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ABSTRACT: The urgent need for new antileishmanial drugs persists due to
resistance and toxicity associated with current treatments. Although bisindoles
represent a promising chemotype, our first-generation 2,2'-di(indol-3-yl)-
ethanamines, inspired by a natural marine alkaloid, displayed significant cytotoxicity
despite potent activity against L. infantum. To address this limitation, we designed
and synthesized a second-generation series in which the indole bromine substituents
were removed, and N-methylation was prioritized as a strategy to mitigate -
cytotoxicity. Compounds le, 2b, 2f, 3d, and 3e emerged as promising hits, ﬂE&:.&Z‘Z{M
exhibiting potent activity against L. infantum promastigotes (IC5 = 0.6—3 M) and

markedly improved selectivity indices (SI = 11—66) in THP-1 cells. These
compounds retained efficacy in an in vitro infection model, with le, 2b, and 2f
displaying ICs, values below 10 pM against intracellular amastigotes. A
pharmacophore model derived from URB1483 and 2f was generated to explore
plausible mechanisms of action underlying the antileishmanial activity, with trypanothione reductase (TR) selected as a possible
biological target. While compound 2f showed only weak inhibition (ICs, = 71 uM), this could provide a starting point for the
structure-based design of future antileishmanial agents. Preliminary ADME-related evaluations of le and 2f revealed improved
aqueous solubility, alongside favorable chemical and metabolic stability specifically for 1e. Consequently, while 2f could be a new hit
for a still underexploited target, compound le emerges as the most balanced lead candidate for future development of
antileishmanial derivatives.
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B INTRODUCTION Despite recent progress in vaccine research and develop-
ment, no field-applicable vaccine is available yet,” therefore
limiting disease management to vector control and chemo-
therapy.'’ However, commercial drugs have several limitations,
ranging from toxicity to drug resistance.'® Therefore, some
research groups, mainly in academia, have discovered new
potential drug candidates against leishmaniasis containing

Leishmaniasis is a major parasitic disease that affects millions
of people worldwide, with a disproportionate burden in low-
income and resource-limited settings.l_3 The disease is
endemic in tropical areas of Africa, the Middle East, South
America, and Asia,* and recently, it has expanded to southern

Europe, mainly due to global warming, low-cost air links, privileged heterocycle scaffolds.''~'® In this context, a few

frequent trade (exchange of goods) between continents, and bisindoles have been reported as potential lead compounds

population migrations.*° against leishmaniasis,’’~** and in particular, our group has
Leishmaniasis is caused by several species of the protozoan focused on the development of 2,2’-di(indol-3-yl)ethanamine

Leishmania, which are transmitted to mammalian hosts, derivatives (Figure 1).7%°

including humans, by the bite of infected phlebotomine

sandflies. Visceral leishmaniasis (VL), one of its clinical Received: January 28, 2026

manifestations, is the most dangerous, affecting bone marrow, Revised:  July 13, 2026

liver, and spleen, and can be fatal if untreated.” Cutaneous Accepted: July 28, 2026

leishmaniasis (CL), the most common pathological condition, Published: August 24, 2026

and VL are prevalent in the Mediterranean basin and are

caused by L. infantum species.””
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Figure 1. Representative 2,2-di(indol-3-yl)ethanamine derivatives, a class of bisindoles with antileishmanial activity. Reported ICy, were retrieved
on L. infantum promastigotes and determination of CCs, were carried out on human macrophage-like THP-1 cells.

URB1483 (Figure 1), bearing indolyl N-Me moieties and no
bromine atoms, was the first bisindole reported by our group
and showed good potency against L. infantum promastigotes
(ICs, = 3.7 upM) and intracellular amastigotes with no
quantifiable cytotoxicity in mammalian cells (SI > 55).*
However, URB1483 failed during in vivo studies on a mouse
infection model probably due to its poor water solubility.”*
Consequently, we designed and synthesized more hydrophilic
bisindoles, leading to the first generation of 2,2’-di(indol-3-
yl)ethanamine derivatives. Compound II (Figure 1) was the
most potent against L. infantum promastigotes with ICyy = 2.7
uM. However, II was toxic to human macrophage-like THP-1
cells (CCsy = 11.7 uM) thus showing a low selectivity index
(SI ~ 4).”* Another interesting example of this class is the
amide IIT (Figure 1), which is active (IC5, < 10 uM) but
relatively toxic (CCg, = 22 uM).”* Moreover, the marine
bisindole alkaloid 2,2’-bis(6-bromo-1H-indol-3-yl)ethanamine
I (Figure 1) was also active against L. infantum but toxic (CCs,
< 20 uM).** We speculated that toxicity of compounds I, IT
and III arises from the presence of bromine atoms on the
indole rings (Figure 1), as suggested by comparison with
structurally related bisindoles. In addition, N-methylation of
the indole NH was expected to mitigate the toxic effects on
human cells, as observed for URB1483 and compound II
(Figure 1). Specifically, data obtained for the natural marine
alkaloid I and its modified analogue 1b (reported as compound
1h in the previous work)>* further support this hypothesis.
Notably, 1b, lacking bromine atoms and featuring N-
methylated indole nitrogens, retained good antileishmanial
activity (ICy = 4.1 M) while displaying markedly reduced
cytotoxicity (CCyy = 42 uM).>*

With this in mind, in this work, we designed and synthesized
a second generation of 2,2'-di(indol-3-yl)ethanamine deriva-
tives bearing methylated indole nitrogen (N-Me) and lacking
bromine substitutions on position 6 from the most promising
derivatives of our previous work.”* This new small library was
phenotypically screened for efficacy against L. infantum
promastigotes, and for toxicity on human macrophage-like
cells, and a few new compounds showed high potency with
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very low toxicity and were advanced to the evaluation of their
activity in an in vitro infection model (intracellular
amastigotes).

While some bisindole derivatives exhibit antileishmanial
activity through topoisomerase IB inhibition,'”'®** the
mechanism underlying the antiproliferative effect of 2,2'-
di(indol-3-yl)ethanamine derivatives remains unclear. Without
a molecular target associated with this biological activity,
structure-based studies usually employed to guide ligand
design and optimization cannot be leveraged. Therefore, in
these circumstances, pharmacophore modeling relying on
ligand conformation analysis of potential bioactive geometries,
which are often energetically accessible in solution, was carried
out.””” Evaluating the accessible conformations of URB1483
and of a representative 2,2’-di(indol-3-yl)ethanamine deriva-
tive, a pharmacophore model was generated based on the
spatial arrangement of the indole rings and functional groups
belonging to the distal portion of the molecules. Alternative
conformations were retained in the analysis based on their
potential energy. Adopting this approach, we were able to
screen previously reported inhibitors associated with a target-
mediated inhibition of L. infantum proliferation. Our efforts led
to a subsequent hypothesis for a potential mechanism of action
contributing to the antileishmanial activity of bisindole
derivatives. Notably, top-scoring compounds identified
through pharmacophore screening, along with the fitting of
our compounds within the catalytic site, suggested trypano-
thione reductase (TR) as a putative target potentially involved
in the antileishmanial activity. TR is directly responsible for
keeping trypanothione in the reduced state (redox homeo-
stasis), a key enzyme in the redox metabolism, it is indeed
essential for parasite survival. Moreover, TR is absent in the
host, and it can be efficiently addressed by inhibitors.”® To
prove our hypothesis, a few representative and active
compounds belonging to the second generation of 2,2'-
di(indol-3-yl)ethanamine derivatives were tested against TR.
Pleasantly, some of the compounds exhibited a high-micro-
molar range inhibition of the enzyme. It is worth mentioning
that the biological activity of our compounds cannot be

