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ABSTRACT: Visceral leishmaniasis and Chagas disease are
neglected tropical diseases (NTDs) that severely impact the
developing world. With current therapies suffering from poor
efficacy and safety profiles as well as emerging resistance, new drug
leads are direly needed. In this work, 26 alkaloids (9 natural and 17
synthetic) belonging to the benzyltetrahydroisoquinoline (BI)
family were evaluated against both the pro/trypomastigote and
amastigote forms of the parasites Leishmania infantum and
Trypanosoma cruzi, the causative agents of these diseases. These
alkaloids were synthesized via an efficient and modular
enantioselective approach based on Bischler-Napieralski cycliza-
tion/Noyori asymmetric transfer hydrogenation to build the
tetrahydroisoquinoline core. The bis-benzyltetrahydroisoquinoline (BBI) alkaloids were prepared using an Ullmann coupling of
two BI units to form the biaryl ether linkage, which enabled a comprehensive survey of the influence of BI stereochemistry on
bioactivity. Preliminary studies into the mechanism of action against Leishmania mexicana demonstrate that these compounds
interfere with the cell cycle, potentially through inhibition of kinetoplast division, which may offer opportunities to identify a new
target/mechanism of action. Three of the synthesized alkaloids showed promising druglike potential, meeting the Drugs for
Neglected Disease initiative (DNDi) criteria for a hit against Chagas disease.
KEYWORDS: benzyltetrahydroisoquinoline, alkaloids, leishmaniasis, chagas disease, parasites, neglected tropical disease, natural products

■ INTRODUCTION
Leishmaniases are a group of protozoan neglected diseases
caused by over 20 species of the Leishmania genus that are
transmitted via infected sandflies and affect roughly 12 million
people worldwide.1,2 The wide range of clinical manifestations,
asymptomatic cases, and poor diagnosis suggests that the
incidence numbers are likely significantly higher than
estimated.3 Visceral leishmaniasis (VL), the most severe form
of the disease, is caused by Leishmania donovani and
Leishmania infantum and is lethal unless treated, with up to
65,000 deaths annually,4 thus being the deadliest parasitic
disease after malaria.5 The fatality of the disease is attributed to
the parasite spreading to and irreversibly damaging vital organs
such as the liver, spleen, and bone marrow.6 First line
treatments are limited to pentavalent antimonials, liposomal
amphotericin B, and miltefosine.7−9 However, all drugs
currently in use suffer from drawbacks such as long and
expensive treatment courses and associated toxicity.10,11 The
related protozoan Trypanosoma cruzi causes Chagas disease,
which affects over 8 million people, predominantly in South
America.12 Similarly to leishmaniasis, this disease can be
difficult to diagnose due to asymptomatic patients that become
chronically infected in the absence of treatment.12 Chagas

disease ultimately leads to cardiac failure, although gastro-
intestinal involvement (megacolon, mega-esophagus) can also
be part of the clinical manifestation.13,14 In terms of treatment,
Chagas disease suffers from similar limitations as VL: only two
drugs are available (nifurtimox and benznidazole), with an
even more limited pipeline of potential new therapeutics.15,16

Controlling and eradicating these diseases is further
impeded by the emergence of parasite drug resistance; this
typically appears as a consequence of poor patience
compliance and the use of monotherapies as opposed to a
combination of antiparasitic drugs.4,15,17 As such, there is an
urgent need for novel drug leads that are efficient, safe, and
readily accessible and elicit their therapeutic effect via novel
targets.
Benzyltetrahydroisoquinoline (BI) and bis-benzyltetrahy-

droisoquinoline (BBI) natural products (e.g., Figure 1) belong

Received: January 2, 2024
Revised: January 31, 2024
Accepted: February 1, 2024
Published: February 12, 2024

