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Abstract

Purpose of Review Despite recent advances, Chagas disease is still a public health issue that requires more efforts in order to
develop efficient and safe drugs. Plants and fungi are the main source for semi-synthetic natural-inspired new molecules to treat
human illness. In the present work, we summarize the main findings of natural-derived and semi-synthetic alkaloids against
Trypanosoma cruzi.

Recent Findings Over the last 10 years, at least seven alkaloids groups with structural modifications, including 130 molecules
and almost 100 semi-synthetic compounds derived from natural alkaloids, including hybrids molecules, modifications of ali-
phatic chain extension, chemical groups, and heteroatoms, were analyzed for its toxicity over parasites and mammalian cells.
Summary According to the available data, there are a good number of promising natural and/or semi-synthetic alkaloids that
would meet the criteria to become candidates in the drug discovery process against 7rypanosoma cruzi parasites. Main scaffolds

that deserve special attention are natural quinolones, isoquinolines, and semi-synthetic hybrids molecules.

Keywords Alkaloids - Trypanosoma cruzi - Synthetic modifications - Antiparasitic activity

Introduction

In the twenty-first century, 604 drugs have been approved by
the FDA, of which only seven were for the treatment of para-
sitic diseases [1]. In the specific case of Chagas disease, an
important step forward was accomplished when a partnership
between the Drugs for Neglected Diseases Initiative (DNDi)
and private laboratories promoted the elaboration of a pediatric

Lucia Raquel Fernandez and Daniel Musikant contributed equally to this
work.

This article is part of the Topical Collection on Parasitology

<1 Martin M. Edreira
mme2 @pitt.edu

Lucia Raquel Fernandez
Ifernandez@ conicet.gov.ar

Daniel Musikant
musi90@gmail.com

Departamento de Quimica Organica, Facultad de Ciencias Exactas y
Naturales, Universidad de Buenos Aires, Buenos Aires, Argentina

@ Springer

formulation of benznidazole (BZN). Some new drugs have
been recently evaluated in clinical trials. Fexinidazole, a recent-
ly approved 5-nitroimidazole derivative, also developed by the
DNDi in collaboration with Sanofi for the oral treatment of
human African trypanosomiasis, is being tested against
Chagas disease [2] and results of the Phase II proof-of-
concept study were expected in 2020 [3]. Additionally, separate
clinical trials with azoles, posaconazole and E1224, recently
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ended. Unfortunately, in addition to some safety issues with
E1224 at the highest dose [4], results showed that at the doses
used for the management of invasive fungal infections, these
compounds were significantly less effective to induce sustained
parasitemia suppression 1 year after treatment initiation than
BZN at the conventional dose (2.5 mg/kg twice a day for 60
days) [5ee]. Still, no new chemical entities have been approved
to replace the old drugs (i.e., BZN and nifurtimox (NFT)) cur-
rently used against Trypanosoma cruzi, the etiological agent of
Chagas disease, which have shown to be highly toxic and not
effective, especially during the chronic stage of the disease.

New scaffolds with the potential to enter the drug discovery
process for Chagas disease are urgently needed. In this regard, it
is a well-known fact that natural products comprise thousands
of compounds with enormous structural diversity and biologi-
cal activities. Either harnessed directly by isolation from the
natural source, with semi-synthetic structural modifications or
employed to inspire new compounds, natural products have
participated, and still actively participate, in the chemical space
of drugs approved to treat human conditions.

In particular, structural richness of alkaloids is reflected in
their chemical, biological, and pharmacological properties.
Their historical role in the drug discovery process and even-
tual arrival at a medicinal formulation can be summarized with
the two most famous examples: morphine, approved as an
analgesic by the FDA in 1827, and the antimalarial quinine,
approved in 1950. In addition to quinine, other Cinchona al-
kaloids including quinidine, cinchonine, and cinchonidine all
shown to be effective against malaria [6]. More recently,
tafenoquine, an 8-aminoquinoline that share the quinoline
core of quinine, has been approved for malaria prophylaxis
and treatment [7], showing that quinoline derivatives could
still be exploited in order to find new antichagasic agents.

When targeting the parasite, it is important to consider that
T. cruzi has a complex life cycle, involving four developmen-
tal stages between the insect vector and the mammalian host.
Metacyclic trypomastigotes, present in the intestinal lumen of
the insect vector, gain access to the mammalian host through
feces contamination at the site of the insect bite wound. As an
intracellular parasite in the mammalian host, they infect cells
close to the site of entry, where they differentiate into the
proliferative amastigote form. After several rounds of replica-
tion, amastigotes differentiate to trypomastigotes that are re-
leased into the bloodstream, from where they disseminate by
infecting distant tissues, or are taken up by the insect vector
during a bloodmeal [8]. In addition to a complex life cycle, the
parasite presents multiple strains with a high degree of genetic
variability. 7. cruzi genetic diversity has been classified into
six Discrete Typing Units (DTUs): the ancestral strains DTU-I
and II, homozygote-derived hybrids DTU-III and IV, and het-
erozygote hybrids DTU-V and VI [9]. Interestingly, as a con-
sequence of this variability, in vitro and in vivo differential
drug susceptibility among strains has been reported [10-12].

In this review, the most promising alkaloids were classified
according to their main structure and origin, activity against
different stages of 7. cruzi and modifications, and were
discussed.