https://doi.org/10.1021/acsinfecdis.6c00079
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Scheme 1. Synthesis of Bisindole Primary Amines 1
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da-e 5 R R 1e Me CO,Me
“Reagents and conditions: (i) DPP, MeCN, 120 °C, MW, 18 h; (ii) K,CO;, MeOH, H,O, reflux, 1-3 h.
Scheme 2. Synthesis of Bisindole Secondary Amines 2 and Amides 3“
rR2 0. _R?
NH NH, NH
O AN (O
N — DY YT
N N N N N N
\ / \ 1 / \ 1
R R R R R’ R
R R2 1a R'=H R R2
2a H 2-Propyl or 32 H 2-Propyl
2b Me 2-Propyl 1b R'=Me 3b Me 2-Propyl
2c H Phenyl 3c H Phenyl
2d Me Phenyl 3d Me Phenyl
2e Me  4-Fluorophenyl 3e Me 4-Fluorophenyl
2f Me  4-Chlorophenyl 3f Me 4-Chlorophenyl
2g Me  4-Nitrophenyl 3g Me  4-Nitrophenyl
2h Me 4-Tolyl 3h Me 4-Anisolyl
2i Me 2-Furyl 3i Me 2-Furyl
2j Me 2-Thiophenyl 3j Me 2-Thiophenyl

“Reagents and conditions: (i) R>-CHO, NaCNBH,, acetic acid, MeOH, rt, 3—24 h; (ii) R*-CO,H, EDC-HC], DCM, 1t, 12 h.

entirely ascribed to this mechanism of action, given also the
lack of enzyme inhibition reported for URB1483 and other
2,2'-di(indol-3-yl)ethanamine derivatives, these results could
pave the way for the application of bisindole hits in a drug
discovery campaign against TR function.

B RESULTS

Chemistry

The desired primary amines la—e were obtained via MW-
mediated coupling of the appropriate indole 4 and N-(2,2-
dimethoxyethyl)-2,2,2-trifluoroacetamide $ in the presence of
a catalytic amount of diphenyl phosphate (DPP), followed by
the basic hydrolysis of the corresponding bisindole trifluor-
oacetamide intermediates with potassium carbonate in good
overall yields (Scheme 1).**

The secondary amine series 2 was synthesized using
reductive amination of 2,2-di(1H-indol-3-yl)ethanamine (1a)
or 2,2-bis(1-methyl-1H-indol-3-yl)ethanamine (1b) in the
presence of NaCNBHj and the appropriate aldehyde (Scheme
2), alkyl, aryl, or heteroaryl groups (Scheme 2; see Supporting
Information).** Yields from 25% to 89% were obtained for N-
Me bisindoles 2b, 2d—j, while the yields of NH bisindoles 2a
and 2c were 67 and 64%, respectively, significantly higher than
the corresponding N-methylated bisindoles 2b and 2d (28%
and 54%).

The amide series 3 was synthesized via amide coupling of
the primary amine 1a or 1b with the corresponding carboxylic
acids in the presence of N—(3—(dimethylamino)propzrl)-N’-
ethylcarbodiimide (EDC) hydrochloride (Scheme 2).”* The
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(hetero)aryl amides 3 yields were almost quantitative, ranging
from 96 to 99%, except for bisindoles 3f and 3g with 84 and
91%, respectively. Slightly lower yields were achieved for the
isopropylamide derivatives 3a—b (71 and 84% isolated yields,
respectively).

Phenotypic Screening on L. infantum Promastigote and
THP-1 Cells

The in vitro antiparasitic activity of the new bisindole
derivatives was first evaluated on L. infantum MHOM/TN/
80/IPT1 promastigotes at a single dose of 20 uM for 72 h. All
the amines 1 and 2 showed antileishmanial activity > 95%
(Table 1) and therefore they were all taken into consideration
for testing on THP-1-derived macrophages. On the contrary,
amides 3 were less active against L. infantum promastigotes
showing inhibition values lower than 76% at 20 #M and only
the two most active bisindoles, 3d and 3e (see Table 1, 62.8%
and 76.2%, respectively) were tested for toxicity on human
THP-1 cells.

Among amines 1 and 2, seven out of 13 compounds (i.e., 1c,
1d, 2a, 2d—e and 2g—h) showed cytotoxicity between 4 and
20 uM and were not included in subsequent experiments.
Instead, both amides 3d and 3e showed cytotoxicity between
20 and 100 M and were further studied.

Consequently, eight active and less toxic compounds (i.e.,
le, 2b—c, 2f, 2i—j and 3d—e) were tested on L. infantum
MHOM/TN/80/IPT1 promastigotes for 72 h with scalar
dilution 1:2 and 2:3 (from 20 to 0.3 uM) to determine ICs,
(Figure S1). All eight tested bisindoles showed very good ICs,
values between 0.7 and 3.4 uM (Table 1). Therefore, the exact

https://doi.org/10.1021/acsinfecdis.6c00079
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Table 1. Summary of Bisindoles Activity on L. infantum MHOM/TN/80/IPT1 Promastigotes and THP-1 Cells and

Corresponding SIs®

Inhibition of L. infantum gromastigotes

Cmpd at 20 uM (% (100, 20, 4 uM)
1a” 82.3 20 < CCy, < 100
1b° 98.0 20 < CCq, < 100
1c 99.6 4 < CCq <20
1d 96.8 4 < CCq <20
le 99.3 20 < CCq < 100
2a 99.3 4 < CCqp< 20
2b 98.8 20 < CCq < 100
2 99.6 20 < CCy < 100
2d 99.5 4 < CCq <20
2e 99.4 4 < CCy <20
2f 98.8 20 < CCyy < 100
2g 952 4 < CCy <20
2h 98.2 4<CCq <20
2i 98.4 20 < CCq < 100
2j 100.8 20 < CCyq < 100
3a —34.2 na.

3b 16.5 n.a.

3¢ 27.6 na.

3d 62.8 20 < CCqo < 100
3e 76.2 20 < CCyy < 100
3f 47.1 n.a.

3g 50.9 na.

3h 412 na.

3i 47.6 n.a.

3j 50.7 n.a.

MILT 96.8 20 < CCq < 100

Cytotoxicity on THP-1 cells

L. infantum promastigotes ICs, THP-1 cells CCs, (uM)

(M) (95% CI) (95% CI) SI

12.9 (11.6—14.6) na.

4.1 (3.7-4.5) 41.6° 10.1
n.a. n.a.

n.a. n.a.

0.65 (0.60—0.71) 427 (39.1-45.4) 65.7
n.a. n.a.

1.2 (1.1-1.3) 30.2° 252
1.5 (1.4-16) 17.1¢ 114
n.a. n.a.

n.a. n.a.

1.7 (1.6-1.8) 18.7¢ 11.0
n.a. n.a.

n.a. n.a.

32 (3.0-3.4) 30.0° 9.4

2.8 (2.6-3.0) 26.7° 9.5

n.a. n.a.

n.a. n.a.

n.a. n.a.

2.4 (1.9-2.9) >507 >21
34 (3.1-3.8) >100 >29
n.a. n.a.

n.a. n.a.

n.a. n.a.

n.a. n.a.

n.a. n.a.

