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Neglected tropical diseases are a group of infectious diseases
with a high endemicity in developing countries of Africa, Asia,
and the Americas. Treatment for these diseases depends solely
on chemotherapy, which is associated with severe side effects,
toxicity, and the development of parasitic resistance. This
highlights a critical need to develop new and effective drugs to
curb these diseases. As a result, a series of novel isatinylhydan-
toin derivatives were synthesized and evaluated for in vitro anti-
kinetoplastid activity against seven human- or animal-infective
Trypanosoma and two human-infective Leishmania species. The
synthesized derivatives were tested for potential cytotoxicity
against human, animal, and parasite host-related cell lines. The

isatinylhydantoin hybrid 4b bearing 5-chloroisatin and p-
bromobenzyl moieties, showed strong trypanocidal activity
against blood-stage T. congolense parasites; however, the
promising in vitro trypanocidal potency of 4b could not be
translated to in vivo treatment efficacy in a preliminary animal
study. Compounds 5, 2b, and 5b, were the most active against
amastigotes of L. donovani, showing higher leishmanicidal
activity than the reference drug, amphotericin B. These
compounds were identified as early antileishmanicidal leads,
and future investigations will focus on confirming their
antileishmanial potential through in vivo efficacy evaluation as
well as their exact mechanism of action.

1. Introduction

Neglected tropical diseases (NTDs) are widespread in subtrop-
ical and tropical countries and affect more than one billion
people in poor areas.[1] Trypanosomiasis and leishmaniasis are
the most common NTDs that have a significant impact on
human and animal health globally.[2] These diseases are caused
by taxonomically related protozoan parasites, Trypanosoma and
Leishmania, which belong to the Trypanosomatidae family and
have similar biochemical and structural features.[3]

Human African trypanosomiasis (HAT), also known as sleeping
sickness, is caused by two sub-species of unicellular flagellate
parasites, Trypanosoma brucei gambiense and T. b. rhodesiense, and
is spread through the bite of an infected tsetse fly.[4] T. b.
gambiense is responsible for causing anthroponotic disease,
whereas T. b. rhodesiense leads to zoonotic disease.[5] The number

of HAT cases recorded in 2022 has decreased worldwide to
<1000 yearly.[6] However, over fifty million people remain at risk
of contracting this disease, particularly in sub-Saharan Africa.[6]

HAT treatment depends on the form and stage of the
disease.[6] Pentamidine and suramin are used to treat the first or
haemolymphatic stage of T. b. gambiense and T. b. rhodesiense,
respectively, and they have been reported to have poor efficacy.[2]

Eflornithine and nifurtimox (only as a component of NECT) are
active against the second or meningo-encephalitic stage of T. b.
gambiense, whereas melarsoprol is used for the treatment of the
second stage of both T. b. gambiense and T. b. rhodesiense
infection.[2] However, all of these drugs have been shown to have
severe problems such as toxic side effects, high cost, time-
consuming parenteral administration, and the development of
parasitic resistance.[4] In 2021, US FDA (Food and Drug Admin-
istration) approved fexinidazole as the first all-oral treatment for
both stages of HAT.[7]

American trypanosomiasis, also known as Chagas disease
(CD), is a deadly disease caused by the flagellated protozoan
parasite Trypanosoma cruzi.[8] It is transmitted to humans
through contact with the infected feces of triatomine bugs.[9]

More than sixty million people are infected worldwide, partic-
ularly in impoverished areas in Latin America.[8]

The current curative options for Chagas disease are limited,
as benznidazole and nifurtimox are the only approved drugs
developed more than fifty years ago.[9] These drugs can
potentially prevent or reduce acute infections if given early, but
they are ineffective in treating chronic infections.[10] They are
also associated with significant adverse effects, which prompt
therapy termination and restrict their long-term usage.[11]

Animal trypanosomiasis (AT) is caused by several species
and strains of the genus Trypanosoma and affects both
domestic and wild animals.[12] T. b. brucei and T. congolense
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mainly infect cattle, causing a complex disease called nagana,
and are transmitted cyclically by tsetse flies in sub-Saharan
Africa.[13] It is estimated that more than 50 million cattle and
approximately 100 million small ruminants are at risk of
contracting this disease.[14]

Other pathogenic trypanosomes affecting livestock include
T. evansi, the causative agent of surra, a major disease in camels
and horses. It is transmitted mechanically by biting insects such
as tabanids (horseflies) and Stomoxys spp..[15] About 12 million
camels worldwide are at risk of developing this dangerous
disease, which is predicted to cost a total of 1.3 billion US
dollars annually as compared to the price of both milk and
meat.[16] T. equiperdum, the causative agent of dourine, is a fatal
disease sexually transmitted among equines.[15,17]

Currently, control drugs for AT include homidium bromide,
isometamidium chloride, quinapyramine sulphate, diminazene
aceturate, and melarsomine, which have been reported to have
poor effectiveness, toxicity, drug resistance, and lower stand-
ards of quality control.[18]

Leishmaniasis is the second most common vector-borne
parasitic disease after malaria, which affects about 700,000 to
1 million people every year, resulting in approximately 20,000 to
30,000 deaths yearly.[19] This disease is transmitted to humans by
the bite of infected female phlebotomine sandflies and can
develop into three distinct forms, namely visceral (VL), cutaneous
(CL), and mucocutaneous leishmaniasis (MCL).[19b] CL is the most
common, causing skin sores and significant scarring, while VL is
the most severe, affecting several internal organs and being
typically fatal if not treated.[19b] The main drugs used to treat
leishmaniasis include pentavalent antimonials, miltefosine, pen-
tamidine, paromomycin, and liposomal amphotericin B.[20] How-
ever, these drugs are toxic, and their excessive usage and patient
compliance issues have led to the development of drug
resistance.[20]

These limitations, along with the absence of an effective
vaccine, emphasize the need to develop novel drugs for these
diseases.[21] this study, the focus was on isatin and hydantoin
heterocyclic scaffolds, which have been of great interest in drug
discovery. Their derivatives have been shown to possess diverse
biological activities, including antitrypanosomal and antileish-
manial properties.

Isatin derivatives demonstrate inhibitory activity against
cysteine proteases.[22] Cysteine proteases (CPs) are secreted
proteins widely present in various parasites. CPs play key roles
in the pathogenesis of protozoan parasites, including cell/tissue
penetration, hydrolysis of host or parasite proteins, autophagy,
and evasion or modulation of the host immune response. CPs
also adhere to host cells, tissue invasion, cytotoxicity and
nutrient uptake,[23] making them attractive chemotherapeutic
and vaccine targets. In Leishmania, CPs are putative virulence
factors affecting growth, viability, and pathogenicity.[24] Cruzi-
pains are the main papain-like cysteine proteases of T. cruzi, the
protozoan parasite that causes Chagas disease.[25]

Chiyanzu et al.[26] previously investigated a series of isatin-3-
thiosemicarbazone and N-substituted isatin derivatives against
T. cruzi and T. b. rhodesiense. Among these, the derivative
bearing the thiosemicarbazone moiety and that containing the

biphenyl substructural motif, were the most active against T.
cruzi and T. b. rhodesiense, respectively, as shown in Figure 1.

In another study conducted by Sabt et al.,[27] 20 novel
quinoline-isatin hybrids were tested for in their vitro antileish-
manial activity against L. major strains. The compounds bearing
5-bromoindoline and 5-flouroindoline moieties, respectively,
showed the highest antileishmanial activity against both
promastigote and amastigote forms, with no cytotoxicity in
Vero cells (Figure 1).

Furthermore, hydantoin is considered a valuable and
privileged scaffold in medicinal chemistry, the importance of
which in drug discovery has been supported by several drugs in
clinical use, including phenytoin, nitrofurantoin, and
enzalutamide.[28] While the exact mechanism of action of
hydantoin has yet to be elucidated, investigation of the
anthelmintic activity of several aryl-hydantoins revealed the
presence of the hydantoin core as a prerequisite for enhanced
antiparasitic activity despite their antiandrogenic side effects in
the host, which has been attributed to the structural similarity
to the antiandrogenic drug nilutamide.[29]

On these grounds, Buchynskyy et al.[30] investigated a series
of 2-thiohydantoin derivatives’ in vitro antitrypanosomal activity
against T. brucei. The derivative bearing 4-fluoro and 3-chloro
benzyl, and the compound that containing 2-chloro and 3-
methoxy on the phenyl group, demonstrated good activity
against T. brucei parasites (Figure 2). These compounds were
further evaluated in vivo in the acute mouse model of HAT, and
it was found that they cured all the treated mice, with no
parasitemia observed for sixty days after infection.

In another study by Zuma et al.,[20] a series of nitrofurantoin-
triazole hybrids were synthesized and evaluated for in vitro
antileishmanial activity and cytotoxicity. The propargyl bearing
nitrofurantoin analogue, and n-heptyl substituted 1,2,3-triazole

Figure 1. Structures of antitrypanosomal[26] and antileishmanial[27] active
isatin derivatives.
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hybrid, were identified as early antileishmanial leads with no
cytotoxicity to human cells (Figure 2).

Furthermore, aromatic rings are considered versatile phar-
macophores that enhance the individual non-bonding and
electrostatic interactions between the ligand and
macromolecule.[31] Thus, we hypothesized that the addition of
these aromatic rings to isatin and hydantoin pharmacological
synthons would afford derivatives with increased binding
affinity, stability, biological activity, and specificity.[32]

Based on this evidence, novel isatinylhydantoin derivatives
were synthesized in this study, and their anti-kinetoplastid
activities were examined both in vitro and in vivo. We herein
report the synthesis and the biological activities of these
derivatives.

2. Results and Discussion

2.1. Chemistry

A series of isatinylhydantoin derivatives (1–6, 1a-6b) were
successfully synthesized through a two-step process involving
one Schiff base condensation and one nucleophilic substitution
(SN), as illustrated in Scheme 1. Firstly, 1-aminohydantoin
hydrochloride was deprotected with a mild base, potassium
carbonate, and reacted with commercially available isatins
(Schiff condensation) to afford the isatinylhydantoin intermedi-
ates (1–6). Secondly, the intermediates were treated with
various substituted benzyl bromides in SN reaction to provide
the isatinylhydantoin benzyl derivatives (1a-6b) in poor to
moderate yields (24–43%) as powder or crystals after recrystal-
lization from ethanol and water (1 : 1, v/v).

