateat the solvent accessible surface
area of hydrophobic atoms is bigger for the mosvacompounds (BSF-27, BSF-33,

BSF-34, BSF-35) than for NF and NFX.
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2.4 Designing of new compounds, synthesis and bigical activity against
epimastigote forms

Based on the structure-activity/property findingse designed four new
compounds (See Supplementary material, Figure 88ct8re elucidation of 5-nitro-2-
furfuriliden derivatives -'H and *C NMR spectra of new compounds). Three
compounds (BSF-38 to BSF-40) were designed aintimgceeasing the activity against
epimastigote forms, and the fourth compound (BSFv#as designed to evaluate the
contribution of benzene ring to the activity. Thrergpounds were synthesized as shown
in Scheme 1 (Figure 5A), and their biological atyivwas evaluated against

epimastigote forms of the folr. cruzistrains (Figure 5B).

4
A o Q B
o) © ol D No
R-{ —>> R + 02N’@\(0 — R)J\N,N\s (o} 2
1 o 1
OH HN—NH, H I H g
a b compounds
B Substituents Silvio X10 cl1 Y Bug 2149 cl10 Colombiana
(R) ICsc (UM) ICsc (UM) ICs0 (UM) ICsc (UM)
(mean £SD) (mean £SD) (mean £SD) (mean +SD)

N
BSF-37 %\%O/ 2.30 +0.25 2.50 +0.22 1.27 +0.13 1.47 +0.16

\
BSF-38 . [J = 377012  255:020  1.99%0.18  1760.19

13

\
BSF-39 [T 1.98 019  1.37#0.13  0.67+0.06  1.050.12

e
BSF-40 ﬁ,o@ 1.99 019 1474014  0.85+0.07  1.0940.11

nifuroxazide 300+8.24 300 +5.12 300 £9.32 187.78+9.91
benznidazole 27.152.75 40.23 +4.07 29.23 £3.09 47.91 +4.96
nifurtimox 6.02 +0.32 12.84 £1.30 7.32 +0.76 9.93+1.01

Figure 5. (A) Scheme 1: synthetic route of 5-nitro-2-furfigken derivatives. Reaction
conditions: () CHzOH, H,SOy/reflux/4 h; NH4 80% in HO/75 °C/30 min;i{) 5-Nitro-
2-furaldehyde, eHsOH/r.t./6 - 8 h. (B) Biological activity of new cqmunds against
epimastigote forms of fouF. cruzistrains.ICsp value: compound concentration causing
50% reduction in the parasite growth in comparigpontrols. IGy values, presented
as mean and standard deviation (SD), corresponttiglicates from at least two

independent experiments. Errors are in a rang@®%. 1
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The data indicate that all new compounds show &s@é trypanocidal activity
against epimastigote forms of the four strains @spared to the starting compounds
(Table 1S of Supplementary Material: Biologicaliaty of compounds against four
strains ofT. cruz). Regardless the phenotypic differences amongsttaens [2], the
substitution of benzene ring (BSF-38) by cyclohef®BF-37) has no impact on the
anti-epimastigote activity. Furthermore, the inseeaf the aliphatic chain of the 4-
substituted 6-membered rings (BSF-37 to BSF-40)ravgs the activity against the

epimastigote forms of the four strains

2.5 Biological activity against trypomastigote forns of T. cruzi.

As mentioned above, the acute phase of CD is ctaized by high parasitemia
due to circulating trypomastigote forms. Thus, weleated the activity of the new
compounds (BSF-37 to BSF-40) and the reference Mk against this developmental
stage. Trypomastigotes of the Colombiana strairf/ifil)) were incubated in the
absence or presence of the drugs. Percentagegibition of trypomastigote viability
promoted by the compounds, in relation to the adnitrcubated in the absence of drug

were calculated (Table 2).

Table 2. Anti-T. cruzi activity of the compounds and reference drug agains

trypomastigote forms of the Colombiana strain.