Aporphines

Dicentrinone (1) (Fig. 1), an oxoaporphine alkaloid isolated
from fresh leaves of Ocotea puberula (Lauraceae), showed a
half-maximal inhibitory concentration (ICs,) value of 16.4 +
1.7 uM against free trypomastigotes of the Y strain of 7. cruzi.
This value was comparable to that of BZN (18.7 + 4.1 uM).
No cytotoxic effect was observed on NCTC cells at the
highest concentration tested. The resulting selectivity index
(SI) was > 12.2 [13]. This compound was also isolated from
subterranean stem bark of Duguetia furfuracea (Annonaceae)
along with four other aporphine alkaloids: duguetine (2),
duguetine 3-N-oxide (3), N-methyl-tetrahydropalmatine (4),
and N-methylglaucine (5) (Fig. 1) [14]. While compounds 4
and 5 were inactive, duguetine (2) showed an ICs, 0f9.32 uM
and was the most active of these structures; however, com-
pound 3 that only differs in the oxidation of the amino group
was 3 times less active (ICso: 30.79 uM). Both compounds
presented low 50% cytotoxic concentration (CCsg) against
three tumor cell lines, not exceeding 12 UM in any of the three
cases [14]. Extraction from branches of another Annonaceae,
Annona foetida, led to the isolation of liriodenine (6) and O-
methylmoschatoline (7) (Fig. 1). The ICso values for these
compounds were above 100 uM against the epimastigote
form, and moderate activity was observed against the
trypomastigote form (14.5 + 0.07 and 11.83 £+ 5.60 uM, re-
spectively) [15].

Naphthylisoquinolines

There are a great number of reports about
naphthylisoquinoline alkaloids with antiparasitic activity, the
majority being isolated from lianas from the Ancistrocladus
genus [16]. The C—C bond between the naphtyl and
isoquinoline core is sometimes sterically hindered for rotation,
generating atropoisomers. This depends on the position of the
union between the two moieties. Thus, two possible configu-
rations along the coupling axis, named P or M based on the
molecule’s helicity, are observed. Also, different degrees of
methylation can be found and the isoquinoline core can bear
one or two asymmetric carbons. As a consequence, the struc-
tural diversity of naphthylisoquinolines is enormous.

The C-5,C-8' coupling is highly occurrent, and of the nine
P-configured compounds (8-16, Fig. 2) whose anti-7. cruzi
activity has been evaluated, the most active was
ancistroealaine A (8) [17]. This fully methylated structure
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possesses a C—N double bond and S configuration at C-3 of  value for ancistroealaine A (8) was 5.6 uM with no cytotox-
the isoquinoline residue. All compounds were tested against  icity (CCsy > 214 uM, SI > 38), followed by 6,5’-0,0-
trypomastigotes (Tulahuen C4, stably expressing 3-  didemethylancistroealaine A (9) with an ICsq of 16.3 uM
galactosidase (f3-gal) co-incubated with L6 cells, and the cy-  and still no cytotoxic effect (CCsq > 230 uM) [18]. The re-
totoxic effect on these cell lines was also evaluated. The IC5,  placement of methoxy groups at positions C-6 and C-5' by
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(8) Ancistroealaine A R1=R,=R;=CH3; (12) Korupensamine A Ry=H; R,=CHj3; R3=H; R4=(R)B-CHj3; R5=H; Rg=(R)a—CHj; R;=H

(9) 6,5"-0,0-did hylanci laine A Ry=H; R;=CH3; Ry=H (13) Ancistrocongoline A Ry=H; R;=CHj; R3=H; R;= (R)B-CHj; Rs=CHj; Rg=(R)a~CHj; R;=H
(10) 6-O-demethylancistroealaine A R1=H; R;=R3=CH; (14) Ancistrocongoline B R{=R;=R3=CH3; R4= (R)B—CH3; Rs=CH3; Rg=(R)a—CH3; R;=H

(11) Ancistrolikokine D Ry=R;=H; R3=CH3 (15) Ancistroealaine B Ry=R,=CHs; R3=CHj; R4= (S)a—CHs; Rs=H; Rg=(S)p-CHs; R;=CH3

(16) Ikelacongoline A Ry=H; R;=R3=CHj3; Rs= (R)B-CHj3; Rs=CHj; Rg=(R)a—CHj; R;=H

OR; Rg
(17) Ancistrotanzanine B R1=R,=R3=CHj3; R4=(S)a-CH; (21) Ancistrotectoriline A R4=R,=R3=CHj;; R4=(S)o—CHj;; Rs=H; R¢g=(S)B-CHj3; R;=CH3
(18) Ancistectorine D Ry=CHs; Ry=H; R3=CHj; R,=(S)a-CH; (22) 5-epi-4"-O: ylancistrober ine C R4=CHj; R;=H; R;=CHj;; R4=(S)o—CHj3; Rs=CHj3; Rg=(R)a—CHj; R;=CH3
(19) Ancistrobonsoline A; Ry=H; R,=CHj;; R3=H; R4=(R)B-CH3 (23) 5-epi-6-O-methylancistrobertsonine A Ry=R;=R3=CHj; (S)a-CHj; Rs=CHg; Re=(S)B-CHj; R;=CH3
(20) Ancistrobonsoline A, Ry=R,=CH3; R3=H; R4=(R)B-CH; (24) Ancistrocongoline C Ry=H; R;=R3=CHj; R;=(R)B—CH3; Rs=CHj; R¢=(R)a—CHj3; R;=CH3

(25) Ancistrobrevine B Ry=H; R;=CHj3; R3=CH3; R4=(S)a—CH3; R5=H; Rg=(S)B—CHj;; R;=CHj;

(26) 5’-O-demethylancistrobrevine B Ry=H; R,=CHj3; R3=H; R4=(S)a—CHj3; Rs=H; Rg=(S)B—CHj3; R;=CH;
(27) Ikelacongoline B Ry=H; R;=R3=CHj3; R4=(R)B—CH3; Rs=CH3; Rg=(R)a—CHj;; R;=H

(28) Ikelacongoline C Ry=H; R;=R3=CHj3; R4=(R)B—CH3;; Rs=CH3; Rg=(S)p-CH3; R;=CH3

Fig. 2 Structures of naphthylisoquinolines 8-28
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hydroxyl groups reduced the antiparasitic activity; however,
O-methylation of C-6 was more important as it could be ob-
served for 6-O-demethylancistroealaine A (10) (ICsq: 25.9
uM, CCsg > 100 uM) where the activity was not restored by
the O-methylation of C-5' [18]. Ancistrolikokine D (11), with
hydroxyl groups at C-4 and C-6, was even less active than the
already mentioned compounds (ICso: 32.6 uM) [19]. The re-
maining five P-configured, C-5,C-8'-coupled
naphthylisoquinolines (12-16) were non-cytotoxic but also
not active against 7. cruzi (the lowest 1Cs, is 38.2 uM for
korupensamine A (12)) [20, 21]. Structurally, compounds 12
to 16 lacked the C—N double bond resulting in one more
stereocenter at C-1, and none of those was fully methylated.

