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Abstract: Neglected tropical diseases (NTDs) are a significant global health problem. Additionally,
anti-protozoan treatments are toxic, and their therapeutic regimens require prolonged treatment times
and high concentrations of the drugs. Additionally, multi-resistant protozoan strains represent an
important global emergency that must be addressed. For these reasons, global efforts are being made
to identify new drug candidates that are capable of combating these kinds of diseases. This systematic
review shows that 5-nitroimidazole derivatives have been successfully used against neglected tropical
protozoan diseases (NTPDs), with a specific focus on three diseases: malaria, leishmaniasis, and
human trypanosomiasis. Some nitroimidazole derivatives have been repurposed, and an important
group of new drugs is available for the treatment of NTPDs. Finally, we address 5-nitroimidazoles
using chemoinformatics and medicinal chemistry tools to describe the most recent and promising
5-nitroimidazole derivatives associated with anti-protozoal activity using their published in vitro and
in vivo data. We show that 5-nitroimidazoles offer a broader spectrum of activity against a variety
of protozoal pathogens. More importantly, these compounds demonstrate a significantly reduced
systemic toxicity compared to other nitroimidazoles. This makes them a more favorable option in the
treatment of protozoal infections, particularly in scenarios where the patient’s tolerance to drug side
effects is a critical concern.

Keywords: anti-protozoan treatments; 5-nitroimidazole; neglected diseases; Leishmania; Trypanosoma;
Plasmodium

1. Introduction

5-Nitroimidazole (5-NI) derivatives are prodrugs which contain an imidazole ring
with a nitro group that is linked to the carbon in the fifth position in their chemical structure.
The mechanism of action of 5-NI derivatives can be explained in two steps: Firstly, they
undergo reduction and activation through low-redox-potential reactions, mediated by
proteins that are present in the target protozoans (e.g., ferredoxin, nitroreductases, or
thioredoxin reductases). Secondly, several reactive species derived from 5-NI, including
reactive nitrogen species and hydroxylamine intermediates, interact with cellular proteins
and result in different endpoints that promote parasite death. Namely, the oxidated reactive
species generate DNA damage and covalent adducts with structural proteins [1]. During
5-NI derivatives” anaerobic nitroreduction, reactive metabolites are generated that bind
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to DNA, proteins, and lipids, constituting the key step in the chemotherapeutic action
(Figure 1).
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Figure 1. Mechanisms of action of 5-NI and cytotoxic effects generated by the nitro group mediated
by reactive species [Created with BioRender.com accessed on 18 December 2023].

Different anti-protozoan compounds contain nitro scaffolds that cause side effects in
patients, (e.g., inducing the development of cancer). In contrast, 5-nitroimidazole scaffold
derivatives exhibit antiparasitic activity without these side effects and offer new clinical
opportunities to develop safe anti-protozoan agents [2].

These pharmacological molecules have been widely used as anti-protozoal agents, par-
ticularly against the Trypanosomatidae and Plasmodiidae families among many others, which
use vectors for transmission and occur in tropical regions, particularly in economically
disadvantaged regions. They belong to the group of 20 neglected tropical diseases (NTDs)
which, according to WHO, affect more than one billion people in 149 nations located in
tropical and subtropical regions [3].

In this systematic review, we focus on the main NTDs caused by protozoa that have
been recorded with the highest number of deaths: malaria, caused by several species of
Plasmodium; leishmaniasis, which is caused by various species of Leishmania; and American
trypanosomiasis, which is caused by Trypanosoma cruzi.
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2. Materials and Methods

A systematic electronic search was carried out following the guidelines of the “Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses” (PRISMA) using var-
ious databases [4]. A pre-specified study protocol was registered on the PROSPERO
platform (CRD42024497822). The last query on all databases was performed on 30 Septem-
ber 2023. The search strategy is set out below and can be found in Figure 2 and Table S1
(see Supplementary Materials).

~ Systematic Review

N= 388,760
n= 382 563 EBSCO Full-text articles excluded
[ Identification ]—> n= 4180 Google Scholar n=388,632
n=2007 Pubmed . )
n= 6 SciELO Articles removed for not being <5 years
n= 4 Redalyc . n=385,1 87‘
Articles removed for not being open access
n=685
Exclusi iteri Articles removed for not top 10 pages in
[ Screening ]—> XC us,l_oggcon ena —_— orden of relevance
n= n=1998
T Title and abstract Articles removed based on title and content of
[ Eligibility }—0 screening _ abstract
n=156 n=734
Articles removed for being duplicated
n=28
Duplicates Full-text articles
———  assessed for eligibility
removed =128
Studies included in
Included ]—» qualitative synthesis
n=53

Figure 2. Studies included in the results of this study according to the PRISMA guidelines [4].

1. Identification of Keywords and Related Terms: Keywords and terms that were
relevant to the research focus were systematically identified. Specifically, a deliberate
inquiry was conducted targeting the three primary neglected tropical protozoan diseases
that exhibit the most substantial global mortality rates, along with pharmaceutical com-
pounds derived from 5-NI. The following search terms were utilized: “5-Nitroimidazoles

VZa7i s

Derivatives”, “nitroimidazole”, “Host-Target Therapies”, “treatments”, “Chagas Disease”,

“Trypanosoma cruzi”, ” American trypanosomiasis”, “Malaria”, “Plasmodium”, “Leishmania-

sis”, and “Leishmania”.

2. Employment of Boolean Operators (AND, OR, NOT) in Keyword Combinations:
Boolean operators, including AND, OR, and NOT, were used to combine keywords and
related terms to generate more specific and focused search inquiries.

3. Exploration of Scientific and Bibliographic Databases: Exhaustive explorations were
undertaken in relevant scientific and bibliographic databases, such as PubMed, Google
Scholar, EBSCO, Redalyc, and SciELO. Advanced search filters were applied, including date
ranges (covering the period from 2018 to 2023), document types (clinical and experimental
studies, as well as review articles, research, book chapters, and meta-analyses), specific
domains of research (covering medicine, biology, and biochemistry), and accessibility
options (open access), to fine-tune search outcomes and procure studies of greater relevance.

4. Assessment and Selection of Research Studies: A methodical evaluation was
executed, involving scrutiny of the titles and abstracts of the identified studies to determine
their conformity with the predetermined inclusion and exclusion criteria. The inclusion
criteria included studies delineating the development and use of pharmaceutical agents
derived from 5-NI, posited as prospective interventions within the sphere of neglected
tropical diseases of paramount public health importance due to their high morbidity
and mortality profiles. The scope of the incorporated research ranged from pre-clinical
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investigations to clinical trials. Conversely, the exclusion criteria included studies that
diverged from the scope of the research, those characterized by methodological deficiencies,
or cases of study duplication. The studies initially appearing relevant based on their title
and abstract were subsequently subjected to extensive review to confirm their pertinence.

5. Documentation of the Search Process: An exhaustive and meticulous record of
the search process was maintained. This comprehensive record encompassed particulars
regarding the databases employed, the intricacies of the search queries, the dates of the
search execution, the number of outcomes, and the ultimately chosen studies. This archival
documentation serves a dual purpose, elucidating the search methodology employed
within narrative reviews and facilitating the replication and refinement of the search efforts.

3. Results
3.1. 5-Nitroimidazole Derivatives with Antimalarial Activity

Malaria is a serious disease that results from infections by protozoa of the genus
Plasmodium, which are transmitted through the bite of female mosquitoes belonging to the
genus Anopheles. In the case of humans, six species of Plasmodium can cause the disease:
P. falciparum, P. vivax, P. malariae, P. ovale wallikeri, P. ovale curtisi, and P. knowlesi [5]. With
P. falciparum and P. vivax causing the majority of cases and deaths, they affect more than
200 million people globally and cause half a million deaths annually. Recent estimates
indicate that approximately 50% of the world’s population faces a risk of contracting
malaria [6].

In addition to the above, maternal malaria is responsible for the death of 200,000 children
each year, which represented a loss of 56 million years by Disability-Adjusted Life Years
(DALYs) in 2015 alone [7,8]. On the other hand, the clinical signs and symptoms of malaria
could range from mild to chronic depending on the progression of the disease, including
organ failure, blood abnormalities, cerebral malaria, and death [9].

Due to the high population-level risk that malaria represents, strategies have been
developed that range from the control of mosquito vectors to vaccines for its prevention.
However, due to the complexity of the parasitic life cycle and its species diversity, these
strategies have had ineffective results. Therefore, drug therapies remain the best alternative
to deal with this disease [10].