Trypomastigotes  Inhibition of

(10°/mL)? viability (%) "
BSF-37 0.1 98.5
BSF-38 0.1 98.5
BSF-39 0.1 98.5
BSF-40 0.1 98.5
NFX 6.3 7.3
Control 6.8

Compounds were incubated at 1 uM final conceninto
20h incubation at 37C; a: values represent the mean of
two independent experiments; b: inhibition of vidiin
relation to the control.
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After 20 h incubation in the absence of drug, butthe presence of 0.5%
DMSO, we observed 32% inhibition of viable trypomngste in the control, regarding
the initial parasite concentration of ®lfarasites/mL. This is due to the presence of
DMSO and to the fact that trypomastigotes are nwithithg cells. NFX at 1 uM
concentration inhibited only 7.3% of parasite vidyi whereas the new compounds

promoted a drastic inhibition of 98.5%.

2.6 Biological activity against intracellular amasigote forms of T. cruzi.

Drug analysis against the intracellular amastigoten has been considered as
the most relevant assay to study compounds withTantruzi activity [32], since it
more closely represents tiiecruzitissue infection that leads to the development@f C
in humans.

Exploratory data analysis (HCA method) was useddsist the selection of
compounds to be screened against the amastigates.farhereby, compounds were
selected to represent each cluster in the dendro@ifigure 2A), including the novel
four compounds designed posteriorly. Compoundsaboing substituents of different
chemical nature were included in the sample touatal whether they have the same
tendency against both epimastigote and amastigatesfofT. cruzi.

The analysis against amastigote forms was carrigdusing a high content
screening (HCS). This approach is applied in stdfecell signalling, cell physiology,
in vitro toxicological tests, enzyme targets, among otligg. HCS evaluates the
antiparasitic activity and cytotoxicity toward hastlls based on the determination of
parameters such as number of host cells, rationfdcied cells and number of

amastigotes in infected cells.
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The assays were carried out with the Y strain &edhiuman osteosarcoma cell
line U20S as host cell [33]. The anti-amastigotevig (ICsg), the activity on U20S
host cells (cytotoxicity, C&g) and the selectivity toward amastigotes (seldgtividex,
SI') were determined (Table 3).

It was observed that the most active compounds weing selective, with SI’
values greater than 200, in contrast to the vabfiesference drugs: SI' for NFX =16.45
and BZD > 3. Furthermore, it was observed highedation between results obtained
for the same compounds against epimastigote (ThBl®f Supplementary Material:
Biological activity of compounds against four stimiof T. cruz) and amastigote forms
of the Y strain, reaching a correlation value of8® Spearman’snon-parametric
correlation method). Considering results obtaingdirsst amastigote forms, the same
behavior was observed for BSF-37 and BSF-38 congwuP = 0.137; statistical
analysis —Student’'st-test, unpaired) meaning that they do not have fsogmi
differences of activity on amastigote forms. Theelalesigned compounds having the
benzene ring (BSF-38 to BSF-40) had similar antastigote activity values (P =

0.694, one-way variance analysis, one way-ANOVAhW5% of confidence interval).

Table 3. Anti-T. cruziactivity and host cell toxicity of the compoundsdareference

drugs against the amastigote form of the Y strain

Y U20S CG Max.
IC 5¢ (ULM) (LM) SI Activity

Compounds (mean +SD) (mean £SD) (%)
BSF-1 462 1148 39.21 +0.66 8.49 98.68
BSF-3 261 +£0.15 19.29 +7.39 7.39 114.96
BSF-9 1.06 +0.11 57.18 +9.12 53.94 94.53
BSF-10 290 +0.09 2543 1,01 8.77 119.43
BSF-16 1.77 +0.27 21.39 +3.90 12.08 95.51
BSF-26 1.87 1154 64.20 +12.32 34.33 97.05
BSF-27 1.33 +0.19 1955 +7.47 14.70 114.96