Twelve M-configured C-5,C-8'-coupled isomers were
evaluated against (3-gal Tulahuen trypomastigotes (Fig. 2).
The M-configured isomer of ancistroealaine A (8),
ancistrotanzanine B (17), was the most active of this series
with an ICsq of 3.58 uM, but the CCsq value was 19.33 uM
[22]. The demethylation of C-4' had little effect on the activity
against 7. cruzi or cytotoxicity as it could be observed by the
values of these parameters obtained for ancistectorine D (18)
(ICs504.439 uM and CCsg 11.34 uM) [23]. Ancistrobonsoline
A (19) and A, (20), where the configuration at C-3 changes
from S to R, were inactive and weakly cytotoxic (ICso 109.3
and 80.1 uM and CCs, 114 and 52.8 uM, respectively) [24].
Changes involving the conversion of the C—N double bond to
a single one and the generation of a new stereocenter pro-
voked some loss of activity for ancistrotectoriline A (21)
(ICs9 18.50 uM CCsqy 14.5 uM) and 5-epi-4'-O-
demethylancistrobertsonine C (22) (ICs5y 11.1 uM CCso >
100 uM). The rest of the compounds (23-28) were inactive
[18, 20, 21, 24, 25].

Another frequent coupling arrangement for this type of
alkaloids is C-5,C1’" (Fig. 3). In this case, O-
mehtylancistrocladinine (29), the C-5,C-1’ regioisomer of
ancistroealaine A (8), was inactive [26]. Only
ancistrobenomine A (30) was moderately active with an I1Cs
of 11.45 uM, but moderately cytotoxic (CCso 29.35 uM) as
well [27]. Compounds 31-45 were inactive [18, 25-28].
These results could indicate that these particular coupling po-
sitions lead to compounds without antiparasitic activity.

The majority of the tested C-7,C-3'-coupled
nahpthylisoquinoline alkaloids (Fig. 4) were M-configured.
Ancistotectorine (46) showed an ICsq of 10.2 uM and CCs
of47.2 uM (SI: 4.71) [26]. Once again, a loss of activity was
observed by demethylation of C-6, as for ancistrotanzanine C
(47) (ICs0: 34.35 uM, CCs: 47.2 uM). Dioncophylline E (48)
was not oxygenated at the C-6 position; thus, a slow conver-
sion from the P to M configuration was possible. Compounds
48-50 were moderately active or inactive [26, 29, 30].

Compounds with C-7,C-1" or C-7,C-8" have been inactive
so far [20, 23, 25, 31-33]. Ancistrotanzanine A (51), a C-5,C-
3'-coupled naphthylisoquinoline alkaloid, showed good

activity (ICso 4.20 uM) and moderate cytotoxicity (CCsg
19.33 uM) [22]. Three N,C-8'-coupled naphthylisoquinoline
alkaloids, ancistrocladinium A (52), 4'-0O-
demethylancistrocladinium A (53), and 6,4'-O-
didemethylancistrocladinium A (54) were evaluated against
Tulahuen C4 trypomastigotes of 7. cruzi [34]. In this case,
the fully methylated structure (52) was inactive (ICsy > 70
puM); however, demethylation of position C-6 did provoke a
loss of activity as observed by the ICsq values of compounds
53 and 54. Compound 53 bears a phenolic group at C-4’ and
had the best activity with an ICs 0£0.03 uM (CCsq: 53.9 uM,
SI:1,796), but for compound 54, with phenolic groups at C-4'
and C-6, the ICsq increased to 6.0 uM, which is still a signif-
icant activity, but with a ST of 11.52 (CCsg 69.1 uM). Dimeric
naphthylisoquinoline alkaloids have also been isolated but the
activities reported so far are moderate for this type of struc-
tures, except for mbandakamine B, (55) that showed an ICs
of 2.98 uM but a very high cytotoxicity as well (CCsq: 1.37
uM) [21, 31, 35-38]. The structures of compounds 51-55 are
shown in Fig. 4.

Furoquinolines

There are few reports on the antiprotozoal activity of this type
of alkaloids in the last 10 years. Costa et al. reported that y-
fagarine (56) displayed weak activity against epimastigotes of
the Y strain (ICso: 33.4 + 1.2 uM; Bz ICsp: 20 uM) [39].
Previous reports informed that the widely distributed
skimmianine (57), kokusaginine (58), masculine (59), and
flindersiamine (60) were inactive [40, 41] (Fig. 4).

Quinolinones

Twelve quinolinic alkaloids, waltheriones A, C, E-L,
antidesmone, and 8-deoxoantidesmone (61-72, Fig. 5) were
isolated from the aerial parts and roots of Waltheria indica
[42, 43]. The compounds were evaluated against
trypomastigotes (Tuluhaen C2C4 (LacZ)) in L6 cells as host.
Except for waltherione A (61), which showed low activity, the
rest of the compounds displayed potent activity against
amastigotes (Tuluhaen C2C4 (LacZ)) with ICsq in the sub-
micromolar range. However, cytotoxicity against L6 cells
was also high for most of the alkaloids. Waltherione G (65)
presented the lowest ICs, value (0.02 uM), and a CCs, of
0.64 uM resulting in a good SI 33.8. Waltheriones H (66)
and K (69) both showed ICs, of 0.04 uM but poor selectivity
(SI 6.5 and 1.8, respectively). Antidesmone (71) showed the
highest SI (595). For this compound, the ICs, and CCs, values
were 0.062 puM and 36.93 uM, respectively [43, 44].
Waltherione C (62) also showed good activity (ICsq: 1.93
puM) and low cytotoxicity (CCso: 101.23 uM).
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(29) O-methylancistrocladinine  (31) O,N-dimethylancistrocladine R1=R;=R3=R;=CH3; R5=(S)B-CHj; Rg=CH;
(32) 5’-0O-demehtylancistrocline Ry=H; R;=CHj3; R3=H; R4=CHj; Rs=(R)o—CHj3; Rg=CH3
(33) Ancistrocoline R{=H; Ry=R3=R4=CH3; Rs=(R)a—CHj3; Rg=CHj;
(34) Ancistrobrevine E Ry=H; R,=R3=CH3; R4=H; Rs=(S)B—CHj3; R¢=H
(35) Ancistrobrevine F R4=R,=H; R3;=CHj3; R4=H; R5=(S)B-CHj3; Rg=H
(36) Ancistrobrevine G Ry=H; R,=CH3; R3=R;=H; R5s=(S)B-CH3; Rg=H