3.7 (3.3—4.0) 36.5 (32.8—40.2) 9.9

“ICsy and CCs, values are reported as mean and 95% CI, from at least two independent experiments, each conducted at least in duplicate.
Miltefosine (MILT) was used as positive control. n.a. = not available; CI = confidence interval; SI = selectivity index = CCyy/ICs. The data were
already reported by our group.”* “95% CI was not calculable, see comment in the main text. “Precipitation of 3d at 100 uM occurred.

cytotoxicity (CCs,) of the eight compounds was evaluated on
THP-1 cells as described in the Methods section. The CCq,
values ranged from 17.1 to 42.4 yM for amines 1 and 2 (Table
1), including miltefosine, which showed CCs, of 36.5 uM.
Amides 3d and 3e did not induce any appreciable toxicity
toward THP-1 cells at concentrations up to 50 and 100 uM,
respectively. At higher concentrations, both compounds
precipitated in the assay medium, precluding reliable toxicity
determination (100 and 200 uM, respectively). Notably, the
95% confidence interval (CI) was not determined for the
secondary amines 2 (five compounds). This was due to the
steeper slope in dose—response curves that indicate a transition
within a very narrow concentration range and high compound
potency (Figure S2). Moreover, the discrepancy between the
preliminary three-point cytotoxicity range (Table 1, column 3)
and the final CCs, value (column 5) for these amines stemmed
from the more precise calculation afforded by the full dose—
response curve. Compound le is the most potent compound
against L. infantum promastigotes showing a submicromolar
ICs, against the protozoa (650 nM), together with a low
toxicity on THP-1 cells (42.7 uM), therefore resulting in the
highest SI (65.7), 6-fold higher than that of miltefosine (Table
1). Finally, based on these results, the compounds 1le, 2b, 2f,
3d and 3e were selected for testing in intracellular amastigotes.

Antiamastigote Assay on L. infantum-Infected THP-1 Cells

Following the results obtained in the phenotypic screening, five
compounds (le, 2b, 2f, 3d, and 3e) were selected for
evaluation against intracellular amastigotes. Interestingly, both
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the amines 1e, 2b and 2f and the amides 3d and 3e were also
effective in reducing the infection rate after 72 h of treatment.
Among them, the primary amine le emerged as one of the
more active compounds, significantly reducing the infection
rate at all tested concentrations, with the exception of the
treatment at 1.2 uM (Figure 2).

Similarly, the secondary amine 2b significantly reduced the
rate of infection at all the concentrations tested, although
significant differences were observed between the treatments
12, 2, S uM and 10, 15, 20 uM (Figure 2). The other
secondary amine, compound 2f, altered the rate of infection in
a dose-dependent manner, with a significant effect observed at
15 uM (Figure 2). No data were reported at 20 uM for this
compound due to its cytotoxicity at this concentration, which
leads to unreliable results. Microscopic analysis of the infection
model further confirmed the cytotoxic effect of compound 2f
on THP-1 cells at the highest tested concentration (ie., 20
uM) as evidenced by the marked reduction of the number of
cells upon treatment (Figure S3). Concerning the amides,
compound 3d significantly reduced infection at 10, 15, and 20
UM concentrations. Similarly, 3e significantly reduced infection
although no statistically significant difference was observed at
the highest concentration (Figure 2).

From these data points, ICy, values were evaluated for all
tested compounds. Interestingly, amines le, 2b and 2f
displayed ICg, values below 10 pM against intracellular
amastigotes. Overall, despite their promising efficacy, none of
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Figure 2. Effect of compounds le, 2b, 2f, 3d, 3e and miltefosine (MILT) on L. infantum intracellular amastigotes. Bar graphs show the percentage
of infection in nontreated and following the treatment with increasing concentrations of selected compounds. Data are expressed as mean + SD.
Different letters represent statistically significant differences among the treatments (p < 0.0S), whereas groups sharing the same letter are not
significantly different (ordinary one-way ANOVA with Tukey’s multiple comparisons test). The ICs, values of all compounds against intracellular
amastigotes were calculated by nonlinear regression analysis and expressed as mean and 95% confidence interval.

these compounds reached the potency of the reference drug
miltefosine.

Pharmacophore Modeling and Screening of Bisindole
Derivatives

Considering common structural features shared between azole-
bisindole and 2,2’-di(indol-3-yl)ethanamine derivatives,
URB1483 and 2f were selected to construct a pharmacophore
model encompassing putative key determinants of biological
activity. The compounds were selected among the best out of
the two classes reported for their inhibitory activity on
promastigote proliferation. In particular, compound 2f
recapitulates the chemical features common to the most active
2,2’-di(indol-3-yl)ethanamine derivatives. Compound 2f was
analyzed in both its neutral and protonated forms, since both
are considered accessible at physiological pH values. This
assumption is supported by density functional theory
calculations predicting a pK, of 7.4 for the secondary amine
of 2f.

Potential energy surfaces were generated by analyzing the
rotation of torsions 7; and 7, (Figure 3, left). Conformations of
URB1483 and neutral 2f were compared (Figures S4 and S5)
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by retaining minima within 2 kcal'mol™' of the global
minimum, considering 7, and 7, values and aromatic ring
centroid distances (Figure S6). Among five common potential
energy minima, two conformations displayed a symmetrical
distribution of pharmacophore features, leading to a final
model with four alternative pharmacophore site arrangements
(Figure 3, right).

Each pharmacophore model comprises five sites: two
representing the bisindole core and three corresponding to
the distal portion of the molecules (Figure 4), as detailed in the
Methods section. While the orientation of the aromatic rings in
the core region (arol and aro2 sites) is determined by the
conformational analysis and accounted for in the pharmaco-
phore model, the optional aromatic sites (nd-arol and nd-aro2
sites) were not assigned directionality when the pharmaco-
phore scoring function was applied. An additional site (posl
site) accounts for a potential feature representing the possibly
charged amine group of the bisindole derivatives.

The pharmacophore models were tested for their ability to
discriminate known active compounds from decoys (Figure
S7), resulting in pharmacophore model IV displaying the
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potential energy surfaces of URB1483 (in colormap) and 2f in its neutral state (in gray colormap). Common potential energy minima associated
with their respective pharmacophore models are marked with Roman numerals.

Figure 4. Representative conformations of URB1483 (white sticks)
and 2f (green sticks) aligned on pharmacophore model I
Pharmacophore features comprised in the pharmacophore model
account for aromatic sites (arol and aro2 in orange) that position
bisindole rings. Other features describe the functional groups
belonging to the distal region of the ligands: the presence of a
positive net charge (posI site, blue sphere) and of aromatic rings (nd-
arol and nd-aro2 sites, cyan spheres) of the two series of compounds
considered in pharmacophore building.

highest discriminative power in receiver operating character-
istic (ROC) curve analysis. The models were subsequently
used for screening a library of compounds extracted from the
ChEMBL34 database™ and annotated for biological activity
against Leishmania spp. (Figures S8—S9). Across all four
independent runs with the alternative pharmacophore models,
five compounds reported by Chauhan et al.*’ and bearing a f-
carboline—quinazolinone scaffold consistently achieved a high
pharmacophore fitness score (Table S1, Figures S10—S11).
These compounds were reported to exhibit against L. donovani
TR a low-micromolar activity, ie., relatively good potency
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considering the challenges involved in achieving high enzyme
inhibition for TR inhibitors.”**"

Evaluation of TR Enzymatic Inhibition

A selection of five promising bisindoles, together with
URB1483, were tested at 10 yM to evaluate their ability to
inhibit L. infantum trypanothione reductase (LiTR) activity
(Figure S12). Specifically, no inhibition of LiTR activity was
observed for the primary amines 1b and le and URB1483,
whereas the secondary aliphatic amine 2b displayed only a
minimal effect (3.3% inhibition). Conversely, the secondary
aromatic amine 2f and the amide 3e significantly inhibited
LiTR enzymatic activity. Among these, 2f emerged as the most
potent inhibitor, reducing LiTR activity to 78.1%. Moreover,
its subsequent inhibitory profiling yielded an ICs, value of 71.3
+ 3.9 uM at 25 °C (Figure S13).