BSF-28 1.43 +0.40 >200 >140 98.37
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BSF-33 0.35 +0.20 12.04 +1.90 34.40 101.80
BSF-34 146 +0.39 46.62 +11.80 31.93 114.96
BSF-35 0.71 +0.11 109.07 +23.95 153.62 97.80
BSF-37 1.66 +0.62 >200 >120 102.60
BSF-38 0.96 #0.10 >200 >208 104.24
BSF-39 0.82 +0.12 >200 >244 103.06
BSF-40 0.88 #0.30 >200 >227 98.26
NF 426 *1.02 45.69 +23.60 10.73 91.94
BZD 64.34 +39.52 >200 >3 85.16
NFX 5.18 +1.15 85.19 +21.08 16.45 96.60

Y: amastigote form of the Y strain. 4€ concentration of compound which inhibits 50% ofaestigotes
compared to the control. G& concentration of compound which inhibits 50% &Q@5 cells, compared

to control. U20SHomo sapienssteosarcoma cells. SI': selectivity index [SICE;q U20S / 1G, of Y].

Max. Activity: Maximum Activity of the inhibition ®amastigotes, compared to controls. Data presented
as mean and standard deviation (SD) of triplicadesl at least two independent assays. BZD:

benznidazole; NFX: nifurtimox; NF: nifuroxazide gi& compound).

Among the most active compounds, compound BSFGMH|-4-C;H;5] showed
the best selectivity to the amastigotes in relatothe host cell. Representative images
obtained for infected cells treated with this comnpd at the concentration of 1.5
showed that the typical morphology of U20S cell waaintained and no amastigote
forms were present (Figure 6). Few intracellularapaes were still observed when
BSF-39 was added at 0.3 concentration (Figure 6). The data obtained wita
reference drug BZD at 1.56M indicated the presence of abundant intracellular
parasites (Figure 6) (See also Figure 4S of Supgiemy Material). The dose-response
curves obtained for each compound selected indbaya against the amastigote forms

are found in Figure 5S of Supplementary Material.
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BSF-39

50 uM 12.5 uM 1.56 UM 0.39 uM

Figure 6. Images obtained by high content screening (HCS)B®F-39 [-C6H4-4-
C7H15]- and benznidazole-treated infected U20S all50, 12.5, 1.56 and 0.391
concentrations. Assays performed with the Y straanJ20S cells and incubation for
72 h. Host cell and parasite DNA are stained witAdd (Biofocus).

3 CONCLUSION
Based on the findings from exploratory data analylsiur new compounds were
designed and synthesized. and their activity watuated against trypomastigotes and
intracellular amastigotes. Our findings indicatattthe novel compounds are active and
selective for the three developmental formslotruzi epimastigotes, trypomastigotes

and intracellular amastigotes. These results s#taulfurther studies on N’-[(5-
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nitrofuran-2-yl) methylene] substituted hydrazidgespotential drug candidates to treat

Chagas disease.

4 EXPERIMENTAL SECTIONS

4.1 Chemistry

NMR spectra were recorded on a Bruker ADPX Advan¢800 MHz)
spectrometer employing DMS@-solutions with tetramethylsilane as internal stadd
Melting points were determined using Bluchi M-56@amtus and elemental analysis
was performed on a Perkin-Elmer 24013 CHN Elemehtallyzer. Synthesis and anti-
T. cruzi active of compounds BSF-13, BSF-18 [12]; BSF-1FES BSF-6, BSF-7,
BSF-8, BSF-10, BSF-11, BSF-12, BSF-16, BSF-19, BRSFBSF-21, BSF-22, BSF-23,
BSF-27, BSF-28, BSF-29, BSF-33, BSF-34, BSF-35, -B6H13], was previously

reported by our group.