The structures of all the synthesized compounds were
confirmed using routine molecular analysis techniques, such as 1H
NMR, 13C NMR, HRMS, and IR (Supplementary Information). The
formation of the isatinylhydantoin intermediates (1–6) was
confirmed by 1H NMR spectra through the disappearance of the
singlet assigned to NH2 ca. δ 5.00 ppm of the starting 1-amino-
hydantoin, supporting the successful Schiff condensation. This was
further confirmed by the presence of the singlet ca. δ 4.17 ppm,
which was attributed to H-5’ of the methylene group (CH2) of the
hydantoin ring.

The successful confirmation of compounds 1a-6b was
observed by the presence of the singlet ca.4.89 ppm that was
attributed to methylene proton H-6’ of the benzyl moiety, which
supports the successful nucleophilic substitution at the nitrogen
N-3. The phenyl ring of isatin moiety showed three aromatic
resonances that appeared as two pairs of coupled doublets and a
triplet at δ 7.49, δ 6.90, and δ 7.05 ppm with a J value of 8.1 Hz,
8.0 Hz, and 7.3 Hz, respectively. Furthermore, the aromatic protons
H-2’’, � 3’’and - 4’’ of benzyl moiety gave a multiplet (m) in the
range δ 7.36–7.29 ppm region. All derivatives possessed a singlet
around δ 11.03 ppm assigned to the acidic proton H-1 of the isatin
moiety. The fluorine-containing compounds (3, 1c, 3a, 3b, 3c, 4c,
5b & 6b) presented with the aromatic resonance due to the
fluorine-proton coupling and consisting of a doublet of doublets
(dd) ca. δ 7.17 ppm with JH-F=8.7, 5.5 Hz assigned to resonance of
protons H-3’’ and � 2’’. In summary, all the protons of each
derivative were accounted for.

In the 13C NMR spectra, the carbonyl carbons appeared as
singlets at δ 168.5 (C-4’), 158.6 (C-2), and 155.7 (C-2’) present in
all synthesized compounds. The hydantoin ring methylene
carbon C-5’ was a singlet at δ 55.6 ppm region, and the
methylene carbon C-6’ of the substituted benzyl showed as a
singlet at δ 42.5 ppm. The aromatic carbons of the isatin moiety
appeared as singlets at δ 140.8 (C-7a), 136.3 (C-3), 134.6 (C-5),
132.6 (C-6), 122.2 (C-4), 122.0 (C-3a), 110.7 (C-7) while the
phenyl ring carbons appeared as singlets at 139.8 (C-1’’), 131.6
(C-4’’), 129.0 (C-3’’) and 128.1 (C-2’’).

For the fluorine-containing compounds (3, 1c, 3a, 3b, 3c,
4c, 5b & 6b), the carbon C-4’’ resonated as a doublet at δ
162.0 ppm resulting from the coupling with neighboring
fluorine with 1JC-F=243.1 Hz. The carbon C-3’’ exhibited lower
coupling with fluorine (2 bonds away), resulting in a doublet at
δ 115.7 ppm with 2JC-F=21.1 Hz, and C-2’’ showed even weaker
coupling with fluorine (3 bonds away), as indicated by a
doublet at δ 130.38 ppm with 3JC- F=7.5 Hz. The carbon C-1’’

Figure 2. Structures of hydantoin-related compounds active against T brucei
and Leishmania major strains.[20,30]

Scheme 1. Two-step synthesis of isatinylhydantoin derivatives. Reagents and
conditions: i. Dry EtOH (10 mL), K2CO3, rt, 12 h; ii. DMF (10 mL), benzyl
bromide (1.5 equiv.), TEA (1.5 equiv.), rt, 24 h.
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presented even weaker coupling to fluorine (4 bonds away), as
demonstrated by the doublet at δ 132.5 ppm with 4JC-F=3.0 Hz.

The IR spectra confirmed the formation of compounds 1–6
and 1a-6b by the appearance of strong bands in the 1625–
1795 cm� 1, which are the indicative stretching of the three
carbonyl groups (C=O). This was further verified by the
appearance of two NH bands stretching in 2997–3305 cm� 1

region for 1–6, and one sharp NH band stretching in 3310–
3662 cm� 1 for 1a-6b. The compounds were also confirmed by
the presence of stretching bands in the ranges of 605–640 cm� 1

(C� Br), 802–826 cm� 1 (C� Cl), 1334–1355 cm� 1 (N� O), 1343–
1410 cm� 1 (C� F). Furthermore, HRMS verified the expected
molecular ion of each synthesized compound (except for
compounds 3, 2a, and 2b).

2.2. Predicted Pharmacokinetic Properties

A summary of the predicted physicochemical and pharmacoki-
netic properties, drug-likeness, and medicinal chemistry friend-
liness of the isatinylhydantoin intermediates 1–6 and deriva-
tives 1a-6b can be found in the Supplementary Information,
Tables S1–S3 and Figures S1 and S2.

Overall, according to Lipinski’s rule-based filter, the test
compounds were considered drug-like, i. e., a molecule with the
potential to be an oral drug regarding bioavailability (MW
<500, logPo/w <5, N or O <10, NH or OH<5).[33] Nonetheless,
adhering to these rules does not guarantee that a molecule will
be orally bioavailable. The WLOGP-versus-TPSA referential, also
known as the BOILED-Egg model, was also used to predict
passive human gastrointestinal absorption (HIA) and blood-
brain barrier (BBB) permeation.[34] All test compounds, except
intermediate 2, were expected to have high gastrointestinal
absorption (TPSA lower than 142 Å2 and logPo/w between � 2.3
and +6.8). Unfortunately, none of the compounds were
predicted to cross the BBB, since moderately polar (TPSA <
79 Å2) and relatively lipophilic (logPo/w between +0.4 and +6.0)
molecules have a higher probability of entering the central
nervous system (CNS) and, thus, crossing the BBB.

2.3. Pharmacology

2.3.1. Antitrypanosomal Activity

The synthesized isatinylhydantoin derivatives were initially
screened at 10 μM for their in vitro antitrypanosomal activities
against the T. cruzi strain CL epimastigotes and trypomastigotes
with benznidazole used as reference antitrypanosomal drug. The
selection cut-offs for further screening against axenic epimasti-
gotes and trypomastigotes were set to greater than 70%, as was
the case with axenic Leishmania promastigotes.[35] None of the
compounds, however, qualified for antitrypanosomal IC50 determi-
nation against T. cruzi epimastigotes and trypomastigotes due to
growth inhibitions <6% as reported in Table 1.

The synthesized isatinylhydantoin intermediates 1–6 and
derivatives 1a-6b were also evaluated for antitrypanosomal

activity via in vitro trypomastigote cultures of tsetse transmitted
human infective trypanosomes T. b. gambiense strain IL1922 and T.
b. rhodesiense strain IL1501, tsetse transmitted animal infective
trypanosomes T. b. brucei strain GuTat3.1 and T. congolense strain
IL3000, and non-tsetse transmitted animal infective trypanosomes
Trypanosoma evansi strain Tansui, and Trypanosoma equiperdum
strain IVM-t1. The trypanocidal activities of the test compounds
are summarized in Table 2. All test compounds were initially
screened for potential antitrypomastigote activity at a maximum
concentration of 25 μg/mL and a minimum concentration of
0.25 μg/mL, and compounds with growth inhibition �50% at the
maximum tested concentration qualified for IC50 determination.
Notably, intermediates 3–5 and derivative 2b presented solubility
issues when 10 mg/mL stock solutions were prepared in 100%
dimethyl sulfoxide (DMSO) and then serially diluted with growth
medium to 0.5% DMSO, forming quickly separating suspensions,
making uniform sampling challenging.

Compounds 1–3, 1a-c, 3a-b, and 6a-b showed low basal
toxicity towards mammalian cells (CC50 �100 μM),[38] while 2b,
4a, 4c and 5b were weakly toxic (50 μM� CC50 �100 μM)[39]

and 4–6, 2a, and 4b were mild to moderately toxic (10 μM�
CC50 �50 μM).[39,40]

The synthesized compounds generally showed poor trypa-
nocidal activity against the investigated human and animal
infective trypanosome species, and only derivatives 1b, 3a, 4a-

Table 1. Growth inhibition (%) of compounds at 10 μM against T. cruzi
strain CL epimastigotes and trypomastigotes.

Compd. Antitrypanosomal growth inhibition (%)

T. cruzi strain CL
epimastigotes

T. cruzi strain CL
trypomastigotes

1 0 0

1a 0 0

1b 0 0

1c 0 0

2 0 2

2a 0 4

2b 0 4

3 0 0

3a 0 0

3b 0 0

3c 0 0

4 0 0

4a 0 0

4b 0 6

4c 0 0

5 0 0

5a 0 0

5b 0 1

6 0 0

6a 0 0

6b 0 0

Benznidazole 100 100
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b, and 6a showed hit antitrypanosomal activity against
Trypanosoma congolense strain IL3000 trypomastigotes (IC50

�10 μM, SI �10).[37] Derivative 4b containing 5-chloroisatin and
p-bromobenzyl moieties had the best in vitro trypanocidal
activity against the tsetse-transmitted animal trypanosome T.
congolense strain IL3000 (IC50 1.78 μM), as well as relatively
good selectivity towards the said trypanosome (SI 28) and was
subsequently evaluated to determine its preliminary in vivo
treatment efficacy in T. congolense strain IL3000 infected BALB/c
mice. Derivative 4b showed four-fold greater in vitro activity
against T. congolense strain IL3000 trypomastigotes than the
standard clinical drug suramin but was sixteen times less active
than diminazene aceturate.

2.3.2. Preliminary Treatment Efficacy

This animal study evaluated the preliminary treatment efficacy
of the isatinylhydantoin derivative 4b (which showed the best
in vitro trypanocidal potency of the investigated series) admin-
istered to T. congolense strain IL3000-infected BALB/C mice
either orally (p.o.) at a dose of 100 mg/kg or intraperitoneally
(i. p.) at a dose of 10 mg/kg from five days post-infection (d.p.i.)
for seven consecutive days. Based on the in silico predicted
pharmacokinetic properties (Supplementary Information, Ta-
bles S2–S3 and Figure S2), derivative 4b had high GI absorption
and >10% bioavailability in rat or measurable Caco-2
permeability.[14] However, none of the pharmacokinetic proper-
ties were investigated experimentally. A smaller dosage was
used for intraperitoneal injection than oral gavage since it has
been found that the absolute bioavailability of a drug may be

Table 2. In vitro trypanocidal potency of test compounds against Trypanosoma species.