Articlepubs.acs.org/jacsau

© 2024 The Authors. Published by
American Chemical Society

847
https://doi.org/10.1021/jacsau.4c00007

JACS Au 2024, 4, 847−854

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
SA

O
 P

A
U

L
O

 o
n 

M
ar

ch
 2

2,
 2

02
4 

at
 1

4:
57

:0
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Sozanschi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hannah+Asiki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maiara+Amaral"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erica+V.+de+Castro+Levatti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andre+G.+Tempone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+J.+Wheeler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+J.+Wheeler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edward+A.+Anderson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.4c00007&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00007?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00007?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00007?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00007?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00007?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/4/2?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/2?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/2?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/2?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.4c00007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


to a large subclass of isoquinoline alkaloids found in plants in
the tropical and subtropical regions. This family features one
(BI) or two (BBI) 1,2,3,4-tetrahydroisoquinoline moieties to
which a substituted benzyl group is attached; in the case of

BBIs, there is at least one biaryl ether linkage joining the two
BI units together.18 Many alkaloids in this family have been
investigated due to their interesting pharmacological profiles,
including antimicrobial and anticancer properties.19,20 Macro-
cyclic BBIs have been sporadically investigated as antiparasitic
agents over the last half century, with alkaloids such as
northalrugosidine (2) and daphnandrine (3) shown to be
active against extracellular L. donovani promastigotes and T.
cruzi epimastigotes, respectively.21−25

However, since much of this work has been performed on
the readily cultured extracellular insect life cycle stages of the
parasites, relying on simpler assays that in the case of neglected
tropical diseases rarely yield viable drug candidates, BBIs
remain to be rigorously investigated as potential antiparasitic
agents.26 To the best of our knowledge, the simpler BIs
themselves have not been investigated for antileishmanial or
antitrypanosomal properties. Building on our previous studies
of the structurally related aporphine alkaloids,27 we now report
a modular and enantioselective synthesis of 14 BIs and 12
nonmacrocyclic BBIs, alongside a comprehensive examination
of their biological activity (and the influence of BI/BBI
stereochemistry) on both the extra- and intracellular forms of
L. infantum and T. cruzi. The resulting structure−activity
relationships (SAR) reveal the importance of stereochemistry
in relation to bioactivity. Finally, preliminary studies into the
mechanism of action of BI alkaloids on Leishmania mexicana
are described.

Figure 1. General structure of a BI alkaloid (1), example of BI
laudanidine (this work), BBIs 2 and 3, and their reported antiparasitic
activity.

Scheme 1. Synthesis of BI and BBI Alkaloidsa

aReagents and conditions: (a) EDC·HCl, HOBt, Et3N, CH2Cl2, rt; (b) BnBr, TBAI, K2CO3, acetone, rt; (c) PMBCl, K2CO3, DMF, 80 °C; (d) 1.
Tf2O, 2-Clpyr., CH2Cl2, −78 °C to rt; 2. RuCl[(R,R) or (S,S)TsDPEN](p-cymene), HCO2H/Et3N (5:2), DMF, 0 °C to rt; (e) H2CO, NaBH4,
MeOH, 0 °C to rt; (f) H2, Pd/C (10 wt %), AcOH, MeOH, rt. (g) H2, Pd/C (10 wt %), Et3N, MeOH, rt; (h) CuO, K2CO3, pyridine, 140 °C.
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■ RESULTS AND DISCUSSION
The strategy to access our BI/BBI library is shown in Scheme
1. These particular compounds were selected due to the
commercial availability of many building blocks, streamlining
the synthesis, and also due to their pseudosymmetry, which
enabled a modular and convergent approach. That acyclic BBIs
have not yet been evaluated for antileishmanial and
antitrypanosomal activity, as well as the question of the
influence of their stereochemistry, offered an additional basis
for this selection.
The synthesis commenced (Scheme 1) with the coupling of

homoveratrylamine 4 to phenylacetic acid derivatives 5a−d
using EDC·HCl/HOBt, which gave amides 6a−c in good
yields (72−85%). Since free phenols are incompatible with the
cyclodehydration conditions for dihydroisoquinoline (DHIQ)
synthesis developed by Movassaghi and Hill,28 phenols 6b and
6d were protected as benzyl ethers 7a and 7c (61−65% over
two steps from 6b,d), while phenol 6c was protected as the
PMB ether 7b (87%), which introduces an element of
structural diversity on the C ring. Subsequent Bischler−
Napieralski cyclization28 (BN)/Noyori asymmetric transfer
hydrogenation29 (ATH) afforded the enantioenriched BIs 8a−
d in good to excellent yields and high enantioselectivity (63−
94% over two steps, >92% ee). The 3,4-DHIQs resulting from
the BN cyclization step are known to be air-sensitive, and as