4.1.1 General procedure for the synthesis of hydrakes (b): carboxylic acid (I)
(0.02 mol) was refluxed for 4 hours in 20.0 mL @mhol) of anhydrous methanol and
0.5 mL (0.01 mol) of sulphuric acid. The reactioixture was cooled down to room
temperature and the hydrazine hydrate 80% (v/v)O(ihtL, 0.13 mol) was added. The
system was maintained by vigorously stirring forre@80 minutes in reflux. After this
period, the mixture was maintained at low tempeaeata give Il and was purified from
ethyl acetate. The hydrazide intermediate of comgsul and 2 were commercially
obtained (Sigma-Aldrich, purity of 97%) [34, 35].

4.1.2 General procedure for the synthesis of nitfarans compounds: were

synthesized by refluxing 5-nitro-2-furaldehyde 98% mmol) and hydrazides Il (5
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mmol) in water, sulphuric acid, acetic acid, andhaaol (8:7:8:20 v/v) for 1 h. After
cooling, the mixture was poured into cold water grecipitate and purified by
recrystallization from acetonitrile [36]. Compoundsth high water solubility were
synthesized in 10 mL of ethanol PA (5 mmol) withifo-2-furaldehyde 98% (1 mmol)
and hydrazides Il (1 mmol) at room temperature agdrous stirring for 6-8 h [37].
Compounds BSF-26, BSF-37, BSF-38, BSF-39, BSFm3 identified as a new
chemical entity and is described following.

4.1.2.1 4-penpthyl-N'-[(5-nitrofuran-2-yl)methylene] cyclohexane carbohydrazide
(BSF-37) light yellow solid (91%); mp 169 — 170 °@&4 NMR (DMSO-ds, 300 MHz):

& (ppm): 11.67/11.50 (s,1H, H8), 8.17/7.93 (s,1H),H676 (d, 1HJ4 3 = 3.8 Hz, H4),
7.18 (d, 1HJz4) = 3.2 Hz, H3), 3.07/2.18 (t, 187 12 Hz, H10), 1.79 (d, 4H=10.5
Hz, H11, H15), 1.47-1.19 (m, 11H, H3, H18, H19 xHa H16, H17 Hax./eq.), 0.95-
0.84 (m, 5H, H18, H19 (Heq.), H20 (GHt °C NMR {H} (DMSO- ds, 75 MHz):§
(ppm): 177.3/172.2 (C9), 152.0 (C2), 151.9 (C33.8/130.5 (C6), 114.6 (C4), 114.0
(C3), 43.1/36.4 (C10), 36.7 (C16), 36.6 (C13), IZ02), 31.9 (C14), 31.6 (C18), 28.8
(C11), 28.3 (C15), 25.9 (C17), 22.1 (C19), 13.9qCAnal. Calcd. for (GH2sNz0y):

C, 60.88; H, 7.51; N, 12.53. Found: C, 60.58; 207N, 12.16.

4.1.2.2 4-penthyl-N'-[(5-nitrofuran-2-yl)methylene]benzohydrazide  (BSF38):
Yellow solid (1 94%); mp 200-201 °CH NMR (DMSO-ds, 300 MHz):8 (ppm): 12.15
(s,1H, H8), 8.41 (s,1H, H6), 7.84 (d, 2857.7 Hz, H11, H15), 7.79 (d, 1H=3.0 Hz,
H4), 7.36 (d, 2HJ=7.9 Hz, H12, H14), 7.26 (d, 1H=3.3 Hz, H3), 2.65 (t, 2HJ=7.5
Hz, H16), 1.60 (t, 2HJ=6.9 Hz, H17), 1.30 (d, 4H, H18, H19), 0.86 (t, 3H6.6 Hz,
H20); **C NMR {H} (DMSO- ds, 75 MHz):8 (ppm): 163.3 (C9), 151.9 (C2, C5), 147.0