Currently, drugs used as malaria treatment are divided into four categories (Figure 3):
quinolines or aminoquinolines (e.g., chloroquine and primaquine); antifolates (e.g., sulfa-
doxine and pyrimethamine); artemisinin derivatives; and macrocycles, such as tetracycline
and doxycycline [11]. However, although there are different types of drugs and novel
poly-drug therapies, a growing concern is the emergence of drug-resistant Plasmodium
strains [10,12].

A representative example of this is the mutation in the Pfcrt gene, associated with
the chloroquine (CQ) resistance in P. falciparum, which caused a two-to-three-fold in-
crease in malaria-related deaths during the 1980s. To combat CQ resistance, sulfadox-
ine/pyrimethamine (SP) became the first choice for an antimalarial drug. However, in
the early 2000s, the parasite developed resistance to SP. In recent years, history has been
repeated, as artemisinin combination therapy regimens were adopted, and now, we have
observed poly-drug resistance in Southeast Asia (associated with the Kelch 13 protein
mutation) [13].

Currently, the emergence of resistant malaria strains creates an urgent need to develop
new antimalarial drugs, especially against P. falciparum and P. vivax. Interestingly, a viable
alternative is to develop novel 5-NI derivatives, which have demonstrated great potential
in in vivo and in vitro models [14].
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Figure 3. Categories of drugs used as antimalarial treatments.

3.1.1. Quinoline-Based 5-Nitroimidazole Derivatives

One of the current strategies to combat resistant malaria strains is the generation of
quinoline-based nitroimidazoles targeted explicitly at pyrimethamine-resistant P. falciparum
(strain K1). Tukulula et al. were pioneers in this field, initially generating 10 compounds
from 4-nitroimidazole hybridized with aminoquinolines (like primaquine and chloro-
quine) [15,16].

Subsequently, a second generation of nitroimidazoles was developed (Figure 4), with
the nitro group at position 5 (5-NI). Their ICs( values ranged from 0.094 uM to 11.063 uM,
which were lower than those of the controls (CQ = 0.213 uM; PQ = 0.643 uM) [6,16].
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Figure 4. Methylnitroimidazole-chloroquinoline: 2[{2-[(7-Chloroquinolin-4-yl)amino]ethyl}-
(methyl)amino]ethyl [2-(2-methyl-5-nitroimidazole-1-yl (1a), 2[{3-[(7-Chloroquinolin-4-yl)amino]propyl}-
(methyl)amino]ethyl[2-(2-methyl-5-nitroimidazole-1-yl (1b); and methylnitroimidazole-primaquine:
(7-Chloroquinolon-4-yl)-[2-(2-methyl-5-nitroimidazol-1-yl)-ethyl]-amine (2a), (7-Chloroquinolon-4-yl)-
[3-(2-methyl-5-nitroimidazol-1-yl)-propyl]-amine (2b) with anti-Plasmodium activity [16].
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3.1.2. 5-Nitroimidazole-2-carbaldehyde Derivatives

In 2021, Navidpour et al. synthesized 16 derivatives from 3-(2H)-benzofuranone,
1-indadone, and 1,3-indanedione, which were hybridized with a 1-methyl-5-nitroimidazole-
2-carbaldehyde scaffold (3a—n, 4, and 5) (Figure 5 and Table 1) [11].

Figure 5. Hybridized compounds with 5-nitroimidazole-2-carbaldehyde scaffold (3a-n, 4, and 5)
with anti-pyrimethamine-resistant Plasmodium falciparum activity [11].

Table 1. ICsy values of derivatives of 5-nitroimidazole-2-carbaldehyde derivatives against
chloroquine- and pyrimethamine-resistant strains of P. falciparum [11].

ICs5p (uM) against P. falciparum

Compound R
Strain 3D7 Strain K1

3a H >57.37 1.26 +0.85

3b 5-Cl >65.43 >65.43

3c 5-Br >57.12 >57.12

3d 5-CHj >70.11 1.07 + 0.99

3e 5-OCHj3 >66.39 >66.39

3f 5-1 >50.36 0.23 +0.19

3g 5-NO, 8.57 +3.73 7.33 + 6.45

3h 6-Cl 5.19 +3.24 <6.54 x 10~*

3i 6-OH 24.40 +20.99 >69.63

3j 7-Cl 25.26 +3.11 5.56 x 1073 + 5.00 x 1073
3k 7-CHj3 23.47 + 4.01 6.31 x 1073 +3.34 x 1073
3l 7-OCHj3 3222 + 6.96 31.03 +7.29
3m 6,7-(OCH3), >60.38 >60.38

3n 4,6-(OH), >65.96 29.10 4+ 7.94

4 - >74.29 >74.29

5 - >70.61 >70.61
CcQ 313 x 107+ 176 x 107® 2,06 x 107* 4+ 1.95 x 10~*

CQ: choroquine.

Their work determined the ICsg values for each compound against CQ-resistant (3D7)
and pyrimethamine-resistant (K1) P. falciparum strains (Table 1). These results demonstrate
the high potential of 5-NI derivatives against pyrimethamine-resistant strains (ICsg values
from <0.654 to 6.31 nM) in contrast with CQ treatment (ICsy = 206.3 nM). However, with
respect to strain 3D7, all compounds were less active than CQ [11].

3.1.3. Bicyclic Nitroimidazole Drugs: Nitroimidazopyridazines

Bicyclic compounds such as nitroimidazopyridazines, particularly those within a 5-
nitro group in the imidazole ring, have attracted interest for the treatment of a wide variety
of anaerobic and semi-aerobic parasites like Plasmodium. For example, Zheng et al. synthe-
sized and tested 19 nitroimidazopyridazine derivatives (6 to 24) (Figure 6) against P. falci-
parum. However, none of the compounds presented better activity than CQ (Table 2) [17].
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Figure 6. Nitroimidazopyridazine derivatives (6-24) with anti-Plasmodium falciparum activity.

Table 2. Nitroimidazopyridazine derivatives with activity against P. falciparum.

Compound R Y NR;R3 ICsp (uM) P. falciparum
6 MeO \ - 6.30 & 0.40
O
1
| .
7 Cyclopentyloxy @ - 3.00 + 1.90
1
ON P 1 -
8 \(jA @ - 1.60 4 0.70
- B 1
7 O/ 1 -
9 \©/\ @ - 0.70 + 0.50
- 1
NN o” S -
10 | @ - 2.10 + 0.80
>
1
o0~ 1 .
11 ©:\ @ - 1.10 4 0.50
3/
P 1
A o~ 1 .
12 || @ - 2.30 = 1.40
=
1
13 MeO H/f%" - 33.80 -+ 37.00
1
14 cl H/f%" - 7.20 + 0.40
\N/’
15 - - | >64.00
N/’
16 - - O >64.00




Future Pharmacol. 2024, 4

229

Table 2. Cont.

Compound R Y NR>R3; IC50 (uM) P. falciparum
N/’
17 - - >64.00
(\N/’
18 - - /N\) >64.00
19 - - CI\/O >64.00
20 _ - ©/© >64.00
21 - - ©/\\) >64.00
22 ; ; ©\/© 23.40 + 7.20
23 - - QW/O >64.00
24 ; - /@AT/ >64.00
CcQ - - - 0.10 £ 0.03

CQ: choroquine.

Additionally, these compounds exhibited anti-Leishmania infantum and anti-Trypanosoma
cruzi activities, vide infra.

3.1.4. 2-Pyrazoline Spacer Derivatives

Lohidakshan et al., using a computer-aided drug design campaign, identified four
5-NI derivatives based on pyrazoline (25-28; Table 3). These compounds were synthesized
and evaluated using in vitro tests, and their antimalarial activity (using around 50 mg/mL)
was expressed as a percentage of the P. falciparum RKL-2 strain that was killed [18].

3.1.5. Metronidazole-Hybridized Derivatives

In parallel, metronidazole (an antimicrobial agent with a nitroimidazole scaffold) has
been used as a starting point for developing novel anti-malarial agents. In 2023, Beteck et al.
generated molecular hybrids with different Schiff bases, obtaining 21 new compounds (29
to 50) (Figure 7) [19].