(37) 5°-O-demethylhamatinine (30) Ancistrobenomine A R4=CHj; Ry=H; R3;=CH3 (41) 5°-O-demethylhamatine Ry=H; R,=CHj; R3=H; R4=CH;
(38) 6-O-demethylancistrobenomine A Ry=H; R;=R3=CH;  (42) 5-epi-ancistectorine A; R1=R,=R;3;=CH3; R4;=H
(39) Ancistrobenomine B R{=R,=R;=CH3; (43) 5-epi-ancistrobrevine E Ry=H; R;=R3=CHj3; R4=H
(40) Ancistrobenomine C Ry=H; R;=R3=CH3 (44) 5-epi-ancistrobrevine F R{=R;=H; R3=CHj3; R4=H

(45) 6-O-methylhamatine Ry=R;=R3;=CHs; R4=CH3
Fig. 3 Structures of naphthylisoquinolines 29—45

(46) Ancistrotectorine Ry=CHj3; R,=(S)o—CHj3; R3=CHj; (48) Dioncophylline E (49) Ancistrocladinine Ry=CHj;
(47) Ancistrotanzanine C Ry=H; R;=(S)a—CHj3; R;=CHj; (50) Ancistroheynine B Ry=H

(51) Ancistrotanzanine A (52) Ancistrocladinium ARy=R,=CH; (55) Mbandakamine B,
(53) 4°-O-demethylancistrocladinium A R4=CHj3; R,=H
(54) 6,4 -O-demethylancistrocladinium A R;=R,=H

O
R4

TN

~
R, N~ O
Rs

(56) y-fagarine R{=R,=H; R3=OCHj;
(57) Skimmianine Ry=H; R;=R3=0CHj3
(58) Kokusaginine R4=R,=0CH3; R3=H

(59) Maculine R{=R,=0CH,0; R3;=H
(60) Flindersiamine R4=R,=0CH,0; R3;=0OCH3;

Fig. 4 Structures of compounds 4660
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(61) Waltherione A

(64) Waltherione F

Ph(H,C)s O

@)

AN ~

0
L.,
N

O_

(70) Waltherione L

(62) Waltherione C

R1 II?z

(63) Waltherione E R{=0OCHj3; R,=H
(68) Waltherione J R4=H; R,=OCH3;
(69) Waltherione K R1=R,=OCHj
(71) Antidesmone R4= =0; R,=H

(65) Waltherione G R=H
(66) Waltherione H R4=OCHj3;

H3C(H,C); O

N R,

(67) Waltherione | R{=CH3; R,=H

(72) 8-deoxoantidesmone R{=CH,0H; R,= OCH3

Fig. 5 Structure of compounds 61-72

Indoles

Staurosporine (73), originally isolated from Streptomyces
staurosporeus, is a potent non-selective inhibitor of protein
kinases [45, 46]. Due to the fact that protein kinases are es-
sential for parasite survival and pathogenicity, four
staurosporines (73-76, Fig. 6) isolated from cultures of
Streptomyces sanyensis PBLC04, the structurally related com-
mercial indolocarbazoles alkaloids: K252a (77), K252b (78),
K252¢ (79), a synthetic PKC inhibitor, arcycriaflavin A (80),
and rebeccamycin (81), a DNA topoisomerase I inhibitor iso-
lated from Streptomyces aerocolonigenes, were tested against
epimastigotes of the Y strain of 7. cruzi. Staurosporine (73)
and 7-oxostaurosporine (74) were the most active compounds
followed by the synthetic alkaloids 77 and 78 with ICs( 3.63 +
0.77, 1.58 £ 0.52, 4.00 + 0.24 and 7.41 + 0.93 uM, respec-
tively. It is worth noticing that 74 is twice as active than 73 and
that the only difference between these two structures is a car-
bonyl group at C-7. Compounds 75 and 76 were moderately
active (ICsq 17.10£1.64 and 12.50 +2.06, respectively) while
79-81 were inactive. The cytotoxic effect of the compounds
was performed on the J774A.1 macrophage cell line. CCs,

values for 73 and 74 were 8.74 = 0.72 and 5.20 + 1.75 uM,
respectively. The selectivity index in these cases was very
low. Compounds 75 and 76 showed CCs, above 40 uM,
although the selectivity index remained low [47] (Fig. 6).
Tryptophan-derived (3-carboline alkaloids canthin-6-one
(82), 5-methoxy-canthin-6-one (83), and canthin-6-one N-
oxide (84) isolated from stem bark of Zanthoxylum
chiloperone var. angustifolium (Fig. 7A) were evaluated on
trypomastigotes of the Y strain. Compounds 82 and 83 in-
duced 79 and 75% trypomastigotes lysis (Y strain) at
1.135 uM and 999 uM, respectively. Activity against
amastigotes expressing 3-galactosidase, for both compounds
at 15.1 uM, was 90.0 and 66.4%, respectively. Cytotoxic ef-
fects were not observed at 15 uM on NCTC 929 cells for both
compounds [48]. In vivo studies were performed using Balb/c
mice for acute and chronic disease models of infection with
CL Trypanosoma cruzi. For the acute model, BZN was ad-
ministered to BALB/c mice orally at 50 mg/kg/day and
canthin-6-one (82), 5-methoxy-canthin-6-one (83), and
canthin-6-one N-oxide (84) were administered orally or sub-
cutaneously at 5 mg/kg/day for 2 weeks. The mean
parasitemia at day 28 for BZN and oral canthin-6-one-
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ZT