Compound Cytotoxicity
CC50�SD (μM)[a]

Cidal antitrypomastigote activity
IC50�SD (μM)[b] (SI)[c]

MDBK Tbg
IL1922

Tbr
IL1501

Tbb
GuTat3.1

Tc
IL3000

Tev
Tansui

Teq
IVM-t1

1 >100 >10 >10 >10 >10 >10 >10

2 >100 >10 >10 >10 >10 >10 >10

3 >100 >10 >10 >10 >10 >10 >10

4 43.67�5.88 >10 >10 >10 >10 >10 >10

5 27.04�16.86 >10 >10 >10 >10 >10 >10

6 44.97�13.60 >10 >10 >10 >10 >10 >10

1a >100 >10 >10 >10 >10 >10 >10

1b >100 >10 >10 >10 8.43�3.12 (>12) >10 >10

1c >100 >10 >10 >10 >10 >10 >10

2a 13.13�9.23 >10 >10 >10 >10 >10 >10

2b 88.99�15.67 >10 >10 >10 >10 >10 >10

3a >100 >10 >10 >10 3.89�1.05 (>26) >10 >10

3b >100 >10 >10 >10 >10 >10 >10

3c >100 >10 >10 >10 >10 >10 >10

4a 65.67�7.02 >10 >10 >10 3.85�1.75 (17) >10 >10

4b 49.35�26.68 >10 >10 >10 1.78�0.50 (28) >10 >10

4c 89.93�58.64 >10 >10 >10 >10 >10 >10

5a 22.65�5.93 >10 >10 >10 6.77�4.75 (3) >10 >10

5b 60.63�28.87 >10 >10 >10 >10 >10 >10

6a >100 >10 >10 >10 8.49�4.97 (>12) >10 >10

6b >100 >10 >10 >10 >10 >10 >10

Pentamidine - 0.014[d] 0.029[d] 0.041[d] 0.33[d] 0.00097[d] 0.0013[d]

Eflornithine - 36.66[d] 45.99[d] 38.56[d] 16.13[d] 57.21[d] -

Nifurtimox - 4.58[d] 4.35[d] 4.66[d] 1.06[d] 2.62[d] -

Suramin - 0.064[d] 0.076[d] 0.066[d] 7.17[d] 0.38[d] 0.038[d]

Diminazene aceturate - - - - 0.11[d] - 0.011[d]

[a] Half maximal cytotoxic concentration (CC50, μM) represented as the mean� standard deviation (SD), three biological replicates. [b] Half maximal
inhibitory concentration (IC50, μM) represented as the mean� standard deviation (SD), three biological replicates. [c] Selectivity index (SI): CC50 of MDBK/IC50

of trypanosome. [d] IC50 values obtained from the literature.[36] MDBK: Madin-Darby bovine kidney cells; Tbg IL1922: T. brucei gambiense strain IL1922; Tbr
IL1501: T. brucei rhodesiense strain; Tbb GUTat3.1: T. brucei brucei strain GUTat3.1; Tc IL3000: T. congolense strain IL3000; Tev Tansui: T. evansi strain Tansui;
Teq IVM-t1: T. equiperdum strain IVM-t1; Green: qualifies as hit compound if IC50 �10 μM and SI �10.[37]
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higher after i. p. vs. p.o. administration.[16] Although both
administration routes are subject to first-pass metabolism by
the liver, intraperitoneal injection avoids the gastrointestinal
tract and the drug’s potential biopharmaceutical degradation/
modification.[17]

The median survival of the infected but untreated group I
mice was nine d.p.i., while the median survival of infected
group II mice treated with either 100 mg/kg p.o. of 4b or
10 mg/kg i.p. of 4b was 10 d.p.i. (Figure 3A). The survival rates
of the treated mice were not significantly different from those
of the untreated mice (P value 0.3173, log-rank test). All mice
died within 10 d.p.i. due to high parasitemia (Figure 3B). No
mentionable in vivo treatment efficacy was observed against T.
congolense strain IL3000-infected BALB/c mice after oral or
intraperitoneal administration of the isatinylhydantoin deriva-
tive 4b (group II) since no cure (defined as no parasites present
in the blood and survival after 30 days) was achieved. Plausible
reasons that may justify the poor treatment efficacy include
inter alia (a) the relatively lower in vitro potency of 4b
compared to the standard drug diminazene aceturate and (b)
an insufficient dosing regimen as 10 mg/kg i.p. might not be
sufficient while with 100 mg/kg p.o., the lack of bioavailability
data gave no indication of the quantity of the compound which

entered the systemic circulation. These preliminary results did
not warrant further animal studies using more mice per group.

2.3.3. Antileishmanial Activity

The antileishmanial activity and cytotoxicities of the isatinylhy-
dantoin derivatives are summarized in Table 3. All synthesized
derivatives were initially screened for potential antileishmanial
activity at 10 μM, and compounds with growth inhibition
�60% were considered for further IC50 determination. Only
compounds 2b, 5, and 5b qualified for IC50 determination
against the clinically relevant amastigotes species of antimoni-
al-resistant L. donovani strain 9515, but none was so against L.
major. Cytotoxicity profiles of the derivatives were determined
using Vero cells with emetine as a positive control. Amphoter-
icin B was used as the reference antileishmanial drug. These
results are reported in Table 3.

All synthesized compounds (except 5, 2b, and 5b) exhibited
no activity. Hence, they were not reported in Table 3. The
cytotoxicity data demonstrated that the three active derivatives
showed no toxicity against Vero and THP1 cells (IC50 >100 μM);
hence, their experimental antileishmanial activities were

Figure 3. In vivo evaluation of preliminary treatment efficacy of the isatinylhydantoin derivative 4b. Survival (%) of female 6-week-old BALB/c mice infected
with T. congolense strain IL3000 parasites and left untreated (Group I: positive control) or treated with 4b (Group II). The survival rates of the treated mice
were not significantly different from those of the untreated mice (P value 0.3173, log-rank test). P-values <0.05 were considered significantly different. B
Parasitemia (cells/mL, log10) in female 6-week-old BALB/c mice infected with T. congolense strain IL3000 parasites and left untreated (positive controls) or
treated with either 100 mg/kg of 4b orally or 10 mg/kg of 4b intraperitoneally from 5 d.p.i. Group II mice died before treatment could be completed. d.p.i.:
days post-infection; p.o.: per os; i. p. intraperitoneal.

Table 3. Antileishmanial activity (μM�Standard deviation) of compounds against L. donovani strain 9515.

Compd. General cytotoxicity
Vero IC50 (μM)

Host cell cytotoxicity
THP1 IC50 (μM)

Antipromastigote
activity

Static anti-amastigote
activity

Cidal anti-amastigote
activity

IC50 (μM) SI1
[a] IC50 (μM) SI2

[b] SpI1
[c] IC50 (μM) SI3

[d] SpI2
[e]

2b >100 >100 2.88�0.84 35 0.55�0.7 182 5 0.44�0.08 227 7

5 >100 >100 >10 0.40�0.2 250 0.43�0.02 233

5b >100 >100 12.39�3.67 8 0.72�0.7 139 17 0.73�0.01 137 17

Emetine 0.08�0.009 - - - - -

AMB 57.80�3.20 14.86�0.09 0.05 �0.0 116 0.45�0.05 128

[a] Selectivity Index of L. donovani: SI1= IC50 Vero/IC50 promastigote. [b] Selectivity Index of L. donovani: SI2= IC50 Vero/static IC50 amastigote. [c] Selectivity
Index of L. donovani: SI3= IC50 Vero/cidal IC50 amastigote. Specificity index (SpI)<0.4 indicates more antipromastigote activity, 0.4 <SpI<2.0 indicates
activity against both forms, SpI >2.0 indicates more anti-amastigote activity.[41] [d] Specificity index of L. donovani: SpI1= IC50 promastigote/static IC50

amastigote. [e] Specificity index of L. donovaniy: SpI2= IC50 promastigote/cidal IC50 amastigote. Vero: African green monkey kidney epithelial cells; THP-1:
human acute monocytic leukemia; Red=compounds qualifying as early antileishmanial leads; Blue=compounds qualifying as antileishmanial hits.[37a] All
data reported in the tables were significant at p<0.05.
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deemed intrinsic. The low cytotoxicity of these 3 derivatives in
Vero and THP1 cells contrasts with their moderate to weak
toxicity in MDBK cells, which may indicate species-dependent
toxicity for these compounds.

The antileishmanial activity was characterized as either
static (inhibition of proliferation) or cidal (parasite death) by
determining the IC50 values at 24 h and 72 h post host cell lysis.
Cidal compounds retain significant antileishmanial activity up
to 72 hours post lysis, indicating that the parasites could not
recover from treatment. Cidal drugs are often associated with
the development of fast-acting antiprotozoals.[42] Static com-
pounds, on the other hand, present with significant anti-
amastigote activity 24 hours post lysis, but lose their activity
due to parasite recovery and subsequent promastigote prolifer-
ation during further incubation. Static drugs may require higher
concentrations and/or longer treatment periods as observed in
antibacterial assays,[43] which could pose a resistance develop-
ment risk.

When the static (24 h) and cidal (72 h) IC50 values of the
three compounds were compared, it was observed that
antileishmanial activity was retained after 72 h and not lost due
to parasite recovery. Accordingly, their antileishmanial activity
was deemed cidal in nature. Furthermore, these hybrids showed
anti-amastigote activity comparable to that of the reference
drug (amphotericin B, IC50 0.45�0.05 μM), especially 5 with
unsubstituted benzyl and 2b featuring 5-nitroisatin and p-
bromobenzyl groups with IC50 values of 0.43�0.02 and 0.44�
0.08 μM, respectively. Their selectivity towards parasites (SI 137–
227) was also significantly improved compared to amphotericin
B (SI 128). These compounds therefore qualify as potential early
antileishmanicidal leads according to the guidelines of Katsuno
et al., (2015) (IC50�1 μM; SI�100). However, of these three
compounds, intermediate 5 synthesized in a single-step process
and tested as suspension, demonstrated exclusive anti-amasti-
gote activity, and displayed the most selective leishmanicidal
action and hence stood out as the promising candidate for
further investigation. Derivatives, 2b and 5b, on the other
hand, were preferentially active against the amastigotes of L.
donovani as can be seen from their high specificity indexes, 5
and 17, respectively.[41]

2.3.4. T. cruzi Anti-Amastigote Activity

Leishmania and Trypanosoma are taxonomically related and
have similar biochemical and structural features. This may
particularly be the case for their clinically relevant amastigote
forms, as both species are obligate intracellular parasites in this
form. Thus, the potential for activity against intracellular T. cruzi
amastigotes was also assessed by screening compounds 2b, 5
and 5b with confirmed antileishmanial amastigote activity
against T. cruzi strain Tulahuen clone C4 expressing β-
galactosidase enzyme. However, these compounds showed no
notable activity against this strain (IC50>10 μM) in comparison
to benznidazole, used as reference, which had IC50 2.70�
0.32 μM.