These compounds show ICsg values ranging from >20 uM to 0.7 uM (Table 4). The most
potent compounds exhibited a similar activity to that of the control (CQ IC5¢ = 0.05 uM) [19].
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Table 3. Anti-Plasmodium falciparum activity (% dead parasites) of 2-pyrazoline-based 5-nitroimidazole

derivatives.

Compound

Structure % Dead Parasites

25

26

27

28

N
N \E o, 25%
N/\<

N 37%

OH

38%

29%

Note: Compounds tested at 50 mg/mL against P. falciparum RKL-2 strain.

29
o

o

N o5t CH
i-( OH N# SOH
N\ N\)\/O N\ N\/K/O
Q J
N N
N NH, 0Ny,

30-50

Figure 7. Metronidazole-hybridized derivatives with anti-Plasmodium potential.
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Table 4. Activity of metronidazole-hybridized derivatives against chloroquine-susceptible P. falci-
parum strain (3D7) [19].

Compound R ICsp (uM) against P. falciparum Strain 3D7
29 - >20
H
’ N,
30 \( J 0.70
N
31 'Y\NH 20
N§/
32 O 9.60
! /
33 I'—@*\ >20
Br
34 ._@ >20
|
" () 20
NO,
36 ;_C; >20
ON
37 ._@ >20
|
: OH
38 ! ; ) >20
1
39 ' >20
HJ 0—CH,
NO,
40 @ 1.20
OH
a1 : 20
O,
42 >20
Cl
43 >20
e
14 D\ >20
’
SN
45 'D[ 20
HO' C/
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Table 4. Cont.

Compound R ICsp (uM) against P. falciparum Strain 3D7

Cl

46 3.30

47 } ﬁI;/ >20
48 T\O 1.03
=~ ‘.w/
4 A
49 'ﬁ[ > >20

! Br
50 D/ >20
Q
\_

CcQ 0.01
CQ: chloroquine.

3.2. 5-Nitroimidazole Derivatives with Anti-Leishmanial Activity

Leishmaniasis is the second most deadly parasitic infection following malaria and is
induced by several species from the Leishmania genus [20]. Transmission of this disease
occurs through bites from infected female sandflies of the Lutzomyia genus (in America)
and the Phlebotomus genus (in Asia and Europe) [20].

Clinically, leishmaniasis has three forms: cutaneous leishmaniasis (CL), the most
common variant, appears as skin lesions that may become chronic, resulting in tissue
destruction; mucocutaneous leishmaniasis (MCL), which causes partial or total destruction
of the mucous membranes of the nose, mouth, and throat; and visceral leishmaniasis (VL),
characterized by the spread of the parasites to organs such as the liver, spleen, and bone
marrow, presenting a higher mortality rate [21].

It is important to highlight that each clinical manifestation is caused by specific species
depending on their location. For instance, CL is mainly caused by L. major and L. tropica in
the Americas and by L. infantum and L. mexicana in Europe. Meanwhile, VL is caused by
L. donovani and L. infantum in Euro-Asia and Africa and in the Americas, respectively [22].

This disease is endemic in 98 countries, affecting 12 million people. Each year, around
one million new cases are reported. Of these, approximately 50,000 to 90,000 are VL,
and 600,000 to 1 million are various forms of CL and MCL. The annual death toll from
leishmaniasis disease is between 26,000 and 65,000 [23,24]. Additionally, the economic
impact per year has been estimated at 1.4 million Disability-Adjusted Life Years (DALYs),
primarily associated with VL [8].

Currently, drug therapy is the main strategy for treating and preventing this disease.
Four drugs (Figure 8) are commonly utilized either as monotherapy or in combination: Pen-
tostam (a pentavalent antimony compound with a large list of side effects), amphotericin B
(with poor oral bioavailability, limited chemical stability under extreme climatic conditions,
and high cost), miltefosine (considered a second-line drug, has potential teratogenic effects),
and paromomycin (has limited oral bioavailability) [24].
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Figure 8. Representative drugs used as treatments against leishmaniasis.

In addjition to the above, these drugs are ineffective due to the emergence of resistant
strains and the occurrence of unwanted side effects, which may include intestinal complica-
tions, vomiting, diarrhea, arthralgia, myalgia, hepatotoxicity, pancreatitis, nephrotoxicity,
and ototoxicity [25]. All these factors emphasize the need to explore newer compounds
with anti-leishmanial properties.

3.2.1. Fexinidazole Derivatives

Phase I clinical trials for fexinidazole (FXZ) began in 2009. It received FDA approval in
2021 for the treatment of human African trypanosomiasis, and it has generated significant
interest due to its potential [26]. In the context of leishmaniasis, fexinidazole, along with its
sulfoxide and sulfone metabolites (51-53; Figure 9), has been tested in both in vitro and
in vivo models [27].

(@) (@) :
A1

o”|

C

S S
7~ @

H,C H.C H,

Figure 9. Structure of fexinidazole (51), fexinidazole sulfoxide (52), and fexinidazole sulfone (53).

Using in vitro models, both axenic and intracellular promastigotes and amastigote
strains of L. donovani strain (LABOB) were evaluated, and their mean effective concentra-
tions (ECsg values) were determined. Additionally, it was demonstrated that all drugs were
inactive in human MRCS5 fibroblast cells that were isolated from healthy lung tissue, even
at concentrations higher than 50 uM. As for its in vivo efficacy, it was assessed in a murine



Future Pharmacol. 2024, 4

234

model of VL induced by the L. donovani strain LV9 (Table 5). The drug was administered
orally every 24 h for five days. It was concluded that the drug was well tolerated by the
mice and proved to be an extremely effective inhibitor at a dose of 200 mg/kg, suppressing
infection by 98.4% (mean effective dose). All the findings and their comparisons with the
second-line drug, miltefosine, are summarized below [28].

Table 5. In vitro and in vivo evaluation of fexinidazole, fexinidazole sulfoxide, and fexinidazole
sulfone against L. donovani.

ECs (uM) against L. donovani (Strain EDso (uM) against L.

Compound LdBOB) In Vitro donovani (S.tram LV9)
In Vivo
. Axenic Amastigote DEjs DEy
Promastigote Amastigote  (in Macrophages) (mg/kg) (mg/kg)
51 56 +0.2 28+0.1 >50 12 57
52 31+01 45+03 53+0.1 - -
53 48+0.1 1.6+0.1 53£0.2 - -
Miltefosine 6.1+03 44402 33403 4 27

Phase II clinical trials were conducted to assess its effectiveness in patients aged 15 to
60 with visceral leishmaniasis in Sudan. However, while the study has been completed, the
published results are not yet available [27,29].

3.2.2. 2-(1-Methyl-5-nitro-1H-imidazol-2-yl)-1,3,4-thiadiazole Derivatives

Since 2005, the Foroumadi research group has diligently focused on the development
of 5-NI with anti-leishmanial activity. Initially, they synthesized seven compounds (54a—
54g) based on 2-(1-methyl-5-nitro-1H-imidazole-2-yl)-1,3,4-thiadiazoles (Figure 10). These
compounds exhibited inhibitory activity against L. major promastigotes, and their ICsg
values were measured (Table 6) [30].

54a-g

0

Figure 10. 2-(1-methyl-5-nitro-1H-imidazol-2-yl)-1,3,4-thiadiazole scaffold with anti-leishmanial activity.

Hsy

Table 6. ICs5y of compounds based on 2-(1-methyl-5-nitro-1H-imidazol-2-yl)-1,3,4-thiadiazoles with
anti-leishmanial activity.

I.CSO (M) . ICsp (uM) against L. donovani
against L. major
Compound R
Promasticote Axenic Amastigote
& Amastigote (in Macrophages)
54a CH, 0.44 +0.14 0.476 476
54b O 042 £0.11 0.445 -
54c NH 0.19 £ 0.08 3.23 -
54d NCH3 1.38 £ 0.27 - -
54e NPh 1.63 +0.14 - -
54f NCOCH; 1.77 £0.32 - -
54g NCOPh 0.48 £+ 0.09 0.188 0.225

Miltefosina - 0.359 1.84




Future Pharmacol. 2024, 4

235

Subsequently, the compounds were evaluated in axenic and intracellular amastigotes
of L. donovani (Table 6), where compounds 54a, 54b, and 54g were identified as potential
active agents against both amastigotes and promastigotes of Leishmania, with I1Cs, values of
<1 uM [30].