(C13), 135.1 (C6), 130.2 (C10), 128.4 (C11, C18y.8 (C12, C14), 115.0 (C4), 114.6
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(C3), 34.9 (C16), 30.8 (C17), 30.3 (C18), 21.9 (C1B.8 (C20); Anal. Calcd. for
(C17H19N304,329.35 g): C, 62.0; H, 5.81; N, 12.76. Found: C981H, 5.73; N, 12.45.
4.1.2.3 4-hepthyl-N'-[(5-nitrofuran-2-yl)methylene]benzohydrazide  (BSF39):
Yellow solid 1 92%); mp 178-179 °CH NMR (DMSO-ds, 300 MHz):8 (ppm): 12.15
(s,1H, H8), 8.42 (s,1H, H6), 7.85 (d, 28£7.6 Hz, H11, H15), 7.79 (d, 1H=3.0 Hz,
H4), 7.35 (d, 2HJ=7.7 Hz, H12, H14), 7.26 (s, 1H, H3), 2.65 (t, 2H7.2 Hz, H16),
1.59 (s, 2H, H17), 1.28 (s, 8H, H18-H21), 0.863H4, H22);*C NMR {H} (DMSO-
ds, 75 MHz): 5 (ppm): 163.3 (C9), 151.9 (C2), 151.8 (C5), 1471J), 135.2 (C6),
130.2 (C10), 128.4 (C11, C15), 127.9 (C12), 12T.84), 115.0 (C4), 114.6 (C3), 35.0
(C16), 31.2 (C20), 30.6 (C17), 28.5 (C18), 28.49C 2.0 (C21), 13.8 (C20); Anal.
Calcd. for (GeH23N304 357.470 g): C, 63.85; H, 6.49; N, 11.76. Found68.58; H,
6.39; N, 11.38.

4.1.2.4 4-hepthyloxy-N'-[(5-nitrofuran-2-yl)methylene]benzohydrazide (BSF40):
Yellow solid (1 88%); mp 172-173 °CH NMR (DMSO-<ds, 300 MHz):5 (ppm):12.09
(s,1H, H8), 8.41 (s,1H, H6), 7.91 (d, 28£8.8 Hz, H11, H15), 7.79 (d, 1H=3.9 Hz,
H4), 7.24 (d, 1H,J=3.9 Hz, H3),7.06 (d, 2H]=8.8 Hz, H12, H14), 4.05 (t, 2H=6.3
Hz, H17), 1.78-1.71 (m, 2H, H18), 1.42-1.28 (m, 8H4.9-H22), 0.87 (s, 3H=6.9 Hz,
H23); **C NMR {H} (DMSO- ds, 75 MHz):8 (ppm): 161.8 (C9), 160.0 (C13), 152.0
(C2), 151.8 (C5), 134.7 (C6), 129.9 (C11), 129.85 124.5 (C10), 114.8 (C4), 114.6
(C3), 114.2 (C12, C14), 67.8 (C17), 31.2 (C21)52&18), 28.4 (C20), 25.4 (C19),
22.0 (C22), 13.9 (C23); Anal. Calcd. forifB,3Ns0s, 373,40 g): C, 61.11; H, 6.21; N,