2.3.5. Structure-Activity Relationships

When analyzing the electronic effect and strength across the
isatinylhydantoin derivatives 1a-6b, the R substituents can be
categorized into three distinct groups, namely electron-with-
drawing group (EWG, NO2>F>Cl>Br), neutral group (H), and
electron donating group (EDG, Me). The limited number of
active compounds hindered the deduction of further mean-
ingful structure-activity relationships. However, it was noted
that in the benzyl sub-series, hybrid 4c bearing the strongest
EWG (F) exhibited an IC50 value >10 μM, compared to 1.78 μM
of 4b containing the weakest EWG (Br). Furthermore, the
unsubstituted benzyl compounds, 3a, 4a, and 6a, were found
to exhibit hit activities against T. congolense strain IL3000
trypomastigotes with the EWG-containing analogues, 3a and
4a being equipotent while displaying a two-fold higher activity
than their EDG-containing counterpart 6a. Among the chlori-
nated isatin analogues, 4a, 4b and 4c, the brominated (weaker
EWG) 4b was identified as the most active followed by the
neutral 4a, which in turn was more antitrypanosomal potent
than the inactive fluorinated 4c (stronger EWG).

Comparison of L. donovani antileishmanial efficacy among
the hits revealed two 5-brominated isatin analogues, the
intermediate 5 and the fluorobenzylated 5b with submicromo-
lar equipotency while the unsubstituted benzyl 5a was found to
be inactive.

3. Conclusions

A series of novel isatinylhydantoin derivatives were synthesized
in a two-step process with poor to moderate yields. Most of the
compounds were non-cytotoxic against three mammalian cell
lines, apart from compounds 2b, 4a, 4c, and 5b in MDBK cells,
which exhibited moderate toxicity.

The compounds showed no growth inhibition against
axenic T. cruzi epimastigotes and trypomastigotes. The deriva-
tives also exhibited weak axenic trypanocidal activity against
species/strains of animal and human trypanosomes, except for
compounds 1b, 3a, 3c, 4a, 4b, and 6a, which showed hit
trypanocidal activity against T. congolense IL3000 (IC50 �10 μM,
SI�10). Hybrid 4b was identified as the most promising
trypanocidal hit based on its in vitro trypanocidal potency and
further evaluated in vivo; however, no mentionable preliminary
treatment efficacy was observed against T. congolense strain
IL3000-infected BALB/c mice after oral or intraperitoneal
administration of the isatinylhydantoin derivative.

Against Leishmania parasites, however, hybrids 2b, 5, and
5b demonstrated very good activity against the intracellular
amastigotes of antimony-resistant L. donovani strain 9515.
These compounds were identified as potential early antileish-
manicidal leads. Thus, future work on isatinylhydantoin deriva-
tives will focus on the reported in vitro hit/lead activity against
L. donovani for further investigations into their in vivo antipar-
asitic potential.
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Experimental Sections

Materials and Methods

Materials

Isatin (C8H5NO2), 5-nitroisatin (C8H4N2O4), 5-fluoroisatin (C8H4FNO2),
5-chloroisatin (C8H4ClNO2), 5-bromoisatin (C8H4BrNO2), 5-methylisa-
tin (C9H7NO2), 1-aminohydantoin hydrochloride (C3H6ClN3O2). Trie-
thylamine (C6H15N), benzyl bromide (C7H7Br), 4-bromobenzyl
bromide (C7H6Br2), 4- fluorobenzyl bromide (C7H6BrF) were obtained
from Sigma-Aldrich (Johannesburg, South Africa). N,N-dimethylfor-
mamide (DMF) were purchased from Merck (Johannesburg, South
Africa). All other solvents, including ethanol (EtOH), dichloro-
methane (DCM), potassium carbonate (K2CO3) and magnesium
sulphate (MgSO4), were purchased from Associated Chemical Enter-
prises (ACE, South Africa). All chemicals and reagents were of
analytical grade, and no further purification was needed.

General Procedures

The 1H and 13C nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker AvanceTM III 600 spectrometer at a frequency
of 600 and 150 MHz, respectively, in deuterated dimethyl sulfoxide
(DMSO-d6). The chemical shifts were reported in parts per million d
(ppm) with the residual protons of the solvent as a reference. The
abbreviations of the splitting patterns were as follows: singlet (s),
doublet (d), doublet of doublet (dd), doublet of triplets (dt), triplet
(t), triplet of doublets (td), doublet of doublet of doublets (ddd) and
multiplet (m).

High-resolution mass spectrometry (HRMS) was recorded on a
Bruker MicroTOF Q II mass spectrometer, equipped with an
atmospheric pressure chemical ionization (APCI) source set at
200 °C or 180 °C and analysed using a Bruker Compass Data Analysis
4.0 software. A full scan ranged from 50–1500 m/z at a capillary
voltage of 4500 V, an end plate offset voltage of � 500 V, with the
nebulizer set at 1.6 and 0.4 Bar, respectively, and a collision cell RF
voltage of 100 Vpp.

Infrared (FTIR) spectra were recorded on a Bruker Alpha-P FTIR
instrument, whereas a BÜCHI melting point B-545 instrument was
used to determine melting points (mp), which were uncorrected.
Thin-layer chromatography (TLC) was performed on silica gel plates
(60F254) acquired from Merck (South Africa). The plates were
visualized under ultraviolet (UV254 nm and 366 nm) light or stained
with iodine vapor.

Syntheses

Synthesis of Isatinylhydantoin Intermediates (1–6)

The starting material, 1-aminohydantoin hydrochloride (10.1 mmol,
1.5 equiv.), was dissolved in dry EtOH (50 ml), and then K2CO3

(1.5 equiv.) was added. The solution was stirred at room temper-
ature for 1 h; thereafter, the isatins (6.7 mmol, 1 equiv.) dissolved in
dry EtOH (50 ml) were added dropwise. The resulting mixture was
stirred at room temperature for 12 h and monitored by thin layer
chromatography (TLC). Upon completion, the ensuing precipitate
was filtered and dried in an oven to afford the isatinylhydantoin
intermediates 1–6, which were subsequently used without further
purification.

1-[(2-Oxoindolin-3-ylidene)amino]imidazolidine-2,4-dione (1)

Yellow powder; yield: 79%; mp: 226–228 °C; IR Vmax (cm� 1): 3284
(N� H), 2997 (N� H), 2963 (C� H), 1792 (C=O), 1764 (C=O), 1692 (C=0),
1592 (C=N). 1H NMR (600 MHz, DMSO-d6) δ δ (ppm): 10.94 (s, 1H, H-
1), 7.46 (d, J=7.1 Hz, 1H, H-4), 7.31 (t, J=7.6 Hz, 1H, H-5), 7.03 (t,
J=7.4 Hz, 1H, H-6), 6.89 (d, J=8.0 Hz, 1H, H-7), 4.58 (s, 2H, H-5’). 13C
NMR (151 MHz, DMSO-d6) δ (ppm): 170.8 (C-4’), 158.6 (C-2), 158.1
(C-2’), 142.4 (C-7a), 136.5 (C-3), 131.2 (C-5), 122.8 (C-3a), 122.3 (C-4),
121.0 (C-6), 110.6 (C-7), 56.8 (C-5’). HRMS-APCI m/z: 245.0690 [M+

H]+ (calculated for C11H9N4O3
+, 245.0669).

(Z)-1-[(5-Nitro-2-oxoindolin-3-ylidene)amino]imidazolidine-
2,4-dione (2)

Light orange powder; Yield: 74%; mp: 210–213 °C; IR Vmax (cm� 1):
3265 (N� H), 3192 (N� H), 2987 (C� H), 1707 (C=O), 1625 (C=O), 1602
(C=O), 1583 (C=N), 1338 (N� O). 1H NMR (600 MHz, DMSO-d6) δ
(ppm): 8.16–8.11 (m, 2H, H-6, H-4), 7.02 (d, J=8.3 Hz, 1H, H-7), 4.30
(s, 2H, H-5’). 13C NMR (151 MHz, DMSO-d6) δ (ppm): 170.8 (C-4’),
167.3 (C-2), 159.4 (C-2’), 146.7 (C-7a), 142.4 (C-5), 125.2 (C-3), 125.1
(C-6), 124.6 (C-3a), 114.6 (C-4), 110.3 (C-7), 57.5 (C-5’). HRMS-APCI
m/z: 290.0520[M+H]+ (calculated for C11H8N5O5

+, 290.0529).

(Z)-1-[(5-Fluoro-2-oxoindolin-3-ylidene)amino]imidazolidine-
2,4-dione (3)

Orange powder; yield: 88%; mp: 319–322 °C; IR Vmax (cm� 1): 3262
(N� H), 3158 (N� H), 2988 (C� H), 1773 (C=O),1715 (C=O),1617 (C=O),
1583 (C=N), 1408 (C� F). 1H NMR (600 MHz, DMSO-d6) δ (ppm): 10.79
(s, 1H, H-1), 7.34 (d, JH-F=8.3 Hz, 1H, H-4), 7.22 (d, J=8.4 Hz, 1H, H-
7), 6.86 (dd, JH-F=8.4, 2.7 Hz, 1H, H-6), 4.18 (s, 2H, H-5’). 13C NMR
(151 MHz, DMSO-d6) δ (ppm): 170.8 (C-4’), 158.8 (C-2),
158.4 (d, 1JC-F=237.0 Hz, C-5), 158.1 (C-2’), 138.4 (C-7a), 134.5 (C-3),
124.4 (d, 3JC-F=7.5 Hz, C-3a), 117.1 (d, 2JC-F=24.1 Hz, C-6), 111.6 (d,
3JC-F=7.5 Hz, C-7), 107.6 (d, 2JC-F=25.6 Hz, C-4), 57.0 (C-5’). HRMS:
The molecular ion peak was not found and is likely unstable with
the ionization method.