3.2.3. Metronidazole Derivatives

Other research groups have started from metronidazole (55a). For example, in 2020,
Rodriguez and collaborators carried out the synthesis of three series of molecules, start-
ing with the replacement of the primary alcohol with a chlorine atom or a mesyl group
(Figure 11) [31]. Subsequently, it was converted into a hydrochloride salt through a reaction
with thionyl chloride. This salt was then treated with water and Et3N at a pH of 11, resulting
in the synthesis of 2-[2-(2-methyl-5-nitro-1H-imidazole-1-yl)ethylthio]ethanol (56). From
this precursor, 23 new molecules (57a-1, 58a-b, 59a-i) were synthesized (Figure 12) through
coupling reactions with benzoic acids in the presence of N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide (EDCI) and 4-(dimethylamino)pyridine (DMAP) [31].

552 N 55b ssc
S U
o} i \

OH OMs Cl

Figure 11. Metronidazole (55a), mesylated metronidazole (55b), and 1-(2-chloroethyl)-2-methyl-5-
nitroimidazole (55c).
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Figure 12. Metronidazole derivatives with anti-promastigote activity against L. braziliensis and
L. mexicana.

Finally, they evaluated its anti-leishmanial activity by assessing the growth of L.
braziliensis and L. mexicana promastigotes, and they determined the mean lethal concentra-
tion (LCsg) (Table 7).
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Table 7. LC50 of metronidazole derivatives with anti-promastigote activity against L. braziliensis and

L. mexicana [31].

LC5() (mM)
Compound R

L. braziliensis L. mexicana
56 - 0.950 £ 0.032 2.250 £ 0.054
57a 2-OCHj; 0.417 + 0.021 >1
57b 4-OCHj; 0.009 + 0.002 0.215 4 0.034
57¢ 2,3-OCHj; 0.432 £ 0.018 0.734 + 0.032
57d 2,4-OCHj 0.009 + 0.003 0.229 + 0.05
57e 2,5-OCH3 0.032 + 0.024 0.706 + 0.021
57f 2,4,5-OCHj 0.908 £ 0.081 0.632 + 0.355
57g 3,4,5-OCHj3 0.464 + 0.003 0.352 4 0.089
57h 3-NO,—4-OCHj; 0.253 £ 0.031 0.168 4 0.035
57i 3,5-CHj; 0.585 £ 0.015 0.456 + 0.017
57j 4-C(CH3)3 0.129 + 0.017 0.188 4+ 0.016
57k 2-NO,-5-CHj 0.442 4+ 0.012 0.479 £ 0.002
571 4-CF3 0.356 £ 0.003 0.098 4+ 0.005
58a - 0.013 + 0.001 0.011 4 0.002
58b -OH 0.004 £ 0.002 0.001 + 0.001
59a 2,4-OCHj; 0.411 £ 0.042 0.420 + 0.004
59b 2,5-OCHj >1 >1
59¢ 2,4,5-OCHj3 0.981 =+ 0.049 0.037 + 0.004
59d 3,4,5-OCHj3 0.023 £ 0.019 >1
59e¢ 3-NO,—4-OCHj; 0.134 + 0.006 0.343 4+ 0.075
59f 3,5-CHj; 0.120 £ 0.029 0.977 £+ 0.180
59g 4-C(CH3)3 0.664 £ 0.019 0.497 £ 0.011
59h 2-NO,-5-CHj3 0.303 + 0.012 0.904 + 0.045
59i 4-CF3 0.464 £+ 0.076 0.176 + 0.025

Blanco et al. are pursuing a similar research direction, and in 2021, they synthesized
molecules derived from metronidazole (55a). First, they replaced the primary alcohol with a
chlorine atom (55¢). Subsequently, they carried out nucleophilic substitution reactions with
2-mercaptoethanol, 1-methyl-2-mercaptoethanol, and a derivative of 2-thioacetic acid, resulting
in the formation of compounds 60 and 61. Compound 62 was obtained through a coupling
reaction with (S)-methyl 2-amino-4-methylpentanoate (Figure 13) [32].
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Figure 13. Second optimization cycle of metronidazole-based derivatives with anti-leishmanial activity.

Subsequently, they found that compounds 55¢, 60, 61, and 62 reduced the growth of
promastigotes of L. mexicana and L. braziliensis, and they measured the mean inhibitory
concentrations (ICsp) against intracellular amastigotes of both species (Table 8). Among
these molecules, 61 and 62 proved to be the most effective. As a result, an in vivo evaluation
was conducted using mouse models of cutaneous leishmaniasis (CL). This evaluation
showed that both compounds reduced 96% of the lesions and cured 63% of the mice [32].
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Table 8. ICs5y of metronidazole-based derivatives with activity against the amastigotes of L. braziliensis
and L. mexicana.

ICs5p (ug/mL) against Amastigotes

Compound
L. braziliensis L. mexicana
55¢ 75 66
60 47 40
61 26 22
62 21 18

3.2.4. Quinoline-Metronidazole Derivatives

Recent studies have been directed toward quinoline and metronidazole hybrids as a
potential solution for VL. This approach stems from metronidazole’s promising results in
the treatment of experimental leishmaniasis and the activity demonstrated by quinolones in
both LV and LC experiments [33]. For instance, in 2019, Upadhyay and collaborators synthe-
sized thirteen compounds (Figure 14) (63a—m) and assessed their inhibitory activity in vitro
at concentrations of 50 uM and 25 pM on promastigotes and intracellular amastigotes of
L. donovani [34].

63a-g

Figure 14. Quinoline-metronidazole derivatives with anti-leishmanial activity.

While most of the compounds exhibited anti-leishmanial activity, compounds 63b
and 63i demonstrated the highest efficacy against promastigote forms, with ICsy values
of 9.54 uM and 5.42 uM, respectively, and ICsj values against intracellular amastigotes of
9.81 uM and 3.75 uM, respectively (Table 9) [34].

Subsequently, both compounds underwent in vivo evaluation in a murine model of
VL caused by L. donovani. They were administered for 5 days, and compound 63i showed
superior efficacy in the liver and spleen at doses of 25 mg/kg and 50 mg/kg/day (Table 10).
However, in both trials, they were unable to surpass the effects achieved by miltefosine [34].

Finally, according to their main results, Upadhyay et al. suggest that compound 63i
promotes oxidative stress, leading to a bioenergetic collapse and parasite apoptosis. They
observed a reduction in the ATP production level, followed by a potential disruption of the
mitochondrial membrane. Namely, the enhanced generation of ROS and NO from 5-NI
contributes to the augmentation of metronidazole’s effectiveness [34].
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Table 9. In vitro inhibitory activity of quinoline-metronidazole derivatives again L. donovani.
% Inhibition of L. donovani In Vitro
Compound Ry R, Promastigotes Amastigotes
25 uM 50 uM 25 uM 50 uM

55a 41.3 £ 3.8 622+ 52 312+ 35 68.1 5.8
63a H Ph 43.0 £ 5.9 63.0+72 31.2+£5.0 664+ 75
63b H CHj 77.8 £ 8.2 947 + 2.1 752+79 93.2 + 3.8
63¢c 6-Cl Ph 41.2 +£6.0 582 +7.1 38.2 + 6.1 59.2 +99
63d 6-Br Ph 30.2+4.1 60.8 + 8.8 295+ 6.3 653 +72
63e 6-NO, Ph NSI NSI NSI 104 £2.0
63f 7,8-diCl Ph 123 +4.6 26.0 £ 3.9 NSI NSI
63g 7-F,8-Cl Ph NSI NSI NsSI 12.1 £33
63h H Ph 782 +9.1 932+ 4.4 453+ 5.2 67.7 £ 8.2
63i H CHj 85.8 + 6.4 944 +1.2 832+73 93.8 £ 25
63j 6-Cl Ph 453 +£5.0 65.8 7.2 342 +52 644 +70
63k 6-Br Ph 41.3+5.2 639 +73 33.8 +4.8 603 +72
631 7,8-diCL Ph 382+ 5.1 61.7 7.7 12.1 £ 3.0 272+ 45
63m 7-F,8-Cl Ph 344 +5.1 59.1+64 234 +43 63.6 72
Ql 424+ 3.1 80.2 +52 64.5 + 3.8 83.6 43
Ms 972+ 0.7 995+ 0.2 98.3 £ 0.7 99.2 +£0.3

NSI: no significant inhibition; Ql: quinoline; Ms: mitelfosine.