11.25. Found: C, 60.99; H, 5.96; N, 10.87.

4.2 Biological activity against epimastigote formsf T. cruzistrains
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In vitro anti-T. cruzi activity assays were performed against the epigast
forms of Silvio X10 cl1, Y, Bug 2149 cl10 and Colbmana strains, as described
elsewhere [13]. Exponentially growing epimastigo@s0*10’ parasites/mL) were
incubated in 96-well, flat-bottom tissue culturatpk in 20QuL LIT-FCS medium with
different drug concentrations for 72 h at 28 °CeTiitro derivatives, BZ and NFX
standard drugs, and the lead compound NF wereldsban DMSO and diluted into
LIT-FCS medium to obtain a concentration from @4800.0uM. DMSO concentration
in the medium did not exceed 1.0%. After the indidmaperiod, the amount of viable
parasites was determined from the absorbance nemasnts in a microplate reader
(Biochrom — EX Read 400, England), at 562 nm wawgle The assays were
performed in triplicate and, at least, in two inéiegent experiments. The aiiti-cruzi
activity was calculated by using the formula: PGIE(Ap - Apo) / (Ac — Acp)]} x 100,
where: PGI = percentage of growth inhibition, A Ase, of the culture at a given
compound concentration after 72 h incubatiop; A Ase, Of the medium at a given
compound concentration without parasites (blan&oshpounds in each concentration);
Ac = Asg, Of the culture in the absence of any compound;,;=AAse2 of the LIT-FCS
medium (blank). The inhibitory concentration s$C corresponding to the drug
concentration that inhibited 50% parasite growthswalculated from the percentage of
growth inhibition using nonlinear model growth/sigith dose-response for each case

using, at least, six concentration values [38, 39].

4.3 Molecular modelling approach, calculation andalection of descriptors
The 3D molecular models of the compounds were llusing the Cartesian
coordinates of crystallized structure of the leachpound NF (LEQTAC code, g =

0.11)[40] retrieved from the Cambridge Structurastébase (CSD) as reference
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geometry [41]. Each molecular model was energy-mired in the MM+ force field
[42], without any constrain§he partial atomic charges were calculated empépyfre
AM1 (Austin Model 1) semiempirical method [43]. Tkaergy minimization of the 3D
molecular models was also performed employing tHeLEIM 3.2 program[44] by
applying the steepest descent and, subsequerglgothjugated gradient method, using
a convergence criterion of 0.01 kcal/mol. The epemngnimized structures were the
input to the MD simulations of 1ns (1,000,000 stegpep size of 1fs) at 301 K (28 °C),
the same temperature of the biological assay. Etiteconstant of 3.5 was used to
simulate the environment of the biological membsané was assigned a fictitious
atomic mass of 5000 u.m.a. to some atoms positicarder to maintain the structural
integrity of the molecular models during simulatitkased on th&H and**C NMR and
NF crystallized structure. Trajectory files wereagraled every 20 simulation steps to
generate 50,000 conformations. The lowest-energjocmation was selected from the
equilibrium region of conformational ensemble pf(CEP) and compared to the
initial energy-minimized molecular model to verifshether the structural integrity was
maintained after simulation. The RMSD value wasduas criterion employing the
Hyperchem 8.0 program.[41] The energy minimizatiprocedure was made in
MOLSIM 3.2 program[44], applying the steepest daescand conjugated gradient
methods and the convergence criterion was 0.01/rkoll At this time, some
thermodynamic properties were obtained as folloths: total potential energy from
minimization step (w); the intramolecular energy contribution of soleat (Eson),
applying the hydration shell model proposed by ¥atwes and Hopfinger (1973) [45];
and, the intramolecular energy contribution of lmg#n bonding (k). The resulting
3D molecular model for each compound was the irgbutcture to the calculation of

physicochemical and structural properties, whichenexplored in this study.
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The electronic properties as Charges from Elea@tmsPotentials using a Grid
based method (CHELPG) [46], dipole moment (totatl &, y, z) and frontier
molecular orbital energy (lbwo and Euwo) were calculated using the B3LYP
6.311++(d,p) method [47-49] implemented in thei€&dan 03W program [50].

The Marvin 5.2.1 1 program [27] was used to caleulasteric,
topological/geometric, and lipophilic propertieslogRyv was calculated by the
weighted method, assigning equal weight for eactihnotk[24-26].

Further detailed information regarding all des@ipt methods, and respective
software used to perform these calculations atedisn table 3S of Supplementary
Material.

The independent variables or descriptors or moécptoperties of different
nature were calculated and generated a matrix ioamga56 columns (independent
variables or descriptors plus biological activikygll/C)) and 36 rows corresponding to
the number of compounds.