(Z)-1-[(5-Chloro-2-oxoindolin-3-ylidene)amino]imidazolidine-
2,4-dione (4)

Orange powder; yield 89%; mp: 272–274 °C; IR Vmax (cm� 1): 3271
(N� H), 3167 (N� H), 2967 (C� H), 1767 (C=O), 1711 (C=O), 1651
(C=O), 1585 (C=N), 826 (C� Cl). 1H NMR (600 MHz, DMSO-d6) δ
(ppm): 10.58 (s, 1H, H-1), 7.12 (s, 1H, H-4), 7.01 (*d, J=8.0 Hz, 1H, H-
6), 6.81 (*d, J=8.0 Hz, 1H, H-7), 4.17 (s, 2H, H-5’). 13C NMR (151 MHz,
DMSO-d6) δ (ppm): 13C NMR (151 MHz, DMSO) δ (ppm): 170.8 (C-4’),
158.5 (C-2), 158.1 (C-2’), 140.6 (C-7a), 129.9 (C-3), 126.3 (C-6), 126.1
(C-5), 125.1 (C-3a), 120.0 (C-4), 112.0 (C-7), 57.1 (C-5’). HRMS-APCI
m/z: 279.0279 [M+H]+ (calculated for C11H8 ClN4O3

+, 279.0286). *d
is a coalesced doublet

(Z)-1-[(5-Bromo-2-oxoindolin-3-ylidene)amino]imidazolidine-
2,4-dione (5)

Orange powder; yield: 88%; mp: 262–264 °C; IR Vmax (cm� 1): 3262
(N� H), 3158 (N� H), 2988 (C� H), 1773 (C=O), 1715 (C=O), 1617
(C=O), 1583 (C=N), 605 (C� Br). 1H NMR (600 MHz, DMSO-d6) δ
(ppm): 10.81 (s, 1H, H-1), 7.45 (s, 1H, H-4), 7.35 (*d, J=8.0 Hz, 1H, H-
6), 6.80 (*d, J=8.0 Hz, 1H, H-7), 4.19 (s, 2H, H-5’). 13C NMR (151 MHz,
DMSO-d6) δ (ppm): 183.0 (C-4’), 168.7 (C-2), 158.6 (C-2’), 140.0 (C-
7a), 131.1 (C-3), 127.9 (C-6), 126.6 (C-4), 122.0 (C-3a), 113.5 (C-5),
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112.0 (C-7), 57.6 (C-5’). HRMS-APCI m/z: 322.9774 [M+H]+ (calcu-
lated for C11H8 BrN4O3

+, 322.9776). *d is a coalesced doublet

(Z)-1-[(5-Methyl-2-oxoindolin-3-ylidene)amino]imidazolidine-
2,4-dione (6)

Orange powder; yield: 82% mp: 228–230 °C; IR Vmax (cm� 1): 3305
(N� H), 3191 (N� H), 2988 (C� H), 1767 (C=O), 1711 (C=O), 1625 (C=O)
1592 (C=N). 1H NMR (600 MHz, DMSO-d6) δ (ppm): 10.74 (s, 1H, H-1),
7.27 (s, 1H, H-4), 7.09 (d, J=7.9 Hz, 1H, H-6), 6.75 (d, J=7.9 Hz, 1H,
H-7), 4.46 (s, 2H, H-5’), 2.28 (s, 3H, H-8). 13C NMR (151 MHz, DMSO-
d6) δ (ppm): 170.8 (C-4’), 158.7 (C-2), 158.1 (C-2’), 140.2 (C-7a), 131.6
(C-3), 131.3 (C-5), 122.8 (C-4/6), 121.4 (C-3a), 110.4 (C-7), 56.8 (C-5’),
21.0 (C-8). HRMS-APCI m/z: 259.0826 [M+H]+ (calculated for
C12H11N4O3

+, 259.0823).

Synthesis of Isatinylhydantoin Derivatives (1a-6b).

The previously synthesized isatinylhydantoin intermediates (1–6)
were dissolved in anhydrous DMF (10 mL) upon stirring at room
temperature, and then TEA (1.5 equiv.) was added to the solution
and stirred for 15 min. Afterwards, benzyl bromides (6.13 mmol,
1.5 equiv.) were added, and the stirring was continued for 24 h
whilst the progress of the reaction was monitored by TLC. Upon
completion, DMF was removed in vacuo, and the residue was
suspended in H2O (20 mL) and extracted with DCM (3×20 mL). The
organic layer was washed once with saturated NH4Cl (20 mL) and
then with water (20 mL). Thereafter, the organic phase was dried
over anhydrous magnesium sulphate, filtered, dried under vacuum,
and then recrystallized from EtOH/H2O (1 :1, v/v) to obtain the
target isatinylhydantoin derivatives (1a-6b).

3-Benzyl-1-[(2-oxoindolin-3-ylidene)amino]imidazolidine-2,4-
dione (1a)

Yellow powder; yield: 42%; mp: 218–221 °C; IR Vmax (cm� 1): 3320
(N� H), 2963 (C� H), 1772 (C=O), 1712 (C=O), 1619 (C=O), 1581
(C=N). 1H NMR (600 MHz, DMSO-d6) δ (ppm): 11.03 (s, 1H, H-1), 7.49
(d, J=8.0 Hz, 1H, H-4), 7.36–7.29 (m, 6H, H-2’’, � 3’’, � 4’’, � 5’’, � 6’’,
� 5), 7.05 (t, J=7.3 Hz, 1H, H-6), 6.90 (d, J=8.0 Hz, 1H, H-7), 4.87 (s,
2H, H-6’), 4.69 (s, 2H, H-5’). 13C NMR (151 MHz, DMSO-d6) δ (ppm):
168.5 (C-4’), 158.5 (C-2), 155.7 (C-2’), 143.0 (C-7a), 139.7 (C-3), 136.2
(C-1’’), 132.2 (C-5), 129.0 (C-3’’), 128.1 (C-2’’), 128.0 (C-4’’), 122.6 (C-
4), 122.1 (C-3a), 121.6 (C-6), 110.9 (C-7), 55.6 (C-5’), 42.5 (C-6’).
HRMS-APCI m/z: 335.1139 [M+H]+ (calculated for C18H15 N4O3

+,
335.1129).

3-(4-Bromobenzyl)-1-[(2-oxoindolin-3-
ylidene)amino]imidazolidine-2,4-dione (1b)

Yellow powder; yield: 32%; mp:202–204 °C; IR Vmax (cm� 1): 3289
(N� H), 2987 (C� H), 1781 (C=O), 1713 (C=O), 1621 (C=O), 1488
(C=N), 609 (C� Br). 1H NMR (600 MHz, DMSO-d6) δ (ppm): 10.99 (s,
1H, H-1), 7.55 (d, J=8.5 Hz, 2H, H-3’’, � 5’’), 7.49 (d, J=8.3 Hz, 1H, H-
4), 7.36–7.32 (m, 3H, H-5, � 2’’), 7.04 (t, J=7.8 Hz, 1H, H-6), 6.89 (d,
J=8.3 Hz, 1H, H-7), 4.86 (s, 2H, H-6’), 4.66 (s, 2H, H-5’). 13C NMR
(151 MHz, DMSO-d6) δ (ppm): 168.5 (C-4’), 158.5 (C-2), 155.6 (C-2’),
143.0 (C-7a), 139.7 (C-3), 135.7 (C-1’’), 132.2 (C-5), 131.8 (C-3’’), 130.4
(C-2’’), 122.6 (C-4), 122.1 (C-3a), 121.6 (C-6), 121.2 (C-4’’), 110.9 (C-7),
55.7 (C-5’), 41.9 (C-6’). HRMS-APCI m/z: 413.0244 [M+H]+ (calcu-
lated for C18H14 BrN4O3

+, 413.0228).

3-(4-Fluorobenzyl)-1-[(2-oxoindolin-3-
ylidene)amino]imidazolidine-2,4-dione (1c)

Yellow powder; yield: 31%; mp: 226–228 °C; IR Vmax (cm� 1): 3319
(N� H), 2967 (C� H), 1773 (C=O), 1713 (C=O), 1620 (C=O), 1508
(C=N), 1410 (C� F). 1H NMR (600 MHz, DMSO-d6) δ (ppm): 10.98 (s,
1H, H-1), 7.49 (d, J=7.7 Hz, 1H, H-4), 7.42–7.40 (m, 2H, H-2’’), 7.35 (t,
J=7.7 Hz, 1H, H-5), 7.20–7.18 (m, 2H, H-3’’), 7.04 (t, J=7.9 Hz, 1H, H-
6), 6.89 (d, J=8.3 Hz, 1H, H-7), 4.86 (s, 2H, H-6’), 4.67 (s, 2H, H-5’). 13C
NMR (151 MHz, DMSO-d6) δ (ppm): 168.5 (C-4’), 162.0 (d, 1JC-F=

243.1 Hz, C-4’’), 158.5 (C-2), 155.7 (C-2’), 143.0 (C-7a), 139.7 (C-3),
132.2 (C-1’’), 130.4 (d, 3JC-F=7.5 Hz, C-3’’, C-5’’), 122.6 (C-5), 122.4 (C-
4), 122.1 (C-3a), 121.6 (C-6), 115.7 (d, 2JC-F=21.1 Hz, C-2’’, C-6’’),
110.9 (C-7), 55.7 (C-5’), 41.8 (C-6’). HRMS-APCI m/z: 353.1044 [M+

H]+ (calculated for C18H14 FN4O3
+, 353.1039).

3-Benzyl-1-[(5-nitro-2-oxoindolin-3-
ylidene)amino]imidazolidine-2,4-dione (2a)

Dark orange powder; yield: 32%; mp: 209–212 °C; IR Vmax (cm� 1):
3662 (N� H), 2971 (C� H), 1790 (C=O), 1719 (C=O), 1616 (C=O), 1521
(C=N), 1334 (N� O). 1H NMR (600 MHz, DMSO-d6) δ (ppm): 8.28 (d,
J=8.0 Hz, 1H, H-6), 8.22 (d, J=8.0 Hz, 1H, H-4), 7.38–7.36 (m, 5H, H-
2’’, � 3’’ and � 4’’), 7.25 (d, J=8.7 Hz, 1H, H-7), 5.07 (s, 2H, H-6’), 5.04
(s, 2H, H-5’). 13C NMR (151 MHz, DMSO-d6) δ (ppm): 168.1 (C-4’),
157.5 (C-2), 155.3 (C-2’), 147.6 (C-7a), 143.5 (C-5), 136.0 (C-1’’), 135.8
(C-3), 134.1 (C-4’’), 129.2 (C-3’’), 128.1 (C-2’’), 127.5 (C-6), 122.6 (C-
3a), 115.8 (C-4), 110.5 (C-7), 56.0 (C-5’), 42.7 (C-6’). HRMS: The
molecular ion peak was not found and is likely unstable with the
ionisation method.