Table 10. In vivo inhibitory activity of quinoline-metronidazole derivatives in a murine model of

visceral leishmaniasis generated by L. donovani infection.

% Inhibition of L. donovani In Vivo

Compound R; R, Liver Spleen
25 mg/kg 50 mg/kg 25 mg/kg 50 mg/kg
55a - - NSI 40.8 NSI 36.6
63b H CHj; NSI >50 NSI >50
63i H CHj3 >62 >80.3 >62 >82.3
Ql NSI 58.2 NSI 55.2
Ms >98 Ud >98 Ud

NSI: no significant inhibition; Ql: quinoline; Ms: mitelfosine.

3.2.5. Nitroimidazolyl-Benzofuranone Hybrids

Another field of interest involves hybrids of nitroimidazolyl and benzofuranone, which
are antimicrobial agents. These agents function by altering DNA through the formation
of active radical anions and inhibiting chorismate synthase, which is essential for the
synthesis of aromatic amino acids [35]. These properties make these compounds promising
candidates for the development of new hybrids aimed at treating leishmaniasis. In this
context, Navidpour et al. synthesized 16 new molecules (64a—o, 65) (Figure 15) [35].

64 a-o

65

O

Figure 15. Nitroimidazolyl-benzofuranone hybrids with anti-leishmanial activity.
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Initially, they tested the compounds against L. major promastigotes and measured
their ICs5) values. Subsequently, the most effective ones (with ICsy values of <20 uM) were
evaluated against L. donovani amastigotes (Table 11).

Table 11. Nitroimidazolyl-benzofuranone hybrids with anti-leishmanial activity [35].

ICs5p (LM) Infection Rate IC5q (uM)
Compound Rq L. major L. donovani Axenic L. donovani Intracellular
Promastigotes Amastigotes Amastigotes
64a H 129 +1.10 0.063 + 0.007 >4.06
64b 5-Cl 63.33 £0.50 - -
64c 5-Br 46.20 £+ 0.53 - -
64d 5-CH3 11.86 + 0.04 0.284 £ 0.017 >11.58
64e 5-OCH3 744 £0.10 0.435 £ 0.269 >10.96
64f 5-1 66.33 £ 0.92 - -
64g 5-NO, 42.79 £ 0.57 - -
64h 6-Cl 21.13 £0.28 - -
64i 6-CHj3 53.68 £ 0.18 - -
64j 6-OCH3 39.51 £ 0.01 - -
64k 6-OH 66.0 £1.10 - -
641 7-Cl 26.94 £1.22 - -
64m 7-CHj3 30.00 £0.35 - -
64n 7-OCH3 1.18 +0.90 0.016 £ 0.002 >3.65
640 6,7-(OCHj3); 38.95+0.23 - -
65 H 84.48 £ 0.04 - -

Bicyclic Nitroimidazole Drugs: 3-Nitroimidazo[1,2-a]Pyridine Derivatives

Among the first bicyclic compounds that were synthesized for the treatment of leish-
maniasis, derivatives of 3-nitroimidazopyridines have emerged. The first use of this 5-NI
derivative was reported in 2013 by the Castera-Ducros group, who synthesized 25 (66a-y)
compounds and tested their anti-promastigote activity against L. donovani (Figure 16).
The ICsg values obtained for this series of compounds, and the drugs miltefosine and
amphotericin B, are presented in Table 12 [36].

66a-y
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Figure 16. 3-Nitroimidazopyridine scaffold with anti-leishmanial activity.

It was found that compound 66y had an ICsj of 1.8 uM (£0.8), which is lower than
the IC5( of miltefosine (3.1 &£ 0.06), the second-line treatment. Encouraged by these results,
they tested the compound’s activity in the amastigote phase, where it achieved an ICsg
of 5.5 (£0.2), surpassing the value obtained by the reference drug miltefosine (ICsg of 6.8
(£0.3)). Subsequently, they decided to assess its activity in promastigotes of another species,
L. infantum, where it obtained an ICsg of 3.3 (£0.7). In contrast, miltefosine had an ICs( of
11.6 (£0.4) [36].
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Table 12. 3-Nitroimidazopyridine derivatives with anti-leishmanial activity [36].

ICs (HM)
Compound Ry R: R; L. donovani
Promastigotes
66a -H -H -H >50
66b -H -H -CH3 >50
66¢ -H -H Cl-CH;- 15.1 (£1.2)
66d -H -H C6H5-SOz-CH2- >50
66e -1 -H CeH5-SO,-CH,- 12.6 (£0.8)
66f -1 -H 4-CHj3-CHy-SO,-CH;- 39.2 (+£0.4)
66g -1 -H 4-Cl-C¢H4-S0O,-CH;- 29.1 (£1.0)
66h -Cl -H CsH5-S0,-CHz- 18.2 (+£0.6)
661 -Cl -H 4-CH3-C6H4-SOZ-CH2- >50
66j -Cl -H 4-Cl-C¢H4-SO,-CH,- 23.0 (+0.8)
66k -Br -H CI-CH;- 9.6 (£0.8)
661 -Br -H CsH5-50,-CHz- 14.0 (£0.8)
66m -Br -H 4-CHj3-CHy-SO,-CH; 44.1 (£2.8)
66n -Br -H 4-Cl-C¢H4-SO,-CH,- 45.4 (£3.6)
660 -Br -H 4-Br-C¢H4-SO,-CH,- 243 (£1.1)
66p -Br -H 4-1-C¢Hy-SO,-CH,- >50
66q -Br -H 4-F-C¢H4-SO,-CH;- >50
661 -Br -H 4-CF3-C¢H4-SO,-CH;- >50
66s -Br -H 4-OCH3-CgHy-SO,-CH;- >50
66t -Br -H CH3-S0,-CH;- >50
66u -Br -H 4-C¢Hs5-CoHy-502-CH;- >50
66V -Br -H C¢Hs-S-CH,- >50
66w 2-CH3-C6H4- -H C6H5-SOz-CH2- >50
66x 3,4,5-tri-OCH;3-CgH;- -H C¢H;5-SO,-CH;- >50
66y -Br -Br CeH5-50,-CHz- 1.8 (£0.8)
Miltefosine 3.1 (£0.06)
Amphotericin B 0.06 (£0.02)

Subsequently, Fersing et al. optimized compound 66y and obtained 21 new com-
pounds. When evaluating their anti-leishmanial activity, only 13 compounds exhibited
activity (67a—m) (Figure 17) [37].

66y 67a—-m
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Figure 17. First optimization cycle of 3-nitroimidazopyridine derivatives with anti-leishmanial
activity [37].

They determined the ICs( values of compounds 67a-m against axenic amastigotes of
L. infantum, surpassing the results obtained by Castera-Durcos, even for compound 66y,
but not for compound 67g (Table 13) [37].

Finally, they evaluated compounds 67f and 67m against forms of L. donovani and L.
infantum; their anti-leishmanial activity is shown in Table 14 [37].

To investigate the antiparasitic mechanism of action of these new nitrated molecules,
they evaluated whether they could be substrates for kinetoplastid nitroreductases. This was
tested by comparing the ICs) values measured against wild-type parasite strains with those
measured against recombinant parasite strains overexpressing a nitroreductase (NTR1 or
NTR2). They concluded that the aryl moiety addition in 66y improved the activity of all
derivatives (67a—67m), which can be metabolized by type 1 nitroreductases (NTR1) [37].
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Table 13. First optimization cycle of 3-nitroimidazopyridine derivatives with anti-leishmanial activity [37].

LC50 (mM)
Compound R
L. infantum Axenic Amastigotes
66y - 44+08
67a Ph- 1.6 £0.6
67b 4-((CyHs),N)-Ph- 25+05
67c 4-CHO-Ph- 3.8+03
67d 4-OH-Ph- 3.0+£08
67e 4-CH,OH-Ph- 1.5+04
67f 3-CH,OH-Ph- 14402
67g 2-CH,OH-Ph- >10
67h 4-F-Ph- 1.3+£02
67i 3-F-Ph- 17405
67j 3-CF3-Ph- 1.1+£03
67k 2-CF3-Ph- 1.6 +04
671 Pyridin-3-yl- 20+06
67m Pyridin-4-yl- 3.0+£08
Miltefosine 0.08 = 0.02
Amphotericin B 0.06 £ 0.001

Table 14. Extended in vitro evaluation of best candidates selected from the first optimization cycle of
3-nitroimidazopyridine derivatives with anti-leishmanial activity.