Bisindole derivatives were docked within the catalytic site of
LiTR. Given the shallow nature of the LiTR protein surface
and the presence of different subsites, we guided docking
calculations using a three-point pharmacophore model built on
the putative binding mode of compound 6e (Table S1), which
is the most potent compound belonging to the series of f-
carboline—quinazolinone derivatives reported as inhibitors of
the L. donovani TR orthologue® to match the three aromatic
sites. Subsequently, the hypothesis for the binding of
compound 2f was generated by recreating the pharmacophore
model of 2,2’-di(indol-3-yl)ethanamine derivatives on the
protein surface (Figure S) in order to perform guided docking
calculations. According to this model, the two indole rings
position close to the catalytic tetrad and the distal aromatic
portion would bind a subsite close to the catalytic site at the
interface between the two protein subunits. Moreover, the
charged amino group is placed near the y-Glu site, resulting in
a reinforced salt-bridge interaction with E467'.

Kinetic Solubility Evaluation of Compounds URB1483, 1e,
and 2f

The kinetic solubility of compounds URB1483, 1e and 2f was
assessed in three different media, phosphate buffer (pH 7.4),
fasted-state simulated intestinal fluid (FaSSIF, pH 6.5), and
fed-state simulated intestinal fluid (FeSSIF, pH 5.0), at 37 °C,
following a protocol previously described”® with minor
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Figure S. Docking of compound 2f within the catalytic site of LiTR
(PDB code: 4ADW)* and fitting with the pharmacophore model.
The two aromatic features (orange sites), accommodating bisindole
substituents, are close to residues of the catalytic site (cyan) and of
the Z-site (green). The secondary amino group, represented as a blue
sphere, interacts with E466’ and E467’ (y-Glu site). The third
aromatic group is placed on the optional aromatic site (cyan sphere)
close to a cleft between the two protein subunits (green surface).

modifications (see Methods section). Compound URB1483
displayed solubility values below the limit of detection/
quantification in phosphate buffer and showed very low
solubility in FaSSIF (104 + 0.6 M) and FeSSIF (89 + 6
uM). Similarly, compound 2f exhibited low solubility in
phosphate buffer (0.20 + 0.03 gM) and FaSSIF (3.5 + 0.7
uM), while a substantially higher solubility was observed in
FeSSIF (757 = 41 uM). Conversely, compound le
demonstrated high solubility across all media, with values of
1017 + 37 uM in phosphate buffer, 796 + 64 uM in FaSSIF,

and 1666 + 12 uM in FeSSIF. For all compounds, solubility in
FeSSIF was consistently higher than in FaSSIF, indicating that
the increased concentration of bile salts and lipids in the fed-
state medium enhances dissolution. This effect is attributed to
the formation of micelles and other colloidal structures capable
of solubilizing poorly soluble drugs.

Chemical Stability Studies on Compounds 1e and 2f

For compounds le and 2f, the chemical stability was
investigated in phosphate buffer at pH 7.4, 0.1 M (see
Methods section). In this assay, le and 2f (1 uM with 0.5%
DMSO) were incubated at 37 °C in phosphate buffer (pH
7.4), and samples were collected at 0, 15, 30, 4S, and 60 min.
Each sample was subsequently analyzed by LC-MS. Under
these conditions, while compound le showed good chemical
stability with a relative area percentage of remaining
compound over 95% at 60 min (Figure S14), compound 2f
showed apparent chemical instability as early as 15 min, likely
due to its poor solubility in phosphate buffer.

Plasma Stability Studies on Compounds URB1483, 1e, and
2f

Plasma stability studies were performed on compounds le and
2f together with the reference lead compound URB1483 by
incubating the compounds in human plasma at 37 °C for up to
4 h and monitoring the residual parent compound by LC-MS
analysis. After 2 h of incubation, all compounds showed high
stability with very limited (URB1483) or negligible (1e and 2f)
degradation (Table S2). After 4 h, compounds le and 2f still
retained 100% and 98.3% of the parent compound,
respectively, whereas the residual amount of URB1483
decreased to 91.9%. For URB1483, LC-MS analysis addition-
ally revealed the presence of two major degradation products,
consistent with the hydrolysis of either the methyl ester alone
or both the methyl and ethyl ester moieties. These products
were absent at t; and became detectable only after prolonged
incubation. In contrast, no detectable degradation products
were observed for compounds 1e and 2f under the investigated
conditions.
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Figure 6. Metabolic stability in HLM of compounds le and 2f over a 60 min incubation. Chemical structures of compounds le (A) and 2f (B),
respectively, with the liability points (soft spots) related to the sites of metabolism are depicted at the top of each panel. For each compound, the
observed behavior for substrate metabolic degradation is shown in blue, while the formation of metabolites, whose names are expressed in relation
to the mass variation compared to the substrate, is shown in empty red circles. Data reported in the graph represent the mean + SD fromn =3
experiments. The half-life values associated with each compound and expressed in minutes are reported in green.
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Metabolic Stability Studies on Compounds URB1483, 1e,
and 2f

For compounds URB1483, le and 2f (1 yM with 0.5%
DMSO) the metabolic stability in human liver microsomes
(HLM) at 37 °C was also studied by monitoring the
percentage of unmodified compound and the formation of
metabolites over a period of 60 min incubation (time points: 0,
S, 15, 30, and 60 min) (Figure 6). It is worth noting that the
use of HLM also enabled preliminary assessment of possible
esterase-mediated metabolic conversion in addition to
oxidative metabolism, as human liver microsomal fractions
retain hydrolytic enzyme activities, including carboxyles-
terases.”> Samples were analyzed by LC-MS/MS and the raw
data were processed by using Mass-MetaSite (Molecular
Discovery Ltd.)**™*® and WebMetabase (Molecular Discovery
Ltd.)*”** software for automatic metabolite identification and
structure elucidation as well as for kinetic analysis. For
compound URBI1483, a rapid decrease in the parent
compound signal was observed over time; however, no
metabolites were detected. Control experiments performed in
the absence of NADPH showed a comparable decline in
compound levels (Figure S15), indicating that the observed
decrease was mainly attributable to poor solubility and
precipitation in the incubation medium rather than to
metabolic conversion. Therefore, reliable assessment of the
intrinsic microsomal metabolic stability of URB1483 could not
be achieved under the investigated experimental conditions.
For compound le, the only detected metabolic transformation
involved aliphatic hydroxylation of the N-methylindole moiety,
and the compound exhibited a half-life of approximately 101.2
min (Figure 6A). By comparison, compound 2f underwent not
only aliphatic hydroxylation of both the N-methylindole
moiety and the junction between the two heterocyclic rings,
but also aromatic hydroxylation on the indole ring, resulting in
a markedly shorter half-life of 21.1 min (Figure 6B). This
reduced metabolic stability may be attributed, at least in part,
to its poor solubility in the incubation medium.