3-(4-Bromobenzyl)-1-[(5-nitro-2-oxoindolin-3-
ylidene)amino]imidazolidine-2,4-dione (2b)

Light green crystals; yield: 24%; mp: 221–223 °C; IR Vmax (cm
� 1): 3080

(N� H), 2944 (C� H), 1795 (C=O), 1723 (C=O), 1614 (C=O), 1519
(C=N), 1355 (N� O), 642 (C� Br). 1H NMR (600 MHz, DMSO-d6) δ
(ppm): 8.29 (d, J=8.7 Hz, 1H, H-6), 8.21 (s, 1H, H-4), 7.55 (t, J=
7.6 Hz, 2H, H-3’’), 7.34 (*d, J=6.1 Hz, 2H, H-2’’), 7.24 (d, J=6.1 Hz,
1H, H-7), 5.01 (s, 2H, H-6’), 4.71 (s, 2H, H-5’). 13C NMR (151 MHz,
DMSO) δ (ppm): 13C NMR (151 MHz, DMSO-d6) δ 168.0 (C-4’), 157.5
(C-2), 155.2 (C-2’), 147.5 (C-7a), 143.5 (C-5), 135.4 (C-1’’), 135.2 (C-3),
132.1 (C-3’’), 130.4 (C-2’’), 127.5 (C-6), 122.7 (C-3a), 121.3 (C-4’’),
115.8 (C-4), 110.54 (C-7), 56.09 (C-5’), 42.15 (C-6’). HRMS: The
molecular ion peak was not found and is likely unstable with the
ionisation method. *d is a coalesced doublet

3-Benzyl-1-[(5-fluoro-2-oxoindolin-3-
ylidene)amino]imidazolidine-2,4-dione (3a)

Yellow powder; yield: 43%; mp: 235–238 °C; IR Vmax (cm� 1): 3306
(N� H), 2967 (C� H), 1769 (C=O), 1714 (C=O), 1579 (C=O), 1478
(C=N), 1343 (C� F). 1H NMR (600 MHz, DMSO-d6) δ (ppm): 10.94 (s,
1H, H-1), 7.37–7.34 (m, 5H, H-3’’, � 4’’ and � 2’’), 7.24 (dd, JH-F=8.0,
2.7 Hz, 1H, H-4), 7.20 (td, JH-F=8.3, 3.2 Hz, 1H, H-6), 6.89 (dd, JH-F=

8.5, 4.2 Hz, 1H, H-7), 4.90 (s, 2H, H-6’), 4.69 (s, 2H, H-5’). 13C NMR
(151 MHz, DMSO-d6) δ (ppm): 168.4 (C-4’), 158.6 (C-2),
158.5 (d, 1JC-F=237.0 Hz, C-5), 155.6 (C-2’), 139.2 (C-7a), 138.4 (C-1’’),
136.2 (C-3), 129.0 (C-3’’), 128.1 (C-2’’), 125.1 (C-4’’), 123.5 (d, 3JC-F=

9.0 Hz, C-3a), 118.4 (d, 2JC-F=25.6 Hz, C-6), 112.0 (d, 3JC-F=7.5 Hz, C-
7), 108.4 (d, 2JC-F=25.6 Hz, C-4), 55.8 (C-5’), 42.5 (C-6’). HRMS-APCI
m/z: 353.1044 [M+H]+ (calculated for C18H14 FN4O3

+, 353.1055).
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3-(4-Bromobenzyl)-1-[(5-fluoro-2-oxoindolin-3-
ylidene)amino]imidazolidine-2,4-dione (3b)

Orange powder; yield: 27%; mp: 262–265 °C; IR Vmax (cm� 1): 3293
(N� H), 2987 (C� H), 1719 (C=O), 1629 (C=O), 1596 (C=O), 1481
(C=N), 1381 (C� F), 640 (C� Br). 1H NMR (600 MHz, DMSO-d6) δ (ppm):
11.04 (s, 1H, H-1), 7.55 (d, J=8.3 Hz, 2H, H-3’’), 7.33 (d, J=8.6 Hz,
2H, H-2’’), 7.24–7.19 (m, 2H, H-4, � 6), 6.89 (dd, JH-F=8.5, 4.1 Hz, 1H,
H-7), 4.88 (s, 2H, H-6’), 4.66 (s, 2H, H-5’). 13C NMR (151 MHz, DMSO-
d6) δ δ (ppm): 168.3 (C-4’), 159.6 (C-2),158.5 (d, 1JC-F=238. 5 Hz, C-5),
155.5 (C-2’), 139.2 (C-7a), 138.4 (C-1’’), 135.6 (C-3), 131.8 (C-3’’),
130.4 (C-2’’), 123.5 (d, 3JC-F=9.0 Hz, C-3a), 121.2 (C-4’’), 118.4
(d, 2JC-F=22.6 Hz, C-6), 112.0 (d, 3JC-F=7.5 Hz, C-7), 108.4 (d, 2JC-F=

25.6 Hz, C-4), 55.8 (C-5’), 42.00 (C-6’). HRMS-APCI m/z: 431.0150 [M
+H]+ (calculated for C18H13 BrFN4O3

+, 431.0125).

1-[(5-Fluoro-2-oxoindolin-3-ylidene)amino]-3-(4-
fluorobenzyl)imidazolidine-2,4-dione (3c)

Orange powder; yield: 24%; mp: 204–207 °C; IR Vmax (cm� 1): 3310
(N� H), 2971 (C� H), 1771 (C=O), 1715 (C=O), 1634 (C=O), 1509
(C=N),1408 (C� F), 1359 (C� F). 1H NMR (600 MHz, DMSO-d6) δ (ppm):
11.02 (s, 1H, H-1), 7.41 (dd, JH-F=8.0, 2.8 Hz, 2H, H-3’’), 7.24 (d, JH-F=

8.0 Hz, 1H, H-4), 7.18 (ddd, JH-F=24.0, 12.0, 6.0 Hz, 3H, H-2’’ and � 6),
6.89 (dd, JH-F=8.2, 3.9 Hz, 1H, H-7), 4.88 (s, 2H, H-6’), 4.68 (s, 2H, H-
5’). 13C NMR (151 MHz, DMSO-d6) δ (ppm): 168.3 (C-4’), 163.7
(d, 1JC-F=247.6 Hz, C-4’’), 162.1 (d, 1JC-F=244.6 Hz, C-5), 158.6 (C-2),
155.5 (C-2’), 139.2 (C-7a), 138.4 (C-3), 132.4 (d, 4JC-F=3.0 Hz, C-1’’),
130.4 (d, 3JC-F=9.0 Hz, C-2’’), 123.5 (d, 3JC-F=7.5 Hz, C-3a), 118.4 (d,
2JC-F=24.1 Hz, C-6), 115.8 (d, 3JC-F=9.0 Hz, C-3’’), 112.0 (d, 3JC-F=

9.0 Hz, C-7), 108.4 (d, 2JC-F=24.1 Hz, C-4), 55.8 (C-5’), 41.91(C-6’).
HRMS-APCI m/z: 371.0950 [M+H]+ (calculated for C18H13 F2 N4O3

+,
371.0969).

3-Benzyl-1-[(5-chloro-2-oxoindolin-3-
ylidene)amino]imidazolidine-2,4-dione (4a)

Orange powder; yield: 39%; mp: 237–239 °C; IR Vmax (cm� 1): 3229
(N� H), 2987 (C� H), 1777 (C=O), 1713 (C=O), 1616 (C=O), 1576
(C=N), 805 (C� Cl). 1H NMR (600 MHz, DMSO-d6) δ (ppm): 9.75 (s, 1H,
H-1), 7.39 (dd, J=8.3, 2.2 Hz, 1H, H-4, H-6), 7.37–7.34 (m, 5H, H-3’’,
� 2’’ and � 4’’), 6.91 (d, J=8.3 Hz, 1H, H-7), 4.90 (s, 2H, H-6’), 4.69 (s,
2H, H-5’). 13C NMR (151 MHz, DMSO-d6) δ (ppm): 168.3 (C-4’), 158.3
(C-2), 155.5 (C-2’), 141.5 (C-7a), 137.5 (C-1’’), 136.2 (C-3), 131.4 (C-6),
129.0 (C-3’’), 128.1 (C-2’’), 128.1 (C-5), 126.7 (C-4’’), 124.0 (C-4), 120.9
(C-3a), 112.5 (C-7), 55.8 (C-5’), 42.6 (C-6’). HRMS-APCI m/z: 369.0749
[M+H]+ (calculated for C18H14ClN4O3

+, 369.0766).

3-(4-Bromobenzyl)-1-[(5-chloro-2-oxoindolin-3-
ylidene)amino]imidazolidine-2,4-dione (4b)

Yellow powder; yield: 38%; mp: 257–259 °C; IR Vmax (cm� 1): 3239
(N� H), 2987 (C� H), 1778 (C=O), 1714 (C=O), 1619 (C=O), 1577
(C=N), 802 (C� Cl), 622 (C� Br). 1H NMR (600 MHz, DMSO-d6) δ (ppm):
11.11 (s, 1H, H-1), 7.55 (d, J=8.4 Hz, 2H, H-3’’), 7.42–7.37 (m, 2H, H-
4, � 6), 7.34 (d, J=8.3 Hz, 2H, H-2’’), 6.91 (d, J=8.3 Hz, 1H, H-7), 4.89
(s, 2H, H-6’), 4.67 (s, 2H, H-5’). 13C NMR (151 MHz, DMSO) δ (ppm):
168.3 (C-4’), 158.3 (C-2), 155.4 (C-2’), 141.5 (C-7a), 137.5 (C-1’’), 135.6
(C-3), 131.8 (C-3’’), 130.4 (C-2’’), 130.4 (C-6’), 126.7 (C-5), 124.0 (C-3a),
121.2 (C-4), 120.9 (C-4’’), 112.4 (C-7), 55.9 (C-5’), 42.0 (C-6’). HRMS-
APCI m/z: 446.9854 [M+H]+ (calculated for C18H13BrClN4O3

+,
446.9871).