IC50 (uM)
Compound L. donovani L. infantum L. infantum
Promasticotes Axenic Intramacrophage
8 Amastigotes Amastigotes
66y
Br
e
1.8+0.8 4.4 £+ 0.08 55+02
P,
Br
/o
[¢]
67f
HO'
P SO@ 13402 14+02 >10
I
Cl
/=0
o
67m
N
| X
>
= N so@ 12+04 3.0£08 23+06
=
Qo
Cl
/o
o
Miltefosine 31+02 0.8+02 43+17

Amphotericin B 0.07 £0.01 0.06 £ 0.001 0.4 £0.01
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In 2019, Fersing et al. synthesized new compounds containing a phenylthio or ben-
zylthio residue in position 8 of the scaffold. Initially, they created a series of 26 com-
pounds, but they could only evaluate the anti-leishmanial activity in 22 (68a—v) molecules
(Figure 18) [38].
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Figure 18. Second optimization cycle of 3-nitroimidazopyridine scaffold with anti-leishmanial activity.

First, they determined the ICsy values (uM) against promastigotes of L. donovani
(Table 15). Among these compounds, compounds 68b and 68e stood out not only for their
inhibitory capacity but also for their low cytotoxicity.

Table 15. Second optimization cycle of 3-nitroimidazopyridine derivatives with anti-leishmanial
activity [38].

ICs¢ (uM)
Compound Ry
Promastigotes of L. donovani

68a C¢Hs- 1.7 +0.1
68b 4-Br-CgHy- 1.0£03
68¢c 2-Cl-CgHy- 14+03
68d 3-Cl-C¢Hy- 0.7 £0.1
68e 4-Cl-CgHy- 1.0£03

68f 2-F-C¢Hy 1.2+03
68g 3-F-C¢Hy- 1.2+0.2
68h 4-F-C¢Hy- 1.2+03

68i 2-CH30-CgHy- 23+0.2

68j 3-CH30-CgHy- 23+04
68k 4-CH30-CgHy- 1.5+03

681 2-CF3-CgHy- 1.5+03
68m 3-CF3-CgHy- 1.3+£02
68n 4-CF3—C6H4- 21+03
680 2-CHj3-CgHy- 1.7+0.3
68p 3-CHj3-CgHy- 14+02
68(1 4-CH3—C6H4- 14+0.2
68r 4-iprop-CgHy- 1.6 £0.1

68s 4-(CH,COOH)-Cg¢Hy- 65.6 +1.3
68t 2,3-di-Cl-C¢Hj3- 20+0.1
68u 2,4-di-Cl-C¢Hj3- 1.7 +0.1
68v 2,5-di-Cl-C¢Hj3- 1.3+0.1
Miltefosine 31+£02
Pentamine 6.0+ 0.8

Amphotericin B 0.07 +£0.01

The best candidates were tested against the intracellular form of L. donovani, pro-
mastigotes and amastigote of L. major, and axenic amastigotes of L. infantum (Table 16).
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Table 16. Extended in vitro evaluation of the best candidates selected from the second optimization
cycle of 3-nitroimidazopyridine derivatives with anti-leishmanial activity.

ICs (HM)
L. Donovan . . . L. major
Compound L. infantum Axenic L. major
Intramacrophage A . 4 Intramacrophage
A tigot mastigotes Promastigotes Amastigot
mastigotes mastigotes

68b 35+03 9.0+ 14 1.34+02 5
68e 13+0.1 17+£03 1.34+0.2 21+0.1

Miltefosine 43+17 0.06 £ 0.001 - -
Amphotericin B 0.4 +£0.01 0.8+0.2 0.6 +0.08 0.2 £0.07

These results showed that the second optimization cycle increased the activity of the
most active compound (68e) (Figure 19).
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Figure 19. Third optimization cycle of 3-nitroimidazopyridine derivatives with anti-leishmanial activity.

The optimized molecules (69a and 69b) showed an IC5p of 1.3 £ 0.3 pM against
promastigotes of L. donovani, while for axenic amastigotes of L. infantum, it was 1.6 &+ 0.4 pM
for 69a and 3.7 = 0.5 uM for 69b. This result suggests that the SO and SO, groups improve
the species selectivity, guided by the type 1 nitroreductase enzyme (NTR1) inhibition of L.
donovani. Finally, these structures showed negative Ame’s test results (i.e., low mutagenic
effects in human cells) and non-genetic damage (tested by comet assay), making them
promising candidates for future research in more complex biological models [38].

Finally, in 2020, Fersing et al. reported a new series of 11 compounds (70a-k) in
which they introduced a hydroxyalkynyl group at position 8 of the 3-nitroimidazo[1,2-
a]pyridine scaffold with the aim of ensuring anti-leishmanial activity and microsomal
stability (Figure 20) [39].
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Figure 20. Fourth optimization cycle of 3-nitroimidazopyridine scaffold with anti-leishmanial activity.

The in vitro ICs( values reported for promastigotes of L. donovani are shown in Table 17.
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Table 17. Fourth optimization cycle of 3-nitroimidazopyridine derivatives with anti-leishmanial
activity [39].

IC50 (mM)
Compound R )

L. infantum Axenic Amastigotes
70a : 1.3+0.1
70b o 1.6 +£0.1
70c o 1.0+£0.2

Ecm :
70d oH 39+01
70e E_FOH 74 +05
70f oH 47+02
CH,
70g oH 3.0+04
=
CH,
70h 1.6 £0.7
3_H(>_\CH3
70i 1.7+£0.2
78
70j 1.0+04
A
70k %_/70H >62.5
Miltefosine 31£02
Amphotericin B 0.07 £ 0.01

Bicyclic Nitroimidazole Drugs: Nitroimidazopyridazines

Zheng et al. evaluated a series of bicyclic nitroimidazopyridazine compounds (6-24,
see in Figure 5) against L. infantum; the results are shown in Table 18 [17].

3.3. 5-Nitroimidazole Derivatives against American Trypanosomiasis

American trypanosomiasis, also known as Chagas disease (CD), is caused by the
protozoan parasite Trypanosoma cruzi, which is mainly transmitted through the feces or
urine of triatomine bugs (vector transmission) [40].

However, the parasite can also be transmitted congenitally, through blood transfu-
sions, organ transplants, or by consuming contaminated foods. Although it is endemic in
21 Latin American countries, its reach has surpassed the borders of this continent due to
globalization and migration, extending to non-endemic areas in America, Europe, Asia,
and Oceania [41].



Future Pharmacol. 2024, 4

245

Table 18. Nitroimidazopyridazine derivatives with activity against L. infantum [17].

Compound ICsp (uM) against L. infantum
6 274 +£253
7 259 £24.4
8 325+0.0
9 325+0.0
10 81+£0.0
11 30.6 £2.3
12 11.8+75
13 264 +£8.6
14 28.9 £ 31.0

15-20 >64.0

21 35.3+£4.0
22 >64.0
23 117+14
24 469 £ 5.5

Miltefosine 103 +£1.3

CD affects around 6 to 8 million people worldwide, causing 14,000 to 50,000 deaths
annually. Additionally, recent estimates suggest that almost 70 to 100 million people are at
risk of infection [42].

It is essential to understand the natural course of Chagas disease (CD), which is di-
vided into two phases: acute and chronic. The acute phase occurs shortly after infection by
the parasite and is characterized mainly by elevated parasitemia and an absence of symp-
toms. However, in some cases, nonspecific entry-point symptoms and signs may present,
including fever, weakness, lymphadenopathy, hepatosplenomegaly, and inflammation at
the inoculation site. Depending on the type of lesion, this is referred to as a chagoma (skin
lesion) or Romafia’s sign (palpebral edema) [43].

Approximately 2 to 3 months after infection, patients transition to the chronic phase,
which is characterized by a decrease in circulating parasites in the blood due to the immune
system’s control of the infection. Within this framework, about 60-70% of cases remain in
an indeterminate stage, meaning that they are infected with the T. cruzi parasite but do not
develop the disease’s specific pathophysiology. In contrast, the remaining 30-40% develop
Chagasic cardiomyopathy (cardiomegaly), heart failure, megacolon, megaesophagus, and
even sudden death. It is worth noting that this phase of the disease can manifest between
10 and 30 years after the T. cruzi infection [44].