such were immediately subjected to the reduction step.30

Amines 8a−d were then N-methylated, with subsequent Pd-
catalyzed debenzylation of the two enantiomers of 9b and 9d
affording the four natural BI targets (+)-laudanidine [(S)-10a,
71%], (−)-laudanidine [(R)-10a, 71%], (+)-armepavine [(S)-
10b, 85%], and (−)-armepavine [(R)-10b, 84%].
With a selection of BIs in hand, bromo-BIs (S)-9a and (R)-

9a were each subjected to copper-catalyzed Ullman coupling
with phenols (S)-10a and (R)-10a (Scheme 1b) to afford four
diastereomers of 11 in modest yields (17−37%). The same
approach was employed in the synthesis of the four
diastereomers of 12 from bromo-BIs (S)-9c/(R)-9c and
phenols (S)-10b/(R)-10b (25−37%). The moderate yields
of these Ullman couplings likely reflect the relatively electron-
rich nature of the bromide coupling partners and the steric
hindrance afforded by their ortho-substituents. Finally, PMB
deprotection of the diastereomers of 12 afforded (−)-dauricine
[(R,R)-13, 56%], (+)-dauricine [(S,S)-3, 65%], and unnatural
stereoisomers (R,S)-13 and (S,R)-13 (60% and 54%). For
BBIs 12, we also implemented a divergent route whereby
phenolic BIs (S)- and (R)-10b were prepared from the
common precursor BIs (S)-9c and (R)-9c via tandem
debromination/PMB deprotection (Scheme 1, conditions g),
from which the desired phenols (S)-10b and (R)-10b were
obtained in good yields (87% for both). Initial conditions

Table 1. Bioactivity of BIs and BBIs against L. infantum and T. cruzi and Mammalian Cytotoxicitya

L. infantum IC50 T. cruzi IC50

compound
promastigotes
(μM ± SD)

amastigotes
(μM ± SD) SI

trypomastigotes
(μM ± SD)

amastigotes
(μM ± SD) SI

CC50
(μM ± SD)

(S)-9a 18.4 ± 2.1 13.3 ± 0.9 3.2 14.4 ± 5.5 25.1 ± 3.1 1.7 42.5 ± 1.5
(R)-9a 15.5 ± 5.8 23.4 ± 3.4 3.7 28.3 ± 11.7 31.8 ± 4.3 2.7 86.8 ± 2.9
(S)-10b, (+)-armepavine 36.2 ± 5.2 NA ND 123.6 ± 2.3 NA ND >200
(R)-10b, (−)-armepavine 4.8 ± 0.8 NA ND 106.8 ± 1.8 NA ND >200
(S)-9d 3.7 ± 0.2 7.5 ± 2.2 <1 7.6 ± 0.4 3.2 ± 0.5 2.0 6.6 ± 1.5
(R)-9d 1.1 ± 0.5 9.4 ± 0.5 3.0 16.5 ± 6.1 6.2 ± 5.9 4.5 28.1 ± 0.5
(S)-10c 4.8 ± 0.2 NA ND 20.4 ± 11.4 NA ND 5.8 ± 0.5
(R)-10c 2.4 ± 0.9 9.3 ± 0.4 3.0 25.3 ± 2.1 NA ND 28.1 ± 5.5
(S)-9c 5.2 ± 1.3 NA ND 11.1 ± 1.7 3.3 ± 0.01 1.9 6.3 ± 2.3
(R)-9c 3.5 ± 1.2 NA ND 8.5 ± 3.1 NA ND 13.4 ± 1.3
(S)-10a, (+)-laudanidine 95.4 ± 2.0 NA ND >150 5.9 ± 0.9 >34 >200
(R)-10a, (−)-laudanidine 30.2 ± 4.8 NA ND >150 2.6 ± 0.3 >77 >200
(S)-9b 8.6 ± 0.8 26.7 ± 2.0 1.8 57.7 ± 2.3 12.2 ± 0.5 3.9 47.1 ± 11.2
(R)-9b 3.3 ± 1.6 13.1 ± 0.8 4.7 72.3 ± 3.0 4.3 ± 0.4 13 57.3 ± 3.3
(R,S)-11 0.6 ± 0.1 NA ND 6.5 ± 2.1 NA ND 7.3 ± 0.7
(S,R)-11,(−)-O,O′-
dimethylgrisabine