1-[(5-Chloro-2-oxoindolin-3-ylidene)amino]-3-(4-
fluorobenzyl)imidazolidine-2,4-dione (4c)

Red powder; yield: 30% mp: 213–215 °C; IR Vmax (cm
� 1): 3254 (N� H),

2987 (C� H), 1785 (C=O), 1716 (C=O), 1618 (C=O), 1547 (C=N), 1406
(C� F), 819 (C� Cl). 1H NMR (600 MHz, DMSO-d6) δ (ppm): 11.13 (s, 1H,
H-1), 7.43–7.38 (m, 4H, H-2’’ and � 4’’), 7.18 (t, JH-F=8.8 Hz, 2H, H-
3’’), 6.91 (d, J=8.3 Hz, 1H, H-7), 4.88 (s, 2H, H-6’), 4.68 (s, 2H, H-5’).
13C NMR (151 MHz, DMSO-d6) δ (ppm): 168.3 (C-4’), 162.1 (d, 1JC-F=

243.1 Hz, C-4’’), 158.3 (C-2), 155.5 (C-2’), 141.5 (C-7a), 137.5 (C-1’’),
132.4 (C-3), 130.4 (d, 3JC-F=9.0 Hz, C-2’’), 126.7 (C-5), 124.0 (C-4),
120.89 (C-3a), 115.7 (d, 2JC-F=21.1 Hz, C-3’’), 112.5 (C-7), 55.8 (C-5’),
41.9 (C-6’). HRMS-APCI m/z: 387.0655 [M+H]+ (calculated for
C18H13ClFN4O3

+, 387.0670).

3-Benzyl-1-[(5-bromo-2-oxoindolin-3-
ylidene)amino]imidazolidine-2,4-dione (5a)

Orange powder; yield: 36%; mp:235–238 °C; IR Vmax (cm� 1): 3245
(N� H), 2987 (C� H), 1774 (C=O), 1713 (C=O), 1616 (C=O), 1575
(C=N), 610 (C� Br). 1H NMR (600 MHz, DMSO-d6) δ (ppm): 11.15 (s,
1H, H-1), 7.53–7.50 (m, 2H, H-4, H-6), 7.38–7.34 (m, 5H, H-2’’, � 3’’
and � 4’’), 6.86 (d, J=8.2 Hz, 1H, H-7), 4.90 (s, 2H, H-6’), 4.69 (s, 2H,
H-5’).13C NMR (151 MHz, DMSO-d6) δ (ppm): 168.3 (C-4’), 158.2 (C-2),
155.5 (C-2’), 141.9 (C-7a), 137.3 (C-1’’), 136.2 (C-3), 134.2 (C-6), 129.0
(C-3’’), 128.1 (C-2’’), 128.1 (C-4’’), 124.4 (C-4), 123.6 (C-3a), 114.2 (C-
5), 112.9 (C-7), 55.8 (C-5’), 42.5 (C-6’). HRMS-APCI m/z: 413.0244 [M
+H]+ (calculated for C18H14BrN4O3

+, 413.0257).

1-[(5-Bromo-2-oxoindolin-3-ylidene)amino]-3-(4-
fluorobenzyl)imidazolidine-2,4-dione (5b)

Red-orange powder; yield: 26%; mp: 211–214 °C; IR Vmax (cm� 1):
3246 (N� H), 2971 (C� H), 1786 (C=O), 1713 (C=O), 1607 (C=O), 1510
(C=N), 1406 (C� F), 636 (C� Br). 1H NMR (600 MHz, DMSO-d6) δ (ppm):
11.13 (s, 1H, H-1), 7.54–7.51 (m, 2H, H-4, H-6), 7.41 (dd, JH-F=8.7,
5.7 Hz, 2H, H-2’’), 7.18 (ddd, JH-F=30.0, 18.0, 6.0 Hz, 2H, H-3’’), 6.86
(d, J=8.1 Hz, 1H, H-7), 4.88 (s, 2H, H-6’), 4.68 (s, 2H, H-5’). 13C NMR
(151 MHz, DMSO-d6) δ (ppm): 168.3 (C-4’), 162.1 (d, 1JC-F=243.1 Hz,
C-4’’), 158.2 (C-2), 155.5 (C-2’), 141.9 (C-7a), 137.3 (C-3), 134.2 (C-6),
132.4 (d, 4JC-F=3.0 Hz, C-1’’), 130.4 (d, 3JC-F=7.5 Hz, C-2’’), 124.4 (C-
4), 123.6 (C-3a), 115.7 (d, 2JC-F=21.1 Hz, C-3’’), 14.2 (C-5), 112.9 (C-7),
55.8 (C-5’), 41.9 (C-6’). HRMS-APCI m/z: 431.0150 [M+H]+ (calcu-
lated for C18H13BrFN4O3

+, 431.0149).

3-Benzyl-1-[(5-methyl-2-oxoindolin-3-
ylidene)amino]imidazolidine-2,4-dione (6a)

Orange powder; yield: 41%; mp: 231–234 °C; IR Vmax (cm� 1): 3264
(N� H), 2987 (C� H), 1792 (C=O), 1706 (C=O), 1625 (C=O), 1578
(C=N). 1H NMR (600 MHz, DMSO-d6) δ (ppm): 10.87 (s, 1H, H-1),
7.38–7.31 (m, 5H, H-3’’, � 2’’ and � 4’’), 7.18 (dd, J=8.4, 5.5 Hz, 2H,
H-4, � 6), 6.78 (d, J=7.9 Hz, 1H, H-7), 4.87 (s, 2H, H-6’), 4.69 (s, 2H, H-
5’), 2.29 (s, 3H, H-8). 13C NMR (151 MHz, DMSO-d6) δ (ppm): 168.5 (C-
4’), 158.6 (C-2), 155.7 (C-2’), 140.8 (C-7a), 139.8 (C-1’’), 136.3 (C-3),
134.6 (C-5), 132.6 (C-6), 131.6 (C-4’’), 129.0 (C-3’’), 128.1 (C-2’’), 122.2
(C-4), 122.0 (C-3a), 110.7 (C-7), 55.6 (C-5’), 42.5 (C-6’), 20.9 (C-8).
HRMS-APCI m/z: 349.1295 [M+H]+ (calculated for C19H17N4O3

+,
349.1312).
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3-(4-Fluorobenzyl)-1-[(5-methyl-2-oxoindolin-3-
ylidene)amino]imidazolidine-2,4-dione (6b)

Orange powder; yield: 36%, mp: 225–228 °C; IR Vmax (cm� 1): 3280
(N� H), 2987 (C� H), 1781 (C=O), 1712 (C=O), 1628 (C=O), 1510
(C=N), 1407 (C� F). 1H NMR (600 MHz, DMSO-d6) δ (ppm): 10.89 (s,
1H, H-1), 7.41 (dd, J=8.7, 5.5 Hz, 1H, H-6), 7.31 (s, 1H, H-4), 7.17 (dd,
JH-F=8.7, 5.5 Hz, 4H, H-2’’ and � 3’’), 6.78 (d, J=7.9 Hz, 1H, H-7), 4.85
(s, 2H, H-6’), 4.67 (s, 2H, H-5’), 2.28 (s, 3H, H-8). 13C NMR (151 MHz,
DMSO-d6) δ (ppm): 168.5 (C-4’), 162.0 (d, 1JC-F=243.1 Hz, C-4’’),
158.6 (C-2), 155.7 (C-2’), 140.7 (C-7a), 139.8 (C-3), 132.6 (C-5), 132.5
(d, 4JC-F=3.0 Hz, C-1’’), 131.6 (C-6), 130.3 (d, 3JC-F=7.5 Hz, C-2’’),
122.1 (C-4), 122.0 (C-3a), 115.7 (d, 2JC-F=21.1 Hz, C-3’’), 110.7 (C-7),
55.7 (C-5’), 41.8 (C-6’), 20.9 (C-8). HRMS-APCI m/z: 367.1201 [M+H]+

(calculated for C19H16FN4O3
+, 367.1208).

4. Biological Evaluation

4.1. Cytotoxicity Assays

4.1.1. General (Human) Cytotoxicity

The resazurin assay assessed the cytotoxicity of the synthesized
isatinylhydantoin derivatives. The assay includes the irreversible
enzymatic reduction of oxidized blue resazurin dye to pink,
highly fluorescent resorufin by viable cells.[44] This non-toxic
reagent is useful for evaluating cell proliferation and drug
toxicity.

The assay was performed using Vero cells as reported in
Zuma et al..[45] Briefly, 96 well plates containing cell suspension
(60 000 cells/mL, 100 μL/well) were incubated for 24 h and
subsequently treated with a two-fold dilution range of 100 μM
compound solution After incubating the treated plates for 48 h,
resazurin was added to all wells and incubated for 2 h. The
absorbances, data analysis, and IC50 determinations were carried
out as described in Zuma et al..[45]

4.1.2. Animal Cytotoxicity Assay

The potential animal cytotoxicity of the test compounds was
evaluated using in vitro cultures of Madin-Darby Bovine Kidney
(MDBK) cells (Japanese Collection of Research Bioresources
(JCRB) cell bank, National Institute of Biomedical Innovation,
Health and Nutrition) and published methods[36c,46] were
followed.

The MDBK cells were cultured at 37 °C (5% CO2) in minimum
essential medium Eagle (MEM) with Earle’s salts, L-glutamine,
and sodium bicarbonate (Thermo Fisher Scientific), with added
penicillin-streptomycin (1%) and heat-inactivated FBS (10%).

The test compounds were evaluated at three concentrations
(100 μg/mL, 10 μg/mL, and 1 μg/mL) for their potential cytotox-
icity against MDBK cells. Then, prepared 96-well plates (Thermo
Fisher Scientific) containing cell suspension (1×104 cells/mL,
50 μL/well) along with test compound (50 μL/well) were
incubated for 72 h at 37 °C (5% CO2). Thereafter, Cell Counting
Kit-8 solution (10 μL/well; Dojindo, Kumamoto, Japan) was
added. A GloMax-Multi+Detection System plate reader (Prom-

ega) was used to determine the optical density (OD450) before
and after 4 h of incubation at 450 nm.[36c,46]

The compounds that obtained cell growth inhibition greater
than 50% at 100 μg/mL, 10 μg/mL or 1 μg/mL qualified for CC50

determination, while compounds with cell growth inhibition
below 50% at 100 μg/mL were classified as non-toxic. Then,
prepared 96-well plates with cell suspension (1×104 cells/mL,
50 μL/well) and qualifying test compounds at seven concen-
trations of a two-fold serial dilution (100–1.56 μg/mL, 50 μL/
well) were incubated at 37 °C (5% CO2) for 72 h. The Cell
Counting Kit-8 method was then used, as described previously,
for the initial screening above.