B DISCUSSION

Leishmaniasis is a major neglected tropical disease, ranking
second only to malaria in parasitic mortality.” Owing to global
warming and the broader consequences of globalization, its
endemic areas are expanding into nontropical regions,
including parts of Europe. Despite this urgency, no commercial
human vaccine exists, and treatment relies on limited and/or
relatively expensive drugs (e.g, amphotericin B, miltefosine).
Moreover, the use of these agents is seriously hindered by the
occurrence of acute/chronic toxicity and increasing resistance
in some Leishmania strains. These limitations underscore the
urgent need for new, safe, and affordable antileishmanial
agents. Among emerging chemotypes, bisindole derivatives
have recently gained attention as promising candidates.

In this context, URB1483 (Figure 1) demonstrated efficacy
against L. infantum promastigotes and intracellular amastigotes,
crucially exhibiting no quantifiable cytotoxicity in mammalian
cells.”® However, URB1483 failed in vivo studies in a murine
infection model, primarily due to poor water solubility and
unfavorable physicochemical properties.”* Consequently, we
designed the first generation of 2,2'-di(indol-3-yl)ethanamines
based on the natural marine bisindole alkaloid I (Figure 1). We
speculated that the heightened cytotoxicity against human cells
was primarily attributable to the presence of bromine atoms on
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the indole rings (compounds I, II, and III, Figure 1).
Conversely, we hypothesized that methylation of the indole
NH group (N-Me), as exemplified by URB1483 and
compound 1b, could mitigate the cytotoxic effects of the
resulting derivatives on mammalian cell lines. We embarked on
the design and synthesis of a second-generation small library of
2,2'-di(indol-3-yl)ethanamine derivatives, prioritizing incorpo-
ration of the N-methylated indole nitrogen while omitting the
6-bromo substituents, in line with insights §ained from the
most promising first-generation compounds.”

Primary amines 1 were obtained via microwave irradiation
(Scheme 1), which facilitated the coupling of the requisite
indole 4 and amide S, followed by basic deprotection.
Secondary amines 2 were synthesized through the reductive
amination of the corresponding primary amine 1 and various
aldehydes, utilizing NaCNBH; as the reducing agent. Finally,
amides 3 were readily synthesized in good to excellent yields
(Scheme 2) from the appropriate primary amines 1 and the
opportune carboxylic acid, mediated by the coupling agent
EDC.**

A phenotypic screening was performed on all 23 synthesized
compounds against L. infantum promastigotes as a rapid, well-
standardized step to identify compounds with potential
antileishmanial activity.””*" However, it should be noted that
results obtained in promastigotes should be interpreted
cautiously since activity against this parasite stage does not
always correlate with the activity against amastigotes. All
primary amines 1 and secondary amines 2 exhibited significant
antileishmanial activity, showing >95% inhibition at a
concentration of 20 M. In contrast, only two amides, 3d
and 3e, displayed sufficient potency at 20 uM to warrant
further investigation, achieving 63% and 76% inhibition of the
promastigotes, respectively. Consequently, a preliminary
cytotoxicity assay was conducted on all amines (1 and 2)
and the two most promising amides (3d and 3e) using human
macrophage-like THP-1 cells. Amines 1c—d, which bear a
halogen substituent on the indole ring (fluorine and chlorine,
respectively), were found to be cytotoxic, similar to the natural
bisindole I (Figure 1) and its N-methylated derivative
(compound 1i reported previously).”* A toxic effect was also
observed for the secondary amine 2e, which contains a fluorine
atom in the benzyl ring. Interestingly, the free NH indole
amine 2a was found to be highly cytotoxic, whereas the
corresponding N-Me derivative 2b exhibited significantly
reduced toxicity (Table 1). This observation supports one of
the initial design hypotheses for this second-generation class of
compounds.

Accordingly, eight compounds identified as active and
exhibiting reduced cytotoxicity (le, 2b—c, 2f, 2i—j, 3d—e)
and the reference drug miltefosine were tested against L.
infantum promastigotes to determine their inhibitory concen-
tration (ICs,) and evaluated for cytotoxicity against THP-1
cells to establish the cytotoxic concentration (CCsy). All tested
compounds demonstrated excellent potency and reduced
cytotoxicity, yielding selectivity index (SI) values ranging
from 9.4 to 66. Again, this significant increase in SI confirms
the improved design of this second-generation class of
compounds compared to the previously reported analogues,
which exhibited SI values lower than 10.

Primary amine le, bearing a 6-COOMe substituents,
emerged as the most promising compound, exhibiting a potent
ICsy of 650 nM and an exceptional SI of 66. Among the
secondary amines 2, compound 2b, which possesses an
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isopropyl substituent on the ethylamine side chain, demon-
strated significant activity with an ICg, of 1.2 uM and a good SI
of 25. Similarly, good results were obtained for the bisindole
2f, which showed an ICs, of 1.7 uM and an acceptable ST of 11,
a value comparable to that of miltefosine (Table 1), despite
bearing a 4-chlorobenzylamino substituent. When compared to
the corresponding first-generation derivative II (Figure 1), 2f
demonstrated superior potency (ICgy: 1.7 uM vs 2.7 uM) and
reduced cytotoxicity (CCgp: 19 M vs 12 uM) resulting in a
nearly 3-fold increase in selectivity (SI: 11 vs 4). Although the
benzoic amide 3d and 4-fluorobenzoic amide 3e were less
potent (ICg, values of 2.4 uM and 3.4 uM, respectively), they
displayed no cytotoxicity at the tested concentration, resulting
in excellent SI values greater than 21 and 29, respectively
(Table 1). Again, a comparison with the corresponding first-
generation derivative III (Figure 1) confirms the design
success: bisindole 3e showed markedly superior potency (ICs:
3.4 uM vs 9.5 uM) and was found to be a nontoxic compound
at the tested concentrations (CCsy: >100 uM vs 22 uM).
Consequently, the selectivity increased more than 15-fold (SI:
>29 vs 2).

The five most promising compounds (le, 2b, 2f, 3d, and
3e), along with miltefosine as a positive control, were selected
for further evaluation against L. infantum amastigotes within
the THP-1 macrophage-like cell line. All tested compounds
demonstrated efficacy against the intracellular amastigotes and
yielded favorable dose—response curves. Among them, the
amines le, 2b, and 2f were the most potent, exhibiting ICs,
values in the low micromolar range (3—10 yM). In contrast,
the amides 3d and 3e were less potent, displaying IC, values
between 10 and 20 uM.

Although 2,2’-di(indol-3-yl)ethanamine derivatives are
reported as antileishmanial agents,”* no clear mechanism
behind their biological activity has been revealed. Therefore,
we employed a ligand-based virtual screening procedure
aiming at target identification. Given the results obtained in
the promastigote proliferation inhibition assay, URB1483 and
compound 2f were used to generate a pharmacophore model
to screen compounds reported in the literature for their
antileishmanial activity. Notably, only compounds exhibiting
target-mediated activity were retained in the process to support
a plausible mechanism underlying their biological effects. Our
virtual screening workflow retrieved trypanothione reductase as
a potential target for the bisindole derivatives, based on
compounds showing the highest pharmacophore fitness scores.