Procedure to select the most representative malepubperties: two filters were
used as criteria to previously select the indepenhdariables: (i) the Pearson correlation
coefficient and (ii) a visual inspection of scaféots for biological activity versus each
variable or descriptor or molecular property [18he Pearson correlation coefficient
value of 0.35 was formerly used as cut off for kg the calculated independent
variables. Regarding the visual inspection, onlyrialdes presenting uniform
distribution and linear tendency with the biolodidata were selected to compose the
final matrix.

The final matrix was used as input for the explomatdata analysis. Due to the
distinct magnitude orders among the calculatecabéas, the autoscaling procedure was

applied as a preprocessing method [21].
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4.4 Exploratory data analysis[18, 19]

4.4.1 Hierarchical cluster analysis, HCA

HCA was performed using the Pirouette 3.11 progfa2], employing the
complete linkage method and Euclidean distancéd@A, distances between pairs of
samples (or variables) are calculated and compa&kuabn distances between samples
are relatively small, this implies that the sampes similar. The calculated distances
between samples were set on a similarity matrix sghelements are called similarity
indices, ranging between 0 and 1, where 1 is etpnvéao a maximum similarity. The
results are usually presented as a two-dimensahraat, called dendrogram [22].

The multivariate distance 56l between two samples vectors, a and b, was

determined by computing differences at each ofithariables:

Gab= [i (Xarxbj)Mr/M

M is the order of the distance, and here correspomthe Euclidean distance (M
= 2).[22] Because of inter-sample distances caly vath the type and number of
measurements, it is customary to transform thera ardomewhat more standard scale
of similarity, where gaxis the largest distance in the data set:

d
similarity_ = 1- a0

dmax

HCA was carried out for samples and variables.hia first case, biological
activity was considered as dependent variable.hén decond option, the biological
activity is considered as independent variable 188,22].

4.4.2 Principal Components Analysis, PCA
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The exploratory analysis of PCA was also carrietleploying the Pirouette
3.11 software [22]. For PCA, the biological actyvivas considered as the dependent
variable. The data were decomposed into two matrioae of scores related to the
samples, and another of loadings, related to thahlas [18, 19].

The new set of axes generates the PCs, or fagttwsyhich are the information
related to the original descriptors. Thus, the nemiif PCs that explain most of the
variability in the data set can be determined, wargg that these PCs are uncorrelated
and mutually orthogonal variables built up as senphear combinations from the
original data. In this exploratory data analysi§APwas run up to ten factors or PCs.
The outliers’ diagnosis, implemented in Pirouettd 13 software [22], was also

performed through the Mahalanobis distance [51].

4.5 Biological activity against trypomastigote forns of T. cruzi

Trypomastigote forms of the Colombiana strain weidgtained from the
supernatant of infected LLC-MKcells. After centrifugation at 7,000 rpm at 4 tGe
parasites (10cells/mL) were resuspended in DME medium suppléetewith 2% FCS
and added to 96-well, flat-bottom tissue culturatgs in the absence or presence of 1
UM of different compounds for 20 h at 37 °C in a 2@, atmosphere. DMSO
concentration in the medium was 0.5%. After incidrgtthe viability of the parasites
was examined by motility under a light microscopbe number of live parasites was
quantified in a Neubauer chamber. The percentagetabition of trypomastigote
viability promoted by the compounds was calculatecklation to the control incubated

in the absence of drug. The assay was performedamdependent experiments.

4.6 Biological activity against amastigote forms of. cruzi
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Test and reference compounds were diluted in tlopeor volume of 100%
DMSO, to prepare 10 mM stock solutions. Aliquotsatifsolutions were kept frozen at
— 80°C, protected from light, and submitted for a maximaf 3 cycles of freezing-
thawing.