0.8 ± 0.01 NA ND 2.6 ± 2.9 2.2 ± 0.7 4.7 10.2 ± 1.4

(R,R)-11,(−)-O-
methyldauricine

0.7 ± 0.1 NA ND 7.2 ± 0.6 1.5 ± 0.2 7.8 11.4 ± 4.8

(S,S)-11,(+)-O-
methylthalibrine

0.7 ± 0.01 NA ND 3.7 ± 3.6 NA ND 11.4 ± 0.2

(R,S)-13 3.2 ± 1.7 NA ND 10.1 ± 3.9 2.8 ± 0.6 4.8 13.3 ± 1.6
(S,R)-13 5.7 ± 1.3 3.6 ± 0.3 4.4 4.2 ± 4.8 4.4 ± 0.4 3.6 15.6 ± 1.6
(R,R)-13, (−)-dauricine 3.2 ± 1.1 3.7 ± 0.6 1.9 3.7 ± 2.9 NA ND 7.0 ± 1.0
(S,S)-13, (+)-dauricine 5.5 ± 0.6 NA ND 5.1 ± 4.8 2.3 ± 1.1 7.0 15.9 ± 0.8
(R,S)-12 0.4 ± 0.2 NA ND 1.3 ± 0.7 NA ND 2.7 ± 1.6
(S,R)-12 0.7 ± 0.1 NA ND 1.7 ± 0.3 NA ND 4.7 ± 1.7
(R,R)-12 1.1 ± 0.5 NA ND 7.3 ± 1.5 NA ND 13.9 ± 1.6
(S,S)-12 1.1 ± 0.5 NA ND 5.6 ± 2.1 NA ND 20.8 ± 5.4
miltefosine ND 6.5 ± 3.0 18 ND ND ND 119.7 ± 4.2
benznidazole ND ND ND 12.8 ± 0.7 5.0 ± 1.5 >40 >200
aIC50: 50% inhibitory concentration; SD: standard deviation; CC50: 50% cytotoxic concentration; NA: not active (for L. infantum amastigotes IC50
> 150 μM; for T. cruzi amastigotes IC50 > 100 μM); ND: not determined. SI: selectivity index (CC50/IC50 amastigotes).
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tested for this transformation resulted in the formation of (S)-
and (R)-10c, which were also taken forward for evaluation
against the parasites (see the Supporting Information for
synthetic details). While both routes afford (R,R)-13 in similar
overall yields (12% from 6d vs 11% from 6c), the use of the
common precursors 10 improves the synthesis efficiency by
removing the need for a discrete starting material, thus
reducing the overall step count by 5. In summary, four natural
and ten non-natural BI alkaloids and five natural and seven
non-natural BBI alkaloids were synthesized.
The Leishmania parasite adopts two major morphological

classes during its life-cycle stages: promastigotes in the insect
vector and amastigotes in mammalian hosts.31 The DNDi
suggests that phenotypic screening is the best method to
discover antileishmanial drug hits, since there is a lack of
validated targets, and known targets have failed to deliver drug
candidates.26 These phenotypic assays are best performed on
intracellular amastigotes, which are the clinically relevant form
of the parasite and mimic the in vivo conditions to which a
drug would be exposed. Nonetheless, assays based on the
promastigote form can also provide information on the direct
action of the compounds on the cells.
Table 1 depicts the antileishmanial (L. infantum) activity

evaluation performed against both the amastigote form
(evaluated microscopically using an ex vivo intracellular
model of mice macrophages) and the promastigote one
(using an MTT colorimetric method).32,33 The cytotoxicity
was evaluated against NCTC cells using an MTT colorimetric
method and the selectivity index was determined using the
ratio between the CC50 values (NCTC cells) and the IC50
values (amastigotes).32 Ten out of the 14 BIs tested showed