4.1.3. Host Cytotoxicity Assay

The compounds’ toxicity was also assessed in the host macro-
phage cell line because of the Leishmania intramacrophage
assay, as detailed in Zuma et al..[45] Briefly, infected phorbol 12-
myristate 13-acetate (PMA)-differentiated THP1 cells (500
000 cells/mL; MOI 30 :1) were treated with seven two-fold
dilution concentrations of 100 μM compound and incubated for
72 h before adding resazurin and further incubation for 2 h. The
absorbances, data analysis, and IC50 determinations were carried
out as described in Zuma et al..[45]

4.2. Antitrypanosomal Assays Against Trypanosoma Species

4.2.1. T. cruzi Anti-Epimastigote Assay

The resazurin assay assessed the anti-epimastigote activity of
synthesized isatinylhydantoin derivatives towards the CL strain
of T. cruzi. A modified technique of Kulshrestha et al.[47] and
Siqueira-Neto et al.[35] was followed, as detailed in Zuma et al..[45]

Briefly, T. cruzi strain CL epimastigotes (1×106 cells/mL) were
treated with either 20 μM test compound for activity screening
or 7 two-fold dilution concentrations of compounds for IC50

determination for 48 h. After incubation, resazurin solution was
added and the plates further incubated at 25 °C for 24 h.
Absorbances and data analysis were carried out as described in
Zuma et al..[45]

4.2.2. T. cruzi Antitrypomastigote Assay

The antitrypanosomal activity of the synthesized isatinylhydan-
toin derivatives was evaluated using the human-infective
extracellular bloodstream forms (trypomastigotes) of T. cruzi
strain CL, applying a modified version of the resazurin assay[11]

as detailed in Zuma et al.[45] Briefly, trypomastigote suspension
(100 μL/well) were treated with either 20 μM test compound for
activity screening or a three-fold dilution concentration range
of compounds for IC50 determination for 48 h. For the assay,
resazurin and the plates incubated for 24 h at 37 °C. The
absorbances, data analysis, and IC50 determinations were carried
out as described in Zuma et al..[45]
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4.2.3. T. cruzi Anti-Amastigote Assay

The antitrypanosomal activity of the synthesized isatinylhydan-
toin derivatives was evaluated using the obligate intracellular
amastigote form of T. cruzi strain Tulahuen (clone C4, + lacZ),
applying a modified version of the β-galactosidase assay of
Martinez-Peinado et al.[48]

T. cruzi trypomastigotes were maintained in 75 cm2 flasks of
Vero cells with RPMI 1640 medium supplemented with 2%
heat-inactivated FBS and 1% penicillin-streptomycin solution
(100 U/mL). For the assay, Vero cells and trypomastigotes are
seeded in 96 well plates (4×105 cells/mL; MOI 1 :1) in phenol
red-free medium containing 10% heat-inactivated FBS and
incubated overnight at 37 °C and 5% CO2. Wells without any
cells and wells containing only Vero cells served as blanks. The
plates are then gently washed with PBS to remove remaining
extracellular parasites, treated with a two-fold dilution concen-
tration range of compounds in phenol red-free medium for IC50

determination and incubated for a further 72 h. Wells without
treatment served as negative controls and benznidazole was
used as reference drug.

For the β-galactosidase assay, a mixture of ortho-nitro-
phenyl beta-D-galactopyranoside (ONPG, 400 μM) and Triton X-
100 (0.3%) in PBS is freshly prepared and added to all wells
(50 μL/well). The plates were then incubated at room temper-
ature for 24 h. A Thermofisher Scientific GO Multiscan plate
reader was used to determine absorbance at 420 nm. SkanIt 4.0
Research Edition software was used to perform the data
analysis. The mean absorbance was computed, and the % cell
viability calculated using the following equation.

Cell viability % ¼
ðD Abs sample � D Abs blankÞ

ðD Abs neg control � D Abs blankÞ
x 100

GraphPad Prism 5 was used to compute the IC50 and Z-score
for each compound’s three biological replicates. The final IC50 of
each compound was calculated as the mean IC50 of the
biological replicates with standard deviation (SD).

4.2.3.1. Trypanocidal Assay Against Axenically Proliferating
Blood-Stage Trypomastigotes

The in vitro trypomastigote cultures of T. congolense IL3000, T.
b. brucei GUTat3.1, T. b. gambiense IL1922, T. b. rhodesiense
IL1501, T. evansi Tansui, and T. equiperdum IVM-t1 were used to
evaluate the trypanocidal activity of the test compounds,
according to established methods.[36a,b] Dr. Hirumi provided T.
congolense IL3000, T. b. brucei GUTat3.1, T. b. gambiense IL1922,
T. b. rhodesiense IL1501, whereas Dr. Suganuma established T.
equiperdum IVM-t1.[36b,49]

The bloodstream form trypanosomes were cultured at 37 °C
(33 °C for T. congolense IL3000) and 5% CO2 in Hirumi’s modified
Iscove’s medium-9 (HMI-9)[50] composed of Iscove’s modified
Dulbecco’s medium (Sigma-Aldrich) with penicillin-streptomy-
cin (1%), L-glutamine (1%), bathocuproine (0.1 mM; Sigma-
Aldrich), pyruvic acid sodium salt (1 mM; Sigma-Aldrich),

hypoxanthine (1 mM) and thymidine (16 μM; HT supplement:
Thermo Fisher Scientific), insulin (10 μg/L), transferrin (5.5 μg/L),
sodium selenite (6.7 ng/L; ITS� X: Thermo Fisher Scientific), 2-β-
mercaptoethanol (0.0001%; Sigma-Aldrich), L-cysteine (2 mM;
Sigma-Aldrich), HEPES (60 mM; Sigma-Aldrich), bovine serum
albumin (0.4 g/L; Sigma-Aldrich), and heat-inactivated FBS
(20%).

To determine potential trypanocidal activity, all test com-
pounds were first tested at a high concentration of 25 μg/mL
and a low concentration of 0.25 μg/mL. After that, Nunc
MicroWell 96-well optical bottom plates (Thermo Fisher Scien-
tific) were prepared with parasite (50 μL/well of either T.
congolense IL3000 (1×105 cells/mL), T. b. brucei GUTat3.1, T. b.
gambiense IL1922, T. b. rhodesiense IL1501 (2.5×103 cells/mL), T.
evansi Tansui, or T. equiperdum IVM-t1 (1×104 cells/mL)) and
50 μL of the test compound and were incubated at 37 °C and
5% CO2 (33 °C for T. congolense IL3000) for 72 h. Phase-contrast
microscopy was then used to examine the plates for trypano-
somes, and Cell-TiterGlo solution (25 μL, Promega) was added.
The GloMax-Multi+Detection System plate reader was then
used to determine bioluminescence at 450 nm.[36a]

All compounds with more than 50% trypomastigote growth
inhibition at 25 μg/mL qualified for IC50 determination. Prepared
Nunc MicroWell 96-well optical bottom plates containing
qualifying compounds (50 μL/well) at seven concentrations of a
two-fold serial dilution (highest: 25 μg/ml; lowest: 0.390625 ng/
mL) and the abovementioned parasite concentrations (50 μL/
well) were incubated at 37 °C and 5% CO2 (and 33 °C) for T.
congolense IL3000) for 72 h. Eflornithine, nifurtimox, pentam-
idine, suramin, and diminazene aceturate served as standard
drugs, and Cell-TiterGlo was then used to evaluate trypanocidal
activity as specified in the initial assay above.

4.3. Preliminary Treatment Efficacy Evaluation

The experiment was approved by the Animal Ethics Committee
of the Obihiro University of Agriculture and Veterinary Medicine
(Approval No. 22–15). Healthy female 6-week-old BALB/c mice
(CLEA Japan, Inc., Tokyo, Japan) were used in this study. All
mice had ad libitum access to normal chow and water. The
virulent T. congolense strain IL3000 was propagated in a mouse
and used for infection (these parasites were passaged once in
the mouse before the experiment). The experimental mice were
intraperitoneally injected with 100 μL of T. congolense strain
IL3000 in phosphate-buffered saline containing 10% glucose
(PSG) at 1×103 cells/mouse. Mice were randomly allocated to
two groups of two mice each as follows: group I served as
positive control (since both mice were infected but not treated).
In contrast, group II mice were infected and treated with either
100 mg/kg of test compound 4b orally or 10 mg/kg of test
compound 4b intraperitoneally. Treatment was initiated six
d.p.i. upon confirmation of parasitemia using the wet smear
technique with fresh blood collected from the tail vein. Treat-
ments were newly prepared every day at a concentration of
100 mg/kg using 10% DMSO in corn oil for oral administration
and 10 mg/kg using 1% DMSO in PBS for intraperitoneal
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administration and continued for seven consecutive days. The
number of trypanosomes in the peripheral blood (diluted to a
suitable concentration with PSG) was assessed using a cell
counting chamber. The Kaplan-Meier method was used to
generate survival curves, and the differences between groups
were analyzed using the log-rank test. All analyses were
performed using GraphPad Prism version 8 software (GraphPad,
Inc., San Diego, CA, USA).

4.4. Intramacrophage Antileishmanial Assay

The resazurin assay and two Leishmania strains assessed the
efficacy of synthesized isatinylhydantoin derivatives against
intramacrophage amastigotes. A literature modified
technique[51] was applied as detailed in Zuma et al..[45] All
synthesized derivatives were first tested for growth inhibition,
and those with growth inhibition of more than 60% were
considered for further IC50 determination.[41]

Briefly, 96 well plates of adherent THP1 macrophage cells
were infected with Leishmania donovani (strain 9515 (MHOM/
IN/95/9515)) or L. major (strain NIH S (MHOM/SN/74/Seidman))
stationary phase promastigotes with a MOI of 30 :1and then
treated with either 10 μM test compound for activity screening
or seven three-fold dilution concentrations of compounds for
IC50 determination for 72 h. Upon the completion of the
treatment, the host cells were lysed with sodium dodecyl
sulphate for 30 sec and promastigote growth medium contain-
ing 10% FBS was added to terminate the lysis. To determine
the antileishmanial activity, resazurin was added and the plates
incubated in the dark for 24 and 72 h for the IC50 determination
to assess anti-amastigote activity and potential recovery to
proliferative promastigotes, respectively. The absorbances, data
analysis, and IC50 determinations were carried out as described
in the in Zuma et al..[45]

4.5. Data Analysis

The in vitro experiments were carried out in triplicate. GraphPad
Prism software (GraphPad, Inc., San Diego, CA, USA) was used
to compute the reported half maximum cytotoxic (CC50, μM) or
inhibitory concentration (IC50, μM) of each test compound by
non-linear regression (curve fit) and represented as the mean�
standard deviation (SD). Each compound’s selectivity index (SI)
was determined using the following formula: CC50 or IC50 of
Vero, MDBK or THP1 cells/IC50 of parasite species.
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