Chagas disease is the parasitic disease with the greatest socioeconomic impact in Latin
America, as it results in more than 800,000 Disability-Adjusted Life Years (DALYs) [45].
Because Chagasic cardiomyopathy leads to a progressive inability to continue working, it
results in an economic loss exceeding USD 1.2 billion annually. In non-endemic countries,
a loss of over USD 7 billion is estimated due to treatment costs and productivity loss [46].

Among the strategies designed to curb the impact of Chagas disease on the global
economy and public health, prevention stands paramount. However, a disheartening aspect
is the lack of effective vaccines to prevent Chagas disease and, as of today, chemotherapy
remains the only form of treatment [47].

The current treatment is limited to two nitroheterocyclic drugs, each containing a
nitro group linked to imidazole and furan rings: benznidazole (BNZ) and nifurtimox
(NFX), respectively (Figure 21). These drugs were approved for use in 1971 and 1965,
respectively [48].

Furthermore, they are insufficient since, in the case of BNZ, it exhibits an efficacy of
70-80% during the acute phase, decreasing to around 10% in the chronic phase. On the
other hand, NFX demonstrates an efficacy ranging from 70 to 100% in the acute phase, but
this declines to 7-8% in the chronic phase, which is when most patients are diagnosed [49].
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Figure 21. Drugs used as treatment against Chagas disease.

Patients treated with BNZ or NFX present adverse effects such as fever, nausea,
headaches, muscle and joint pains, neurological reactions (restlessness, disorientation,
amnesia, insomnia, spasms, paresthesias, polyneuritis, and seizures), dermatological mani-
festations (dermatitis with skin rashes, generalized or peritoneal edema), and bone mar-
row depression (lymphadenopathy, agranulocytosis, neutropenia, and thrombocytopenic
purpura), and BNZ and NFX are also considered genotoxic, carcinogenic, and terato-
genic [49,50]. Additionally, the pharmacological administration of BNZ or NFX occurs over
an extended period of 60 to 90 days [51].

As a result, significant resources are currently dedicated to exploring new chemothera-
peutic alternatives. These efforts span from utilizing in silico tools for assisted design and
the discovery of alternative therapeutic targets to conducting high-throughput trials. These
trials are focused not only on treatment but also on minimizing side effects and preventing
drug resistance [52]. In this new direction, nitroimidazole-derived drugs are emerging, as
described below.

3.3.1. Fexinidazole

Fexinidazole (FXZ) (51) has demonstrated activity against several strains of T. cruzi
(CL Brener, Y, Colombian, and VL-10). Experiments have also been conducted on infected
mice to compare its efficacy to that of BNZ. In this regard, it was more effective, with a cure
rate exceeding 70% in animals who were infected by different strains and treated during the
acute or chronic phases. Furthermore, mice infected with BNZ-resistant strains have been
treated with fexinidazole at a dose of 300 mg/kg/day for 20 days, successfully reducing
the parasitemia to undetectable levels (Figure 8) [53].

Recently, in the research conducted by Zuma and de Souza in 2022, they determined
the ICs( that was required to halt the proliferation of amastigotes, which was found to be
1 uM. Furthermore, they described how FXZ intervenes in the structural organization of
the parasite, massively disorganizing the reservosomes, causing detachment of the plasma
membrane, and damaging the nuclear heterochromatin. They also noted alterations in the
mitochondria, the Golgi apparatus, and the kinetoplast-mitochondria complex [54].

These results have encouraged the undertaking of a greater number of studies with
FXZ. To cite an example, a phase II clinical trial was initiated in Spain, involving short-
duration treatments (3, 7, and 10 days) with low doses of FXZ (600 and 1200 mg) in adults
suffering from Chagas disease in its indeterminate chronic phase. The objective was to
determine the minimum effective and safe dose for treatment. Although the results of this
study were obtained in 2020, they have not yet been published [55].

Some research groups have used FXZ as a scaffold for the generation of new com-
pounds or derived compounds. For example, fexinidazole sulfoxide (52) and fexinidazole
sulfone (53) have shown in vitro and in vivo activities that were superior to those of BNZ
and FXZ, with an ICsg in infected Macrophages of 5.8 uM for fexinidazole sulfone, 5.4 uM
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for fexinidazole sulfoxide, and 6.9 uM for BNZ. Regarding experimental models, mice were
infected with the Y strain and treated in the acute phase with 100 mg/kg/day for 20 days,
and both compounds had a 100% cure rate [56,57].

3.3.2. Megazol

Megazol (71a) was designed as an antimicrobial drug; however, it has demonstrated
activity against T. cruzi epimastigotes, with an ICsy of 9.9 uM for the Y strain and other
strains (Table 19). Consequently, it has been used as a scaffold for the synthesis of new
drugs, although to date, none of these derivatives have surpassed the efficacy of megazol.
The IC5p =+ SD of each new compound is detailed for each tested strain in Table 19 [58].

Table 19. Megazol derivatives activity against Trypanosoma strains.

ICs¢ (uM)
Compound
Tulahuen LQ Brener
71a
/ N
(o S
\N+/(\ NH, 3.75 4.24 2.90
/A
) I N—N
CH,4
71b
N
O\N+[\ © NH, 38.11 £0.10 67.30 £ 2.90 3227 £2.70
Il N \ W/
0 | N—N
CH,
71c
N
O\N+/Z/ \ ° NHCOCH; 7.46 + 0.30 10.29 + 0.10 744 +0.70
e
o | N—N
CH,
71d
N
O\N+[\ S NHCOCF, 34.16 £2.90 - 31.16 £ 0.50
e
0 | N—N
CH,

Some research groups used megazol to synthesize derivatives with the aim of en-
hancing its anti-leishmanial effectiveness. In this context, Maya et al. obtained three new
compounds (71b-71d) as prodrugs of megazol (71a) through the action of cytosolic peptides
in the acetyl region. The IC5( values against the Tulahuen, LQ, and Brener strains are shown
in Table 19 [59].

3.3.3. Metronidazole Derivatives

Since the 1950s, metronidazole (55a) has been used in clinical practice to treat various
infections caused by anaerobic bacteria and parasites, including its ongoing use in the
treatment of trichomoniasis, amebiasis, giardiasis, and vaginosis [33].

The activity of 55a has been assessed against T. cruzi epimastigote and trypomastigote
forms in the Y strain; however, it did not surpass the efficacy of benznidazole (BNZ), which
is the approved and currently used drug against Chagas disease. The results obtained from
four derivatives of metronidazole (72a-d) that exhibit anti-T. cruzi activity are presented in
Table 20 [60].
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Table 20. Metronidazole derivatives with activity against Trypanosoma cruzi strains.
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3.3.4. MK-436

The drug MK-436 (73) (Figure 22) demonstrated efficacy in treating infections by T.
cruzi in the acute and chronic stages in a murine model. In this model, the researchers
administered two daily doses of 250 mg per kg of body weight and observed a total
elimination of the parasitemia. Furthermore, a cure rate of 72% to 100% was achieved
against different kinds of parasitic strains [53].
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Figure 22. Structure of MK-436.

3.3.5. Bicyclic Nitroimidazole Drugs: Nitroimidazopyridazines

Finally, Zheng et al. evaluated a series of bicyclic nitroimidazopyridazine compounds
(6-24) (Figure 5) against T. cruzi; the results are shown in Table 21 [17].

Table 21. Nitroimidazopyridazine derivatives with activity against T. cruzi.

Compound ICsp (uM) against T. cruzi
6 59+45
7 22400
8 >64.0
9 31.8 +12.1
10 21400
11 11.2+79
12 21401
13 509 +4.7
14 54 +4.1
15 >64.0
16 >64.0
17 323+1.1
18 335+ 1.1
19 399 +37
20 >64.0
21 >64.0
22 8.6 +0.2
23 18.9 + 139
24 29.7 + 5.7

Miltefosine 25+04

4. Discussion

Starting from the premise that anti-protozoal treatments are toxic, and their thera-
peutic regimens require prolonged treatment times and high concentrations of drugs, in
this systematic review, we demonstrate that 5-nitroimidazole derivatives offer a broader
spectrum of activity against a variety of protozoal pathogens. Therefore, 5-nitroimidazole
derivatives are proposed as pharmacophores against neglected tropical protozoan diseases.
There are a plethora of chemical structures containing nitroimidazole rings that have been
associated with multiple biological activities, such as anti-protozoan, anti-bacterial, anti-
fungal, and anti-cancer effects [61]. One of the main advantages is that nitroindazoles
exhibit fewer toxic effects and better clinical tolerance than reference drugs. Furthermore,
it is evident that the nitro group can induce improvements in the activity of compounds,
enabling them to interfere with critical enzymes of these parasites, such as iron superoxide
dismutase (Fe-SOD) and trypanothione reductase (TR), leading to the generation of reactive
oxygen and nitrogen species in protozoans, resulting in their death [58].
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The anti-protozoal effect of all 5-NI derivatives is attributed to the nitro group reduc-
tion of 5-Nis, which results in intermediate compounds and free radicals that can interact
with membranes, proteins, and nucleic acids through oxidation or covalent binding modifi-
cations. Due to this mechanism of action, the structures are considered “prodrugs” [62,63].