The HCS assay was performed against intracelarn@astigote as described in
Moraeset al, 2014 [15]. Briefly: on day 1, U20S cells wereded in blackiClear 384
well tissue culture treated polystyrene plates ({@&@eBio-One) at 700 cells in 44 of
high glucose DME medium (Hyclone) supplemented wiib% of FBS and a
penicillin/streptomycin solution (Gibco Thermo FeshScientific). After 24 h of
microplate incubation at 37, 5% CQ and controlled humidity, trypomastigotes of Y
strain were harvested from infected LLC-MEBells and added to the U20S-containing
384 microplate at 2,800 trypomastigotes in dl0 of low glucose DME medium
(supplemented as above) per well.

On day 3, 1QuL of compound solution (14 points in a 2-fold ditut scheme)
were transferred onto the assay plates contaihirgguziinfected U20S cells, reaching
the highest concentration of 200 uM and 1% DMSOefach compound, and the final
assay volume of 60 puL. Each compound concentratestested in doublets, and each
experiment was performed in duplicate. At the assajpoint, microplates were fixed
with 4% PFA and stained with 5 uM Drag5 (Biofocug)ages were acquired using the
Operetta High Contend System (Perkin Elmer) witd dbjective lens of 20x WD
magnification. The high content analysis was penfxt using the Harmony software
(Perkin Elmer). Several parameters, such as hdit msamber, infection ratio and
number of parasites per infected cell, were deteechi For the purpose of this study,
the infection ratio (IR) was defined as the rat&ivieen the total number of infected

cells from the well and the total number of ceflenfi the same well. The raw data for
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IR values were normalized to negative (infectedsceDMSO-mock treated) and
positive (not infected cells) controls to determthe normalized antiparasitic activity.
Activity values were processed with the Graphpadrn®rsoftware, version 7, for
generation of sigmoidal dose-response (variabl@e3laonlinear curve fitting and
determination of E€ and CG values byinterpolation.

For the purpose of this study, siOvas defined as the compound concentration
corresponding to 50% normalized activity (reductioh infection) after 72 h of
compound incubation. Potency relates to theglZalues — the more potent the
compound, the lower is its ¥¢— whereas efficacy relates to the maximum observed
activity of a compound — the more efficacious tlenpound, the closer its maximum
activity is from 100%. Cytotoxicity was measuredenms of CGo value, defined as the
compound concentration corresponding to reductiob086 in the number of cells in
comparison with negative controls (DMSO-treated)ttBfor 1G, and CGy values were
determined by interpolation to the dose-respong®esu The selectivity index was
defined as the ratio between the g£@nd the 1G, values obtained for a given

compound.

Supplementary material available

Dose-response curve of aiiti-cruziactivity — epimastigote forms, Colombiana
strain; Biological activity of compounds againstifetrains ofT. cruzi Conformational
ensemble profile (CEP) from molecular dynamics (Midhulation of each compound,;
Values of the thermodynamic parameters obtainedh@riowest-energy conformer of
each compound from MD simulation; Descriptors, rod) and software used to
perform calculations for 5-nitro-2-furfuriliden deatives; Independent variables

obtained from literature and descriptors calculated each compoundPearson's
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correlation coefficient and scatter plots of eaebaliptorversuscompounds’ biological
activities; Structure elucidation of 5-nitro-2-furfliden derivatives *H and*C NMR
spectra of new compounds); Images obtained in $kayaagainst the amastigote form
of Y@ama-r) Strain; Dose-response curves obtained in the assgginst the amastigote

form through the high content screening (HCS).
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Resear ch Highlights (EJM C2017):

> A set of 36 N'-[(5-nitrofuran-2-yl) methylene] substituted hydrazides, previously
reported, were active against the benznidazol e-resistant Colombiana strain. >
Multivariate approaches (hierarchical cluster analysis and principal component analysis)
were applied to established structure-activity relationship > Four new compounds were
designed and synthesized >. They were highly active against epimastigotes,
trypomastigotes and intracellular amastigotes and showed low cytotoxicity to the host
cells.