(73) Staurosporine R4=H; R,=NHCH3;
(74) 7-Oxostaurosporine Ry= =0; R,=NHCH3

H
N

Snies

HeY
O=

0

O
l

(76) Streptocarbazole B

(75) 4'-Demethylamine-4'-oxostaurosporine R;=H; R,= =0

N 0 N
H
HO
RO

(77) K252a R=CH,
(78) K252b R=H

Fig. 6 Structures of compounds 73-81

treated mice was significantly reduced (P = 0.0001 versus
controls). Untreated mice presented 45% mortality whereas
the group orally treated with compound 82 had a 100% sur-
vival rate. Absence of detectable parasitemia was observed for
19 out of 20 mice treated with canthin-6-one (82), 10% higher
than with BZN.

The indolic alkaloid, violacein (85), and side-product
deoxyviolacein (86) (Fig. 7A), produced in recombinant
E. coli strains expressing the complete or partial synthetic
violacein operon, inhibited Tulahuen trypomastigotes (DTU-
VI) stably expressing [3-galactosidase (3-gal) with an ICs of
1.51 uM + 0.4 and 50 puM, respectively. Although violacein
displayed good activity, it was toxic against COS-7 and
HepG2 cell lines (CCsg 2.5 uM and 1.4 uM, respectively).
In contrast, deoxyviolacein showed low toxicity against mam-
malian cell lines [49+]. From these results, it is evident that the
phenol group is important for both antiparasitic and cytotoxic
activities.

Fractionation of the ethyl acetate extract of the marine bac-
terium Bacillus pumilus isolated from the black coral
Antipathes sp. yielded three moderately active indolic alka-
loids: 3-hydroxyacetylindole (87), N-acetyl-[3-oxotryptamine
(88), and 3-formylindole (89) (Fig. 7A). Compounds were
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(81) Rebeccamycin

evaluated on amastigotes (Tulahuen (3-gal) and results
showed ICs, values of 20.6, 19.4, and 26.9 uM, respectively.
Cytotoxicity against Vero cells was moderate (ICsq values of
149, 66, and 87 uM, respectively) [50]. Given the structural
similarities, the length and substitution of the side chain
attached to carbon C-3 does not appear to produce a sig-
nificant difference in the biological activity. The authors
compared the activity of alkaloid 87 with that of
tryptophol (90, Fig. 7A). This metabolite is produced by
plants, bacteria, fungi, and sponges, and induces sleep in
humans. Since the ICs, for this indolyl alcohol was 30.6
uM, the authors concluded that the presence of an
electron-attracting group in the side chain, like the car-
bonyl at C-1’, enhanced the biological activity.

Two oxoindoles (91-92) and a plumerane-type alkaloid
(93) (subtype haplophitine) (Fig. 8) were isolated from the
aerial parts and roots of Aspidosperma rigidum
(Apocynaceae) [51]. In the same work, two more compounds
(94-95, Fig. 8) belonging to the same classification were ex-
tracted from the bark of Aspidosperma schultesii. Only
caboxine B (91) displayed moderate activity (ICso 26.60
uM) against epimastigotes (Y strain) with no toxicity against
CHO cells (>100 uM). The rest of the compounds were
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(86) Deoxyviolacein (87) 3-hydroxyacetylindole  (88) N-acetyl-B-oxotryptamine (89) 3-formylindole
OH
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N
H
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b

(145) R = i-Propyl; R' = H (157) R = i-Propyl (161) R = N-Methylpiperazyl
(146) R = i-Propyl; R' = 4-OMe qgg) 2 = g'B“t}’.'d |

(147) R = i-Propyl; R" = 3-OMe-4-OH E160§ R = Cyclohexyl

(148) R = n-Butyl; R' =H

(149) R = n-Butyl; R! = 4-OMe

(150) R = n-Butyl; R' = 2-CI 0 —0O

(151) R = Pyrrolidyl; R' =H ~ N—

(152) R = Pyrrolidyl; R' = 4-OMe O - N

(153) R = Pyrrolidyl; R' = 2-CI N

(154) R = Cyclohexyl; R" = H 0) O

(155) R = Cyclohexyl; R! = 4-OMe

{186} R=Cyclohaxgi; R'= 2-8] (162) R = Morpholyl (163) R = phenyl

(164) R = 4’-OMe-phenyl
(165) R = 2"-Cl-phenyl
(166) R = 4-(Me),Nphenyl-
(167) R = 4°-F-phenyl

Fig. 7 Canthin-6-one derivatives. (A) Obtained from a natural source (82-90) or (B-D) obtained by synthesis. (B) 1-(substituted phenyl)-fcarbolines
(145-156). (C) Methyl 6-Oxobenzo[4,5]canthine-2-carboxylate derivatives (157-162). (D) N-(substituted benzylidene)-carbohydrazide (163—-167)
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inactive. It is worth mentioning that the only difference be-  compound against 7. cruzi. Compounds 96-102 (Fig. 8) were
tween caboxine B (91) and carapanaubine (92) is a methoxy  obtained from the leaves of another Apocynaceae,
group and appears to affect the performance of each  Geissospermum reticulatum, and were all inactive [52].