It is worth mentioning that 5-NI can be metabolized by both humans and proto-
zoa. However, recent achievements have been documented in the selectivity of 5-NI
derivatives to combat protozoa endpoints, significantly reducing their side effects in hu-
mans [64]. These new results have opened new perspectives for developing novel and safe
anti-protozoan agents.

In addition to their anti-protozoan activity, 5-NI derivatives have also been associated
with multi-inhibitory activity against different molecular targets involved in homeostasis,
metabolism, and cancer [65-70].

In general, the main metabolic pathway involves the oxidation of the aliphatic side
chains of these compounds, resulting in the generation of oxidized metabolites (hydrox-
ylated and acetylated metabolites). Some of these metabolites, along with the parent
molecule, are conjugated and excreted via urine and feces along with free metabolites.
The literature findings suggest that, although the initial metabolic step is the formation
of a nitro anion radical, in the presence of oxygen, this radical is reoxidized, leading to
the generation of a superoxide anion. This cycle is believed to be the source of reactive
oxygen species (ROS), without the loss of the parent molecule. Subsequently, after the
formation of the superoxide anion, in the presence of superoxide dismutase (SOD) and
traces of metal ions such as FeZ* and Cu?*, reactions would occur, leading to the formation
of a hydroxyl radical [71]. It is due to the action of ROS that nitroimidazole derivatives
have been considered mutagenic, primarily in prokaryotic systems and to a lesser extent
in eukaryotes, as mentioned earlier. However, the International Agency for Research on
Cancer (IARC) does classify nitroimidazoles as carcinogens [72]. For this reason, it is
important to continue the study of their possible “off-target” effects.

In the present work, using a systematic review protocol, we identified 213 5-NI
derivatives with inhibitory activity against different protozoans: Plasmodium (62/29.1%),
Leishmania (142/66.7%), and T. cruzi (9/4.2%). The activity ranged from 0.0005 to 74 uM,
0.001 to 84 uM, and 1 to 602 uM, respectively. Notably, a greater number of 5-NI derivatives
were tested against Leishmania and demonstrated higher activity. The best scaffolds for each
protozoan genus are 5-nitroimidazole-2-carbaldehyde derivatives for Plasmodium falciparum,
metronidazole derivatives for Leishmania mexicana, and fexinidazole for Trypanosoma cruzi.
Interestingly, three 5-NI scaffolds have been associated with multi-protozoan activity,
which are distributed in 23 compounds (nitroimidazopyridazine derivates, compounds
6-24; metronidazole, compound 54a; and fexinidazole derivatives, compounds 51-53).

There are additional compounds within 5-NI scaffolds that were identified in the early
stages of this systematic review, but their content was either not directly related or did
not meet the inclusion criteria. An example of this is secnidazole (1-(2-methyl-5-nitro-1-
imidazole-1-yl) propan-2-o0), which was tested in 2017 by Eke et al. against Trypanosoma
brucei, both in vitro and in vivo. They determined the minimum inhibitory concentration
(MIC) that is required to inhibit motility in blood infected with 225,000 trypomastigotes,
which was found to be 2.8-1.4 mg/mL after 10 min post-treatment. Regarding murine
models, significantly lower parasitemia levels were observed (p < 0.05) compared to the un-
treated infected group after 6 days post-infection (post-treatment) [73]. While Trypanosoma
cruzi or Leishmania spp. were not specifically evaluated, given that they are trypanoso-
matids, these results encourage further exploration of the application and development
of new compounds based on 5-NI. For instance, compounds like tinidazole, ornidazole,
ronidazole, and their derivatives could be potential candidates for future investigations [74].

The data collected from this work allow for a systematic chemoinformatic study us-
ing DataWarrior software version 5.5.0 [69]. For each compound, their physicochemical
properties were calculated. For example, the total molecular weight, cLogP (octanol/water
coefficient, solubility estimation), and the number of sp3 atoms (stereochemical complex-
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ity estimation) were calculated and statistically analyzed (Table S2). The results suggest
that 3-nitroimidazopyridines derivatives (6—24), metronidazole hybridized derivatives
(29-50), and quinoline-metronidazole derivatives (63a—63m) have high molecular weights
compared with other 5-NI derivatives. These kinds of compounds are in the upper recom-
mended limit to be considered “drug-like” compounds, according to the empirical rules
proposed by Lipinsky [70].

Interestingly, these results also suggest that there are compounds with a hydropho-
bic profile, like the quinoline-metronidazole derivatives (63a-63m), and others with
a hydrophilic profile like fexinidazole derivatives. Finally, the authors remark on the
stereochemical complexity of 5-NI derivatives, particularly for cases like metronidazole-
hybridized and metronidazole-based compounds (29-50, 55a-59i). All data are available in
the Supplementary Materials section and can be interactively analyzed using DataWarrior
software version 5.5.0 [75].

Although the 5-NI derivatives offer an interesting starting point for developing novel
and safe anti-protozoan agents, there are still other important issues to resolve. For example,
different research groups are leading the development of novel drug formulations and
new chemical vehicles to reduce the 5-NI doses to significantly reduce their associated
side effects. In parallel, the main purpose of studying 5-NI derivatives is to develop new
chemical derivates with better protozoan selectivity and better clinical administration regi-
mens [76,77]. Additionally, non-neglected tropical protozoan (e.g., Giardia lambia) strains
have developed 5-NI derivative resistance through multiple mechanisms, which high-
light the possibility that other types of protozoans (like Trypanosoma brucei or Trichomonas
vaginalis) will develop similar resistance mechanisms in the near future [78,79].

Finally, the authors highlight that this systematic review has limitations that must
be noted. For example, the use of a systematic method does not guarantee that all 5-NI
derivatives with anti-protozoan activity have been presented in the final list of this work
(see Supplementary Materials section). Also, this systematic review did not consider
“non-open access journals” and “lower-impact journals” that could contain important data
to discuss. However, this work shows representative successful cases that illustrate the
potential of the 5-NI scaffold against protozoan endpoints.

Nevertheless, this systematic review shows us that the exploration of 5-NI derivatives
and other new chemical entities in the treatment of NTPDs, including malaria, visceral
leishmaniasis, and Chagas disease, underscores the importance of continued innovation
and collaboration in drug discovery. These efforts are not only crucial in addressing the
immediate challenges posed by these diseases but also in shaping future strategies for
effective disease management in resource-limited settings [80].

Nitro-imidazoles, in general, have provided relief for various human and livestock
infections, resulting in significant economic benefits for humanity. However, in addition to
the resistance, multidrug resistance, and pan-resistance that the excessive and uncontrolled
use of antimicrobials has triggered, there is also environmental harm. Both soils and conti-
nental and marine waters are increasingly being invaded by waste containing metabolites
and antibiotics that promote resistance in microorganisms, reactivating cycles that are
difficult to halt. That is why collaborative efforts are underway to develop new, more
easily degradable antibiotics, such as metal nanoparticles and biopolymer-based ones [81].
Work is also being carried out on the design of devices that can identify contamination
by nitroimidazoles or other antibiotics in water or soil, as well as on decontamination
processes [82,83]. However, as mentioned earlier, infections by protozoa-causing diseases
that are classified as neglected primarily affect a larger number of victims in resource-poor
countries that are unable to access these benefits.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/futurepharmacol4010015/s1, Table S1: Search strategies and
keywords according to PRISMA guidelines; Table S2: Comparison of physicochemical proper-
ties of different kinds of 5-nitroimidazole derivatives; File S1: Chemoinformatic analysis of 5-NTs
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with anti-protozoal activity. Generated with DataWarrior software version 5.5.0; File S2: PRISMA
2020 checklist.
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