potent activity (IC50 < 10 μM) against L. infantum
promastigotes. In general, the (R)-enantiomers displayed
superior activity, and were less toxic to mammalian cells,
than the enantiomeric (S)-series. With respect to the
substituents on the C ring, larger, hydrophobic groups
conferred greater bioactivity (e.g., 9b−d), whereas small,
hydrophilic groups such as a hydroxyl group afford modest to
poor bioactivity. The most active BI of this series was (R)-9d
(IC50 = 1.1 ± 0.5 μM). However, all BIs showed significant
mammalian cytotoxicity apart from the phenols [(S)- and (R)-
10a, (S)- and (R)-10b].
As mentioned above, the phenotypic intracellular amastigote

assay is more representative of a compound’s potential to
become an antiparasitic hit compound, and the activities
obtained from this assay differ significantly from those
obtained from the extracellular promastigote assay. Half of
the tested BIs were inactive against L. infantum amastigotes,
and only three compounds [(S)-9d, (R)-9d and (R)-10c]
showed promising activity (IC50 < 10 μM). An anomalous
result was obtained for (R)-10c as its enantiomer was found to
be inactive, which is in contrast to all other findings for
enantiomeric pairs. While differences were observed between
the bioactivity of enantiomer pairs, no consistent trend was
seen. Nonetheless, it would not be expected that the
stereogenic centers in any of these BIs/BBIs would be
susceptible to epimerization within the parasite, underlining
the likely importance of stereochemistry on biological activity.
Considering the criteria established by the DNDi for a hit
against VL (IC50 < 10 μM, and selectivity index (SI, the ratio
between CC50 and IC50) > 10), none of the tested BIs present
an optimal efficacy despite reasonable bioactivity.26 The three

Figure 2. (A) 24-h growth factor, mean ± SD from n = 3 repeats. Statistical significance was derived from a two-tailed t-test versus untreated cells
(−). (B) Characteristic light microscopy images showing the normal L. mexicana morphology (N = nucleus, K = kinetoplast, F = flagellum) and
result of compound treatment from n > 80 cells. N and K stained here with Hoechst 33342 (magenta). (C) Counts of the cell cycle stage during
growth in promastigote culture. n = number of cells counted, representative example from n = 2 repeats. Representative images of abnormal DNA
categories 1K1N1X, 0K1N, and 1K0N were taken from cells treated with (S)-9a, 50 μM, 6 h. (D) Representative light microscopy images of
mNeonGreen tagged RAD51 cell line (mNG::RAD51) under different treatment conditions. One replicate, representative images of n > 300 cells
per condition.
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compounds that meet the potency threshold fall short, as they
are too toxic to mammalian cells. For the BBI alkaloids, all
compounds were found to be highly potent against L. infantum
promastigotes, with the majority demonstrating submicromolar
activity (e.g., BBIs 11, (R,S)-12 and (S,R)-12). While the
stereochemistry at C1 and C1′ affects the bioactivity, no
obvious trend was found. Despite this potent activity in the
extracellular assay, the PMB- and methoxy-substituted BBIs
proved to be inactive in the intracellular amastigote assay. This
may be due to the compounds being unable to cross multiple
cell membranes or the toxicity exerted on the macrophages at
the tested concentration. Only the phenolic BBIs (−)-daur-
icine ((R,R)-13) and one of its diastereomers (S,R)-13 were
active against the amastigote form; unfortunately, low CC50
values were again observed, rendering these compounds
unsuitable as drug hits due to the low selectivity index (SI <
10).