~0 N H
OH /=0
(91) Caboxine B Ry=H (93) Haplocidine (94) 18-oxoaspidoalbine Ry=H
(92) Carapanaubine R{=OCH; (95) 18-Ox0-0O-methylaspidoalbine R4=CHj;

/
/o o
/0. 0

N H
OH /=0

(96) 10-Demethoxy-12-hydroxy-17,19-epoxygeissovelline (97) (Z)-10-Demethoxy-12-hydroxygeissovelline

N H
OH /<0

(98) (E)-10-Demethoxy-12-hydroxygeissovelline

(100) Geissospermidine R{=CH3; R,=R3=H (103) Annomontine
(101) 10-Methoxygeissospermidine R{=CH3; R,=H; R3=OCHj3
(102) N-Deacetyl-N-butanoylgeissospermidine R{=CH,CH,CH3; R,=R3H

Fig. 8 Structures of compounds 91-103
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A pyrimidine-3-carboline-type alkaloid, annomontine
(103) (Fig. 8), isolated from the branches of Annona foetida
was evaluated on epimastigotes and trypomastigotes (Y
strain). The compound was inactive against the proliferative
form (epimastigotes) and moderate active against the infective
one (trypomastigotes) (ICso = 16.08 + 7.28 uM) [15]

Amaryllidaceae Alkaloids

Lycorine (104), hippeastrine (105), crinine (106),
haemanthamine (107), narciclasine (108), tazettine (109),
montanine (110), sanguinine (111), and 1-O-
acetylcaranine (112) alkaloids were isolated from extracts
of different Narcissus species (Fig. 9) [53]. These com-
pounds were evaluated on trypomastigotes (Tulahuen (3-
gal strain, DTU-VI) that were co-incubated with Vero
cells. Results revealed that lycorine (104), hippeastrine
(105), haemanthamine (107), narciclasine (108), and
montanine (110) were active. 1-O-acetylcaranine (112)
could be considered weakly active (ICsq 35.59 uM),
while the remaining compounds were inactive against
the parasite (IC59 > 40 uM). The highest anti-T. cruzi
activity rates were yielded by lycorine (107) (ICsy =
0.70 £ 0.02 uM) and narciclasine (108) (IC5o = 0.49 +
0.02 uM), which exceeded in potency that of the refer-
ence drug BNZ (ICs5y = 1.56 + 0.07 uM). Haemanthamine

(104) Lycorine Ri=H; R,=OH
(112) 1-O-acetylcaranine Ry=Ac; Ry=H

(105) Hippeastrine

(106) Crinine Ry=H; Ry=N; R3=H
(116) Buphanisine Ry=H; Ry=N; R3=CHj;

(107) and montanine (110) showed average ICs, values
similar to that of BNZ, 1.59 + 0.06 uM and 1.99 + 0.09
uM, respectively. Hippeastrine (105) was the active alka-
loid with the highest ICs5¢ value (3.63 = 0.24 uM).
Lycorine (104) and 1-O-acetylcaranine (112) belong to
the lycorine sub-class of amaryllidaceae alkaloids, and
structurally differ in two positions of the overall structure.
In this case, the antiparasitic activity was increased by the
substitution of a hydrogen and an acetoxy group per two
hydroxyl groups. Toxicity against Vero and HepG2 cells
was also evaluated. Lycorine (104) was found to be rather
toxic on Vero cells (CCsq = 5.21 uM; SI:7.44) but mod-
erately toxic for HepG2 with CCsy = 21.87 uM (SI:
31.24). Hippeastrine (105) did show low toxicity against
Vero cells (CCsqg = 45.99 + 6.32 uM; SI:12.67) and
HepG2 cells (CCso = 128.1 + 12.26 uM; SI: 35.29).
Therefore, the anti-amastigote activity for this alkaloid
was assessed (ICso = 3.31 + 0.39 uM), which was 2.75-
fold higher than that of BZN (ICs5¢ = 1.2 + 0.22 uM) [53].
Crinine (106) was also isolated from fresh bulbs of
Crinum amabile, another Amaryllidaceae, along with
augustamine (113), augustine (114), augustine N-oxide
(115), buphanisine (116), and buphanisine N-oxide (117)
(Fig. 9). Extraction and fractionation of Amaryllis
belladonna yielded 1-O-acetylcaranine (112), 3-O-
acetylhamayne (118), and buphanamine (119) (Fig. 9).
All of these compounds were tested against the

WOR;

(107) Haemanthamine Ry=CHj;
(118) 3-O-acetylhamayne R4= Ac

(117) Buphanisine N-oxide Ry=H; R,=N*-O" R3= CH;

OH

OH
S
o NH
OH O

(108) Narciclasine

(114) Augustine R4=N
(115) Augustine N-oxide R4=N*-O"

Fig. 9 Structures of compounds 104-119

(113) Augustamine

\
(0]

<1
(@) N H
OH

(110) Montanine

(111) Sanguinine

(119) Buphanamine
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amastigote form (Tulahuen P-gal C2C4 strain).
Compounds 106, 112-117, and 119 showed ICs, values
higher than 100 uM while 3-O-acetylhamayne (118) pre-
sented moderate activity (ICsy 25.2 uM) and no cytotoxic
effect on L6 cells [54, 55].

Guanidines

The guanidine-type alkaloids, batzelladine D (120), F (121),
and L (122) and nor-batzelladine L (123) (Fig. 10A), were
isolated from the marine sponge Monanchora arbuscula.
Compounds were evaluated on free trypomastigotes (Y strain)
and the ICs, values obtained were 64, 5, 2, and 7 UM, respec-
tively. Cytotoxicity against LLC-MK2 cells was determined
with CCsq values of 130, 10, 22, and 85 uM, respectively
[56]. Compounds 122 and 123 had the highest SI (11 and
12, respectively). It appears that two tricyclic guanidine cores
linked by an alkyl chain are more favorable than only one.
Also, the length of the carbon chain at C-27 has some effect.
Alchornedine (124) (Fig. 10A) was isolated from the leaves of
Alchornea glandulosa. Trypomastigotes (Y strain) were sus-
ceptible to 124 and resulted in an ICs( value of 443 uM (95%
confidence interval (CI) 388-505 uM) comparable to BZN
(440 uM). Alchornedine (124) also showed activity against
amastigotes, showing an ICs, value of 129 uM (95% CI: 81—
205 uM), lower than BZN (ICsq value of 320 uM (95% CI:
286357 uM). Despite the cytotoxicity of alchormedine (124)
on mice conjunctive NCTC cells, which showed a CCs value
0f 237 uM (95% CI: 189-298 uM), the compound displayed
selectivity to intracellular forms. When amastigotes were
hosted by mice peritoneal macrophages, the intracellular par-
asites were targeted without affecting the macrophages [57].