URB1483 and a few second-generation 2,2'-di(indol-3-
yl)ethanamine derivatives (1b, le, 2b, 2f, 3d and 3e) were
tested for their ability to inhibit LiTR at a fixed concentration
of 10 uM (Figure S12), resulting in compound 2f emerging as
the most potent inhibitor, scoring an ICs, of approximately 70
uM. The putative binding mode of compound 2f (Figure 5),
retrieved according to the pharmacophore-guided docking
calculations, reveals a Y-shaped occupation of the catalytic site,
considering an arrangement of the indolyl substituents closely
resembling the requirements of pharmacophore model IV
(Figure S6). Guided by docking of compound 6e (Figure S11),
the pharmacophore sites were placed within the binding
pocket near the catalytic tetrad. Comparing the results from
enzymatic studies and their predicted interactions with the
catalytic site, the presence of the distal aromatic ring might be
necessary, given the absence of LiTR inhibition reported for
compounds 1la, le, and 2b, which either lack the terminal
portion or present an aliphatic substituent. Moreover, the
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presence of methyl-ester groups in position 6 of compound le
may also create steric clashes with hydrophobic residues
belonging to the mepacrine binding site (MBS) or to the Z-
site, further supporting the dissociation of the bisindoles’
activity observed in the phenotypic screening from LiTR weak
engagement. Instead, the importance of the charged amino
group present in compound 2f is also supported by the lower
inhibition of enzymatic activity observed with derivatives 3d
and 3e, when tested at 10 uM concentration. Indeed, the
compounds are characterized by an amide group instead of the
aliphatic amine, potentially resulting in a decreased interaction
with the y-Glu site. Moreover, the distance of the aromatic site
(nd-aro2, in Figure 4) relative to the bisindole moiety might
also be determinant for the activity. URB1483 lacks the longer
and more flexible spacer common to the 2,2'-di(indol-3-
yl)ethanamines, resulting in a closer position of its aromatic
site relative to the position of bisindoles. Such reduced spacing
between the aromatic sites may not be compatible with the
protein environment in the catalytic site, resulting in
insufficient occupation of the cleft between the two protein
subunits potentially causing the lack of activity.

Due to the limited inhibition of enzymatic activity reported
for LiTR at the tested concentration (Figure S12) and the
inactivity of bisindole derivatives at the enzyme level despite
retaining low-micromolar potency in proliferation assays, it can
be inferred that the antileishmanial activity of these
compounds cannot solely be ascribed to the mechanism
identified through our ligand-based virtual screening. There-
fore, other targets may still be engaged by our 2,2-di(indol-3-
yl)ethanamine derivatives, either because their known ligands
do not meet the pharmacophore requirements or because such
targets have not yet been characterized in the context of
Leishmania spp. proliferation. Nevertheless, compound 2f
could represent a starting point for hit optimization against
LiTR, which is a promising but daunting target for the
development of antileishmanial agents. Indeed, LiTR is absent
in mammals, thereby reducing potential toxicity effects.
Furthermore, this target remains largely unexplored, with
only a few low-potency inhibitors reported in the literature
probably due to the enzyme’s shallow druggable pocket.

To support future in vivo investigations of the most
promising compounds identified in this work, namely le and
2f, preliminary developability and ADME-related studies were
performed. The early integration of such studies represents a
strategic choice to avoid “dead-end” hit compounds with high
potency but poor drug-like properties, as previously encoun-
tered with URB1483. Amides 3d and 3e were omitted from
the current study owing to the solubility limitations observed
during preliminary biological assays. Secondary amine 2f
exhibited poor kinetic solubility in neutral media, showing
values of 0.20 uM in phosphate buffer and 3.5 yM in FaSSIF.
Conversely, a markedly higher solubility was observed in
FeSSIF (757 uM), corresponding to an approximately 8-fold
increase relative to the reference compound URB1483 (89
uM). In contrast, primary amine le displayed consistently high
solubility across all tested media, with values of approximately
1 mM in phosphate buffer, 0.8 mM in FaSSIF, and 1.7 mM in
FeSSIF. Chemical stability in phosphate buffer at physiological
pH could be successfully assessed for compound 1le, which
remained stable throughout the entire incubation period,
whereas for compound 2f, the low aqueous solubility
precluded a reliable evaluation of chemical stability under
the same experimental conditions.
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Since compound 1le contains an ester functionality
potentially susceptible to hydrolysis, and since plasma stability
represents an important component of early ADME profiling
beyond esterase-mediated degradation alone, plasma stability
of compounds 1e and 2f in human plasma was assessed using
an LC-MS-based workflow, which enabled both quantitative
monitoring of the parent compounds and detection of possible
degradation products. In parallel, the plasma stability of the
reference lead compound URB1483 was also assessed. Plasma
incubation experiments were conducted at 37 °C over a 4 h
period, representing a relatively stringent time window
commonly employed in early ADME profiling to assess
susceptibility to plasma-mediated degradation. Under these
conditions, compounds le and 2f showed high plasma
stability, with no significant degradation after 4 h incubation.
In contrast, URB1483 showed detectable, although limited,
degradation, with 91.9% of the parent compound remaining
after 4 h of incubation and the appearance of hydrolytic
degradation products attributable to partial ester cleavage.

The high plasma stability observed for 1le and 2f indicates
that these compounds are unlikely to undergo extensive
plasma-mediated hydrolysis during the early stages of systemic
exposure. Although plasma stability data alone do not establish
the molecular species responsible for the antileishmanial
activity observed in vitro, the overall stability profile of
compound le, including its chemical stability at physiological
pH and resistance to plasma-mediated hydrolysis, suggests that
the parent compound remains largely intact during the time
frame relevant to the biological assays. Therefore, while a
contribution from hydrolytic products cannot be formally
excluded, the available data do not support extensive hydrolysis
as the predominant determinant of the observed biological
activity. Consistent with this interpretation, we previously
demonstrated that the diacid hydrolysis product derived from
URB1483 does not inhibit promastigote proliferation (data not
shown). Although this metabolite is not identical to the
putative hydrolysis product of le, these findings are in line
with the expectation that conversion of these bisindole esters
into the corresponding diacid forms may substantially reduce
membrane permeability owing to extensive ionization at
physiological pH, thereby limiting intracellular target engage-
ment.

Regarding metabolic stability in HLM, compound le
exhibited an excellent halflife (t,,,) of approximately 100
min. The only detected metabolite was the N-hydroxymethy-
lindole derivative (Figure 6, Panel A). In comparison,
compound 2f underwent more extensive metabolism (Figure
6, Panel B), showing a less favorable stability profile with a t,/,
of approximately 20 min.

Taken together, these early developability studies indicate
that second-generation optimization successfully improved
several ADME-related properties relative to URBI1483,
particularly for compound 1le, which combines potent
antileishmanial activity with markedly enhanced aqueous
solubility and favorable chemical, plasma, and microsomal
stability profiles. Although these data do not yet define a fully
optimized pharmacokinetic profile, they support the further
development of le as a promising lead candidate for future in
vivo evaluation.

Bl CONCLUSIONS

In this study, we designed and synthesized a second-generation
series of 2,2’-di(indol-3-yl)ethanamines by removing the
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indole bromine substituents and prioritizing N-methylation,
starting from previously reported first-generation hit com-
pounds. This rational modification strategy successfully
reduced cytotoxicity while preserving antileishmanial potency.
In detail, 1e, 2b, 2f, 3d, and 3e emerged as promising hits,
displaying potent activity against L. infantum promastigotes
and markedly improved selectivity indices in THP-1 cells,
thereby validating our design hypothesis. Importantly, these
compounds retained efficacy in an in vitro infection model,
with compounds 1le, 2b and 2f identified as the most potent
bisindoles against intracellular amastigotes.