T. cruzi also assumes several cell morphologies during its
lifecycle, which differ between the insect vector and
mammalian host. In the latter environment, the parasite
transitions between extracellular bloodstream trypomastigotes
and intracellular amastigotes; both forms are clinically relevant,
particularly during the acute stage of Chagas disease.34 In this
work, antitrypanosomal activity was tested against both the
amastigote form (evaluated microscopically using an ex vivo
intracellular model using mice macrophages) and the
trypomastigote form (using the resazurin in vitro assay).33,35

Only two BIs ((S)-9d and (R)-9c) exhibited activity against
extracellular trypomastigotes with IC50 values below 10 μM;
however, both compounds also proved significantly cytotoxic.
Phenolic compounds (10a and 10b) demonstrated poor
activity, and no trend was observed for one enantiomer series
that was consistently superior to the other across the BI
compound library. The results obtained from the intracellular
amastigote assay were more encouraging, with three
compounds meeting the DNDi criteria for a hit against
Chagas disease: (−)-laudanidine [(R)-10a], (+)-laudanidine
[(S)-10a] and (R)-9b were found to be active at
concentrations below 10 μM, display SIs >10, and can be
synthesized in less than 8 steps. (−)-Laudanidine [(R)-10a]
shows twice the selectivity of the current ‘gold standard’ drug
benznidazole. Once again, the BBIs tested were found to
display potent activity against extracellular T. cruzi trypomas-
tigotes, with around half also showing potency in the
amastigote assay. Unlike the BIs, lower CC50 values resulted
in low SI values, likely rendering these dimeric species unfit as
a hit scaffold. In silico predictions of pharmacokinetic profiles
were carried out using the SwissADME webtool (see the
Supporting Information for details).36 Based on the profile
obtained for (R)-10a, BI compounds are predicted to have
good oral bioavailability, whereas BBIs (R,R)-11 and (S,R)-13
are predicted to be inferior drug candidates due to decreased
oral bioavailability.
Preliminary investigations into the mechanism of action for

compounds (S)-9a, (S)-9b and (S,R)-11 were carried out
using L. mexicana promastigotes. Light microscopy-based
techniques were employed to further explore compound
activity in a different, related Leishmania species. Activity
against L. mexicana was established by quantifying inhibition of
growth over 24 h in a promastigote culture (Figure 2A). For
compounds (S)-9a and (S)-9b, concentrations of 50 μM are
sufficient to inhibit growth over 24 h, while BBI (S,R)-11 was
found to be 10-fold more potent, which reflects the findings in

L. infantum. A solvent-only control using 0.1% (v/v) DMSO
led to no significant effects. Cell cultures were examined by
light microscopy to identify any morphological changes
resulting from compound treatment (Figure 2B). The typical
Leishmania promastigote cell morphology comprises an
elongated cell body tapered at the posterior end, a flagellum
(F) often of comparable length to the cell body, and two DNA
containing organelles: the nucleus (N) and the kinetoplast
(K).37 Cells treated with the BI and BBI compounds develop a
changed morphology with a spherical cell body or shortened
flagellum. This effect is observed in 25% of the population for
compound (S)-9a, to a greater extent (66%) for (S)-9b, and
27% for compound (S,R)-11. An abnormal number and
position of Ks and Ns were often observed, with Ks and Ns
sometimes less well-defined by Hoechst 33342 staining.
To investigate whether the morphological changes are a

consequence of cell cycle interference, we analyzed the cell
cycle over a 24 h period. Untreated L. mexicana promastigotes
typically have a doubling time of 7.1 h, with each of the DNA-
containing organelles replicating once in the order nucleus (N)
then kinetoplast (K), before cytokinesis, leading to two
daughter cells.37,38 This organelle division occurs in the final
10% of the cell cycle, which leads to a heterogeneous
population of cells with majority possessing the configuration
1K1N and only a small percentage of the population in 1K2N
or 2K2N. Cells treated with (S)-9a at 50 μM were studied after
6 and 24 h of treatment, and found to deviate from the typical
cell cycle, giving rise to abnormal categories of cells with
incorrectly replicated organelles (Figure 2C). For around 15%
of the cells in 1K1N there was the presence of an eXtra
structure (1K1N1X) that could not be clearly assigned as K or
N, generally toward the posterior end of the cell body. More
prominently, the proportion of cells in the dividing stages
(Non-1K1N) doubled from the expected 10%, with the results
at the two time points being similar suggesting that the
abnormalities do not accumulate over time.
In the related species Trypanosoma brucei, it has been shown

that the replication and division cycles of the kinetoplast,
nucleus, and cytokinesis occur independently of one other with
minimal to no cross-talk between the subcycles, which can lead
to cells failing in one stage but continuing replication of the
others.39,40 We observed 10% of treated cells in the 0K1N
configuration, while 3% are in 1K0N or 2K1N, which are
considered abnormal categories not present in untreated cells.
This suggests a failure of kinetoplast duplication but not of the
nucleus, which upon cytokinesis would lead to 1K1N and 1N
daughter cells. The small number of cells in a 2K1N
configuration could arise from occasional failure of nucleus
division, and daughter cells being 1K1N and 1K0N.41,42