Other Alkaloids

Alternamide A (125) and B (126), and alternamine A (127)
and B (128) (Fig. 11), presenting a catechol moiety which
suggests a possible common biosynthetic route, were isolated
from aerial parts of Alternanthera littoralis and evaluated
against free trypomastigotes (Y strain). Except for alternamide
B (128) which showed an ICsq value higher than 10 uM, the
other compounds had ICsq values in the sub-micromolar
range. The reported ICsq values for 125, 127, and 128 were
0.61 uM (95% CI: 0.55-0.82), 0.23 uM (95% CI: 0.20-0.26),
and 0.82 uM (95% CI: 0.76-0.87) with crystal violet used as
reference drug (ICso: 0.18 uM). None of the compounds
showed toxic effects against J774 macrophages in culture at
concentrations up to 500 mg/mL [58].

Two terpenic indole alkaloids, polyalthenol (129) and N-
acetyl-polyveoline (130) (Fig. 11), obtained from the root bark
of Greenwayodendron suaveolens (Annonaceae) were
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evaluated against trypomastigotes (Tulahuen strain) resulting
in an ICs value of 8.4 uM for both of them (BZN ICs: 2.13
uM), although cytotoxicity on MRC-5 cells showed a CCsq
value of 5.8 and 29.8 uM, respectively [59].

Solamargine (131) (Fig. 11), a glycol-steroidal-alkaloid
isolated from Solanum palinacanthum, was evaluated against
epimastigotes of the Y strain and displayed moderate activity
(ICs¢: 17.63 uM, BZN ICs(: 34.58 uM) [60].

The sesquiterpene pyridine alkaloids, ilicifoliunines A
(132) and B (133), aquifoliunine E-I (134), and mayteine
(135) (Fig. 11), were isolated from the root bark of
Maytenus ilicifolia. Compounds 133 and 135 showed no ac-
tivity against the epimastigotes (Y strain) at 100 uM.
Compounds 132 and 134 had an ICs, value of 27.7 and
41.9 uM and toxicity against murine macrophages showed a
CCsg of 1282 uM (SI: 46.2) and 1847 uM (SI: 44.0), respec-
tively [61].

Monalidine A (136) (Fig. 11), isolated from the marine
sponge Monanchora arbuscula, showed an ICsy value of
8 uM against free trypomastigotes (Y strain) and a CCs, of
26 uM against LLC-MK2 cells [56].

Analogues and Semi-synthetic Modifications

With the strategy of combining the antiparasitic properties of
natural Cinchona alkaloids with the known properties of bile
acids as drug transporters, a series of 16 hybrids of Cinchona
alkaloids and bile acids were prepared [62]. Eight out of 16
hybrids presented an ICsy around 1 pg/mL against
trypomastigotes of the CL Brener strain (DTU-VI) and SI
higher than 10 (137-144) (Fig. 12). Similar results were ob-
tained when tested against trypomastigotes from the RA strain
of T. cruzi (DTU-VI). The peracetylated and non-acetylated
forms of the cinchonine/chenodeoxycholic bile acid conjugate
(139-140) were the most trypanocidal hybrids against Y strain
trypomastigotes, with ICso values of 0.69 and 1.01 uM, re-
spectively. Promising results were observed in invasion assays
using the Y strain, where these hybrids induced a significant
reduction in intracellular amastigotes and on the release of
trypomastigotes from infected cells [62].

A series of 1-(substituted phenyl)-[3carbolines bearing an
N-alkylcarboxamide (145-156) and methyl 6-
oxobenzo[4,5]canthine-2-carboxylate derivatives (157-162)
were synthetized and evaluated on Y strain epimastigotes
(Fig. 7B and C) [63]. Some N-alkyl-1-(substituted
phenyl)-p-carboline-3-carboxamides displayed high
antitrypanosomal activity (ICso = 3.22 + 0.50-9.71 + 1.70
uM) except for 148 and 156 that showed moderate activity
(IC50 14.20 £ 1.97 and 11.10 + 1.77, respectively). However,
the N-alkylcarboxamides series bearing the same alkyl groups
were inactive against 7. cruzi epimastigotes indicating better
performance for molecules assembled on 1-(substituted
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Fig. 10 Guanidines derived from the sponge Monanchora arbuscula. (A) Obtained from a natural source (120-124) or (B) obtained by synthesis (168-185)
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phenyl)-p-carboline structure. The exception was N-
alkylcarboxamides bearing N-methylpiperazylcarboxamide
(161) and N-morpholylcarboxamide (162) groups at C-2 that
showed high (ICs5y = 0.40 + 0.01 uM) or moderate (ICso =
16.70 + 1.27 uM) activity against 7. cruzi parasites, respec-
tively [63]. In addition, this study showed that the
N-(substituted benzylidene)-carbohydrazide compounds
(163—167) (Fig. 7D) were inactive. Since authors mentioned
the antitumoral properties of (3-carboline-type alkaloids, cell
toxicity against several tumoral cell lines was also evaluated.
The SI range of the most promising molecule (161) was 2.88—
21.2 depending on the tissue-derived cell line used [63].
Eighteen guanidine-type alkaloids, analogues of the
ones obtained from marine sponge Monanchora
arbuscula, were synthesized (168-185) (Fig. 10B).
Cytotoxicity was evaluated in NCTC cells and ranged
between 2.4 uM and > 150 pM. The antitrypanosomal
activity was tested against Y strain trypomastigotes (ICsq
= 0.9-88.5 uM). The extension of the aliphatic chain and
the substitution with the Si(fert-Bu); of the analogues

HO NH HO N_o
° |09

(125) Alternamide A (126) Alternamide B

e

(129) Polyalthenol (130) N-acetyl-polyveoline

(132) llicifoliunine A R4=OH
(134) Aquifoliunine E-l R{=OAc

Fig. 11 Structure of compounds 125-136

(133) llicifoliunine B
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seems to be important since 168, 172—-174, 176, and 184
were the only active compounds. Coincidentally, these
compounds showed low cytotoxicity with a SI greater
than 10, except when BF, group was replaced by ethanoic
acid that confers the most potent antiparasitic activity
(ICs0 = 0.9 uM), but high cytotoxicity as well (CCso =
2 uM) [64].