Ligand-based pharmacophore modeling and target-oriented
virtual screening identified TR as a plausible molecular target
for this compound class. Consistent with this hypothesis, the
representative derivative 2f inhibited the purified enzyme,
albeit with weaker inhibition (ICy, = 71 uM) than that
reasonably required to elicit the antileishmanial activity
reported in the phenotypic screening. While this level of
enzyme inhibition clearly suggests the involvement of addi-
tional molecular targets, the pharmacophoric features and the
identification of hotspot interactions with TR offer a potential
starting point for the future design of compounds targeting
redox metabolism in Leishmania species.

Preliminary developability and ADME-related studies high-
lighted compound 1e for its superior aqueous solubility and
chemical and metabolic stability, supporting its progression as
the primary lead candidate. Overall, these results establish N-
methylated, nonbrominated bisindoles as a promising scaffold
for the development of safer and more effective antileishmanial
agents with an improved ADME profile.

B MATERIALS AND METHODS
Chemistry

Materials are reported in the Supporting Information.
Synthesis of Bisindole Primary Amines 1

The (trifluoroacetylamino)acetaldehyde dimethyl acetal 5 (1.3 mmol,
1 equiv) was dissolved in dry acetonitrile (1 mL per 1 mmol) in a
MW tube under argon atmosphere. To the solution was added the
appropriate indole 4a—e (2 equiv) and DPP (0.13 mmol, 0.1 equiv).
The mixture was MW irradiated at 120 °C for 18 h. The crude
mixture was extracted with DCM (30 mL) and washed with an
aqueous solution of NaHCO; (3 X 20 mL). The organic layer was
washed with brine (20 mL), dried over Na,SO,, filtered and the
solvent was removed in vacuo.

The trifluoroacetamide intermediates (1 equiv) and potassium
carbonate (2.5 equiv) in a mixture of MeOH (4 mL) and H,O (0.30
mL) were refluxed for 1—3 h at 80 °C. The solvent was removed in
vacuo. Water (30 mL) was added, and the aqueous solution was
extracted with DCM (3 X 30 mL). The organic layer was dried with
Na,SO,, filtered and concentrated in vacuo. The products 1 were
purified with automated flash chromatography. Characterization data
can be found in the Supporting Information.

Synthesis of Bisindole Secondary Amines 2

1a or 1b (0.5 mmol) and the appropriate aldehyde (0.55 mmol, 1.1
equiv) were dissolved in MeOH (10 mL). Under an argon
atmosphere at 0 °C, glacial acetic acid (2.3 mmol, 4.6 equiv) was
added, and the reaction mixture was stirred for 30 min. NaCNBH;,
(1.3 mmol, 2.6 equiv) was then added, and the resulting mixture was
stirred at rt for 3—24 h. The solvent was removed in vacuo and
Na,CO; (2 M in H,0, 8 mL) was added to adjust the pH to 8-9.
Water (30 mL) was added, and the reaction residue was extracted
with DCM (3 X 30 mL). Organic phases were combined and washed
with a solution of brine (20 mL), dried with Na,SO,, filtered and
concentrated in vacuo. The products 2 were purified with automated
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flash chromatography. Characterization data can be found in the
Supporting Information.

Synthesis of Bisindole Amides 3

To a solution of the corresponding 1a or 1b (0.5 mmol, 0.075 M) and
the appropriate carboxylic acid (0.53 mmol, 1.05 equiv) in dry DCM
(6.7 mL), EDC hydrochloride (0.75 mmol, 1.5 equiv) was added at 0
°C. The reaction was then stirred at room temperature. After 12 h, the
solution was quenched with sat. NH,Cl aq. The resulting mixture was
extracted with DCM (3 X 20 mL). The combined organic layers were
dried over anhydrous Na,SO,, filtered, and concentrated in vacuo.
The crude residue was purified by column chromatography on silica
gel. Characterization data can be found in the Supporting
Information.

Parasite and Cell Cultures

L. infantum MHOM/TN/80/IPT1 (WHO international reference
strain) was purchased from ATCC (ATCC 50134) and the human
monocytic cell line THP-1 (ECACC 88081201) were used in this
study. Parasites were routinely cultured in Evans’ Modified Tobie’s
Medium (EMTM) and maintained at 26 °C. For viability tests,
parasites were cultivated in RPMI-PY medium supplemented as
described by Castelli et al.*' Human THP-1 cells were grown in
RPMI-1640 medium supplemented with 10% fetal bovine serum
(FBS), 100 pug/mL streptomycin and 100 U/mL penicillin at 37 °C
with 5% CO, in a humidified incubator.

L. infantum Promastigotes and THP-1 Viability Assay

The activity of the bisindoles was initially assessed on 2.5 X 10° L.
infantum late log/stationary phase promastigotesin 96-well plates (100
uL/well), at a single dose of 20 uM in triplicate for 72 h at 26 °C.
Compounds displaying an inhibition greater than 60% were selected
for a preliminary toxicity evaluation on THP-1 cells seeded at 5 X 10°
cells/mL (100 uL/well) in 96-well plates and differentiated into
macrophage-like cells with 20 ng/mL of phorbol 12-myristate 13-
acetate (PMA) for 72 h. Cytotoxicity was investigated at 4 uM, 20
uM, and 100 uM to roughly determine the CCj, range. Compounds
showing a half-maximal cytotoxic concentration (CCsy) > 20 uM
were selected for the specific determination of half-maximal inhibitory
concentration (ICg) on parasites through dose—response curves.
Briefly, promastigotes were treated with concentrations of each
compound ranging from 20 uM to 0.3 uM (serial dilutions 1:2 and
2:3) for 72 h at 26 °C. Miltefosine, one of the reference drugs for
leishmaniasis, was used as a positive control and tested under the
same conditions. Each condition was carried out in duplicate. Parasite
viability was determined using the CellTiter 96 AQueous Non-
Radioactive Cell Proliferation Assay (Promega) as previously
described'® and the absorbance was measured at 492 nm using a
microplate reader (Infinite FSO Plus, Tecan). To determine CCq,
values, differentiated THP-1 cells were tested in duplicate, with
compounds at concentrations ranging from 100 uM to 3.1 uM (1:2
dilutions) for 72 h at 37 °C. Miltefosine was used as positive control
and tested under the same conditions. To assess the cytotoxicity of
the compounds, the CellTiter 96 AQueous Non-Radioactive Cell
Proliferation Assay (Promega) was employed as described above. The
ICso and CCs, values were calculated using nonlinear regression
curves in GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego,
CA). The equation used for data fitting was Y = 100/(1 +
1008 IC50—X)xHillSlopey (hillslope not constrained), where X represents
the logarithm of concentration and Y is the normalized response. For
each compound, the SI was determined by calculating the ratio
between the CCy, value in THP-1 cells and the ICs, value against L.
infantum promastigotes.