Some BI alkaloids have been shown to intercalate DNA, and
induce double stranded DNA breaks (DSBs) in cancer cell
lines.43 DSBs often lead to cytotoxicity, which could be an
explanation for the observed compound activity.44−46

Leishmania employ the RAD51 DNA recombinase protein as
part of its DNA repair machinery to fix naturally occurring
nuclear DSBs via homologous recombination.47−50 Using a
CRISPR/Cas9 gene editing strategy,51 we generated a
genetically modified cell line with mNeonGreen tagged
RAD51. This would allow observation of fluorescent RAD51
protein recruitment to foci in the nucleus corresponding to
DSB accumulation, as has been shown in T. brucei.52,53

Phleomycin was used as a positive control to induce DSBs,54

which led to the expected observation of accumulation of
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RAD51 as green dots in the nucleus in 80% of cells from as
early as 2 h posttreatment (Figure 2D). In contrast,
compounds (S)-9a and (S)-9b demonstrated no RAD51
nuclear foci for up to 24 h. We can therefore conclude that the
BI compounds tested are unlikely to act via DSBs (albeit this
methodology is sensitive only to DSBs in nuclear DNA), and
another mechanism of cell cycle disruption is responsible for
the breakdown in the healthy cell cycle.

■ CONCLUSIONS
While much progress has been made in the past few years and
a promising pipeline of novel drugs exists now for VL, there
remains a severe lack of drug leads in clinical trials against
Chagas disease.16 Drug discovery and development for NTDs
continues to be hindered by limited allocated resources, the
lack of validated targets, limited knowledge of the mechanism
of action of currently approved treatments, and limitations
imposed by phenotypic screening. This work highlights a
modular and efficient enantioselective approach that enables
the synthesis of 14 BI and 12 linear BBI alkaloids. Key
transformations included a Bischler-Napieralski cyclization
followed by Noyori asymmetric transfer hydrogenation and,
in the case of BBIs, a copper-catalyzed Ullmann cross coupling
to form the biaryl ether bridge. We also demonstrated the use
of Pd-mediated hydrogenation that allows the synthesis of the
phenolic BI from the bromo-BI coupling partner, thus
shortening the overall synthesis by five steps. These alkaloids
were evaluated for antiparasitic activity against both the
intracellular and extracellular forms of L. infantum and T. cruzi.
The importance of stereochemistry was explored by testing
both enantiomers of the BIs and all four stereoisomers of the
BBI alkaloids, which revealed some correlation between the
activity and enantiomeric series against L. infantum promasti-
gotes. The BBI alkaloids were found to be highly potent
antiparasitic compounds, but also highly cytotoxic, likely
rendering them unsuitable as drug candidate hit compounds.
However, the BIs (+)-laudanidine ((S)-10a), (−)-laudanidine
((R)-10a) and (R)-9b conformed to the DNDi criteria for a
hit compound against T. cruzi, having potent activity and good
selectivity against the parasite in comparison to mammalian
cells. Finally, preliminary studies of the mechanism of action
for the BI alkaloids in L. mexicana revealed interference with
the cell cycle, which appeared most likely to be due to
inhibition of kinetoplast division. Nuclear double stranded
DNA breaks are not induced as part of the compound
mechanism, although kinetoplast DSBs could be responsible.
Overall, this comprehensive assessment of BIs and acyclic BBIs
offers a depth of information on the antiparasitic activity
against various forms of the parasite. Further work may enable
the discovery of a new target for the potential design of
antiparasitic agents using nontoxic scaffolds, as well as focusing
on the wider physicochemical and pharmacokinetic profiles of
the more active BIs from this study.
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