Thirteen new semi-synthetic 1,2,4-triazole-3-thiones were
obtained from natural piperine, the main constituent of the
dried fruits of Piper nigrum (186-198) (Fig. 13). The various-
ly substituted triazole derivatives were synthesized from the
natural amide in four steps with overall yields ranging from 32
to 51%. The cyclohexyl substituted derivative (191) showed
the best trypanocidal profile against the proliferative forms of
T. cruzi (Y strain), with ICsq values of 18.3 and 8.87 uM
against epimastigotes and amastigotes, respectively. No tox-
icity against peritoneal macrophages from Balb/c mice was
observed [65].

Eighteen bromopyrrole alkaloids inspired in the natural
pseudoceratidine (199) from the marine sponge Tedania

NH 0 q
e A
OH
O OH
HO

OH OH

(127) Alternamine A

(128) Alternamine B

(131) Solamargine

(136) Monalidine A

(135) Mayteine
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(137) Quinidine + Litocholic acid free R=OH
(138) Quinidine + Litocholic acid peracetylated R=OCHj;

(143) Cinchonidine + Litocholic non-acetylated R=OH
(144) Cinchonidine + Litocholic peracetylated R=OCHj;

Fig. 12 Structure of compounds 137-144

brasiliensis [66] were explored against epimastigotes 7. cruzi
(Y strain). Pseudoceratidine was synthetized (72% yield) in
order to obtain enough amount for derivatization. Table 1
shows modifications regarding different alkyl chain length
(199 and 201) or groups (202-204) in the linker between
two pyrrole moieties. Compound 200 was the only compound
of'the series that showed activity against 7. cruzi parasites (7.0

Fig. 13 Structure of compounds
186-198

(139) Cinchonine + Chenodeoxycholic acid free R=OH
(140) Cinchonine + Chenodeoxycholic acid peracetylated R=OCHj;

(142) Cinchonidine + Chenodeoxycholic peracetylated

+ 1.0 um) with a CCsq value of 52 £ 3 uM obtained against
peritoneal murine macrophages. The introduction of a sulfur
atom into the chain (204) displayed moderate trypanosomal
activity (ICso = 24 + 4.0 um). Additional variations were
introduced into the pyrrole moiety and several derivatives
were synthetized (205-216) (see Table 2); however, none of
compounds displayed activity against 7. cruzi parasites.

N~—nH

SORRE S

(186 - 198) 1,2,4-triazole-2-thiones

(186) R = Methyl
(187) R = Ethyl

(188) R = Isopropyl
(189) R = n-Butyl
(190) R = n- Hexyl
(191) R = Cyclohexyl

(193) R = Benzyl

(194) R = 3,4,5-Trimethoxyphenyl
(195) R = tert-Butyl

(196) R = 4-(Methylthio)phenyl
(197) R = 3-Methoxyphenyl

(198) R = 4-(Trifluoromethyl)phenyl

(192) R = Phenyl
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Table 1 Structure of compounds 199204
Main structure
Br Br
Br / \ H H | \ Br
O 0]
Compound
CHs
AN~
199
/\ﬁ;\
(200)n=1
200 -201 (201)n=4
H
AN~ NT
H
202
P Ua N Ua Va
N
H
203
PN
204
Conclusion represented more than 50% of the total, followed by indolic

Alkaloids are an interesting group of natural compounds with
great structural diversity. Over the last 10 years, 132 natural
alkaloids were evaluated against 7. cruzi. Most of these
(85.6%) were isolated from trees or plants, which is not sur-
prising, considering that this material is more easily collected.
Although microorganisms are great producers of these sec-
ondary metabolites, only two reports met the scope of this
review. When analyzing the frequency of a specific type of
structure, it was noticed that quinolines or isoquinolines
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alkaloids (20.45%). Of the total, 39 structures (29.5%)
showed ICs, below 10 uM against at least one parasite stage,
and were considered active. Again, the activity appears to be
bounded to quinolinic- or isoquinolic-type alkaloids. Mostly,
sub-micromolar ICs, values were reported for quinolinones
such as waltheriones and naphthylisoquinolines from
Ancistrocladus. Among the active compounds, 13 substances
(33.3%) displayed very good selectivity (SI > 30), at least for
one cell line. Special attention is drawn to two compounds: 4'-
O-demethylancistrocladinium A (53) and antidesmone (71),
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Table 2  Structure of compounds 205-216
Main structure
KK )i
\ﬂ/ ~ \/\/\” R
O
Compound R R1-R2
03
N
205 H
Br
T
N
206 H
Cl
PaN
Cl N
207 H
3
F™ N
208 H
I:\:’1
D
N (209) R;=CH
209-210 H (210) R;=N
iy
R4 S (211) R, =Br
211-212 (212) R; =CH3
_ ]
R, \N (213) R; =Br
213-214 (214) R; = CH3
R
R ﬂ (215) R, =R, =Br
215-216 1 O (216) R; =CH3, R, =H

both with ICsq values in the nanomolar range and CCs, values
above 30 uM. These are good candidates to explore antipar-
asitic activity against all stages of different DTUs of
Trypanosoma cruzi and its toxicity against an extended panel

of cell lines. Among the 80 semi-synthetic molecules ana-
lyzed, cyclic structures whit N as heteroatom and bonded to
quinolone ring might confer better performance against
T. cruzi parasite forms. Moreover, alkaloids bearing cyclic
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structures linked to a bile acid have increased membrane per-
meability (139-140) and showed potent activity against
T. cruzi amastigote forms that guarantees further investiga-
tions. Novel and safer treatments for Chagas disease are need-
ed and natural products will still play an important role in the
development of a new generation of antichagasic drugs.
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