Antiamastigote Assay on L. infantum-Infected THP-1 Cells

The activity of the primary amine le, secondary amines 2b and 2f,
and amides 3d and 3e, was further investigated in L. infantum-infected
THP-1 cells. Specifically, THP-1 cells were seeded at a density of 3 X
10° cells per well in 12-well plates and differentiated into macrophage-
like cells by treatment with 20 ng/mL PMA for 72h. Following
differentiation, late log/stationary phase L. infantum promastigotes

3038

were stained with carboxyfluorescein succinimidyl ester (CFSE), as
previously described®* and used to infect cells at a parasite-to-cell
ratio of 10:1 for 24 h. After infection, noninternalized parasites were
eliminated by replacing the culture medium. To accurately calculate
the ICs, in intracellular amastigotes, infected cells were then treated
for 72 h with the selected compounds at final concentrations of 1.25,
2, 5, 10, 15, and 20 uM. Miltefosine was used under the same
conditions and included as positive control. Untreated infected cells
were included as reference to normalize the infection rate. To
calculate the magnitude of infection, cells were washed, fixed with 4%
formaldehyde, permeabilized with methanol and finally stained with
Hoechst dye. The stained cells were observed with a fluorescence
microscope at 10X magnification. For each field, two images were
acquired: one with excitation at 340—390 nm (for Hoechst dye) and
the other with excitation at 460—495 nm (for CFSE). Automated cell
counting of single-color images was performed with Image] software
to monitor the rate of infection, which was determined by normalizing
the amastigote count from each green (CFSE) image to the THP-1
cell count from the corresponding blue (Hoechst) image. At least S00
THP-1 cells were counted for each condition. The normalized
infection rate for untreated infected cells was set as 100%.

Pharmacophore Model Building

A two-dimensional potential energy surface was generated for
URB1483 and 2f using a torsional scan procedure implemented in
MacroModel.** The procedure was applied to dihedral angles 7, and
7, using 10 degrees incremental steps (Figure 3). The GB/SA implicit
solvent model™ with the OPLS4 force field** was adopted. 2f was
analyzed in both its neutral and protonated forms. Energy
minimization was performed using the Polak-Ribiere conjugate
gradient method.*® Convergence was set at 0.1 kJ-mol ™A%
Considering common and nonredundant conformations in a 2 kcal-
mol ™' window on the potential energy surfaces, four conformations of
URB1483 and 2f in neutral form were retrieved. Phase*® was used to
generate four pharmacophore models, each featuring five distinct
sites:

(i) Two aromatic sites with a 2 A radius were placed on the
indole carbocycles (arol and aro2 sites in Figure 4). These
sites are required for compounds to pass the screening filter.
(i) One site was placed on the distal aromatic ring of
URB1483’s azole group (nd-arol site), and another on the
third aromatic ring of 2,2’-di(indol-3-yl)ethanamine derivatives
(nd-aro2 site). These sites, with varying radii of 2 A and 1 A,
respectively, are considered optional during screening. More-
over, when scoring compounds, the directional component of
the fitness score (i.e., vector score) was ignored for those sites.
(iii) Another site with a 1 A radius was positioned on the
secondary amine group of 2f secondary amine group to accept
positively charged groups (posl site).

The pK, of the secondary amine group of compound 2f was
calculated with the automated Jaguar workflow, which applies DFT
calculations with empirical corrections to account for systematic
errors in the implicit solvation energy.”’” Briefly, DFT calculations
relied on ten conformers optimized at the B3LYP/cc-pVIZ//
B3LYP/6-31G* level of theory, using the PCM implicit solvation
model.**

To evaluate the pharmacophore models (I, II, III, and IV), ROC
curves (Figure S7) were generated by screening S8 bisindole
derivatives, which demonstrated activity in phenotypic screening
against Leishmania infantum promastigote proliferation, against 3,550
(i.e, SO inactive compounds for each of 71 prepared ligands) bona
fide inactive decoys, retrieved from the DUD-E server.”” The 38
derivatives included 12 compounds with azole-bisindole scaffold, from
Diotallevi et al,,** 25 compounds from Centanni et al.”* and 21 active
compounds (1b—e, 2b—j and 3c—j) reported in this work.

Pharmacophore Screening

A list of proteins annotated for the Leishmania spp. and present in
ChEMBL34*° was utilized to identify a potential target for our
compounds by identifying antileishmanial agents matching the
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requirements of the pharmacophore models. Compounds with a
pChEMBL_value greater than S, corresponding to affinity or efficacy
values below 10 uM, were selected. Additionally, only data with
assay_confidence_score greater than 8 were considered to exclude
compounds with undefined targets. This filtering process yielded a
library of 508 compounds (Figure S8), which were prepared using
LigPrep,*® considering a pH range of 7.4 + 1.0. The compounds were
subjected to a pharmacophore screening with the four models (I, II,
III and 1IV), using Phase.* Adherence to the two aromatic sites,
corresponding to pharmacophore features occupied by indole rings,
was prioritized by doubling the weight attributed to the vector score
in the scoring function.

Docking Calculations

The crystal structure of TR of L. infantum (PDB ID 4ADW)*" was
prepared using the Protein Preparation workflow. Protonation states
of ionizable residues were assigned using PropKa, accounting for the
pH at which the crystal was obtained. The hydrogen bond network
was optimized based on neighboring residues, and an N-methylamide
group was added to the C-terminus. The refined structure underwent
energy minimization to reduce steric strain until an energy gradient of
0.1 kJ-mol™" was reached. Initially, heavy atoms were constrained, and
subsequently, their RMSD deviation was restricted up to 0.3 A from
the starting structure.

The docking grid was centered on residues belonging to the
catalytic tetrad (CS2, CS7, H461', E466’) with bounding and
enclosing boxes of 15 and 24 A, respectively. Compound 6e*° (Table
S1) was docked using Glide®” in standard precision and the best pose
according to docking score (Figure S11) was used to generate three
aromatic sites to predict an initial pose of compound 2f. This initial
guess served as the basis to reconstruct the pharmacophore model of
2,2’-di(indol-3-yl)ethanamine derivatives and guide a l_igand docking
refinement protocol, similarly to previous calculations.™

TR Enzymatic Assay

LiTR has been expressed and purified as reported previously.>"**

Enzymatic inhibition assays were performed in 50 mM HEPES buffer
(pH 7.4), 40 mM NaCl, at 25 °C using a JASCO V650
spectrophotometer equipped with a JASCO EHC-716 Peltier element
to ensure controlled temperature. An initial experiment was carried
out with S0 nM LiTR, 10 uM of the test compound (resulting in a 1%
DMSO concentration in the reaction mix), 150 uM trypanothione
disulfide (purchased from Bachem), and 100 uM NADPH
tetrasodium salt (purchased from Calbiochem).

The most promising inhibitor candidate 2f was then tested at
concentrations ranging from 1 nM to 250 M in order to determine
the ICg,. Assays were initiated by the addition of 100 M NADPH to
S0 nM LiTR in the presence of various concentrations of the
compounds and 150 yM trypanothione. In both cases, NADPH
oxidation was monitored as a decrease in absorbance at 340 nm. For
each compound concentration, the initial velocity of NADPH
oxidation was used to calculate the percentage of LiTR activity
relative to that in the absence of inhibitor. The ICy, was determined
by fitting the residual TR activity to a dose—response logistic equation
defined as y = yyin + (Ymax — Ymin)/(1 + (x/1C50)™°P%). Data analysis
was performed with QtiPlot 0.9.8.9 svn 2288, and graphs were
generated using Matplotlib.>!

Statistical Analysis

The calculation of ICsy in promastigotes and CCsq in human cells
following the treatments was performed by nonlinear regression
analysis and expressed as mean and 95% confidence interval.
Statistical evaluation of treatment efficacy on amastigotes was
performed using one-way ANOVA, followed by Tukey’s multiple
comparisons test. All statistical analyses were conducted using
GraphPad Prism version 8 and a p-value < 0.05 was considered
significant.

Developability and ADME-Related Studies

Materials and methods for kinetic solubility, chemical and metabolic
stabilities are reported in the Supporting Information.
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