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A B S T R A C T   

Animal African trypanosomosis (AAT) is a disease caused by Trypanosoma brucei brucei, T. vivax, T. evansi and 
T. congolense which are mainly transmitted by tsetse flies (maybe the family/genus scientific name for the tsetse 
flies here?). Synthetic trypanocidal drugs are used to control AAT but have reduced efficacy due to emergence of 
drug resistant trypanosomes. Therefore, there is a need for the continued development of new safe and effective 
drugs. The aim of this study was to evaluate the in vitro anti-trypanosomal activity of novel nitrofurantoin 
compounds against trypanosomes (Trypanosoma brucei brucei, T. evansi and T. congolense) causing AAT. This 
study assessed previously synthesized nineteen nitrofurantoin-triazole (NFT-TZ) hybrids against animal try
panosomes and evaluated their cytotoxicity using Madin–Darby bovine kidney cells. The n-alkyl sub-series hy
brids, 8 (IC50 0.09 ± 0.02 μM; SI 686.45) and 9 (IC50 0.07 ± 0.04 μM; SI 849.31) had the highest anti- 
trypanosomal activity against T. b. brucei. On the contrary, the nonyl 6 (IC50 0.12 ± 0.06 μM; SI 504.57) and 
nitrobenzyl 18 (IC50 0.11 ± 0.03 μM; SI 211.07) displayed the highest trypanocidal activity against T. evansi. The 
nonyl hybrid 6 (IC50 0.02 ± 0.01 μM; SI 6328.76) was also detected alongside the undecyl 8 (IC50 0.02 ± 0.01 
μM; SI 3454.36) and 3-bromobenzyl 19 (IC50 0.02 ± 0.01 μM; SI 2360.41) as the most potent hybrids against 
T. congolense. These hybrids had weak toxicity effects on the mammalian cells and highly selective sub
micromolar antiparasitic action efficacy directed towards the trypanosomes, hence they can be regarded as 
potential trypanocidal leads for further in vivo investigation.   

1. Introduction 

Animal African trypanosomosis (AAT) which is commonly known as 
nagana, is a disease caused by tsetse transmistted Trypanosoma brucei 
brucei, T. congolense and T. vivax (Morrison et al., 2016), whilst T. evansi 
which is mainly transmitted mechanically by haematophagous flies, 
causes AAT called surra (Aregawi et al., 2019). Both T b. brucei and 
T. evansi belong to subgenus Trypanozoon, T. vivax and T. congolense 
respectively belong to subgenera Duttonella and Nannomonas (Bengaly 
et al., 2002; Sánchez et al., 2015). The animal hosts for AAT are do
mestic livestock including cattle, goats, pigs, horses and camels (Des
quesnes et al., 2022), while wild animals serve as reservoirs (Anderson 

et al., 2011). Clinical symptoms associated with trypanosomosis include 
fever, weight loss and anemia (Suganuma et al., 2014). Multiple Try
panosoma species can cause mixed infections resulting in different 
clinical presentations (Morrison et al., 2016). 

The main pathogenic species causing AAT in livestock are 
T. congolense and T. vivax, whilst T. brucei displays less pathogenicity 
(Lalmanach et al., 2002). These trypanosomes are either intravascular 
(T. congolense and T. vivax) or both intravascular and extravascular (T. b. 
brucei and T. evansi and T. equiperdum). Intravascular (haematic) try
panosomes affect and remain in the blood while extravascular try
panosomes invade tissue of the host (Ukpai and Nwabuko, 2014). 
However, T. evansi is distinct from other trypanosomes because it infects 
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both the blood and tissue of the host (Mohd Rajdi et al., 2021). 
Chemotherapy is still the most commonly used method to control 

AAT in sub–Saharan Africa as it is easier than controlling the vector, 
with an estimated 35 million doses of veterinary drugs used annually 
(Ngumbi and Silayo, 2017). Treatment of AAT depends on chemo
therapy and chemoprophylaxis of drugs with diminazene aceturate, 
isometamidium chloride, suramin, melarsomine, quinapyramine sul
phate and homidium salts (Isaac et al., 2017; Suganuma et al., 2022). 
Studies report that farmers in sub–Saharan Africa use diminazene ace
turate (55–79%) and isometamidium (8–21%) as their first choice of 
treatment against AAT (Liebenehm et al., 2011; Tekle et al., 2018; 
Odeniran et al., 2019). Most trypanocides, including diminazene ace
turate are used as a prophylaxis even though they are therapeutics, 
whereas only a few like isometamedium have prophylactic capability 
(Richards et al., 2021). Veterinary trypanocides have been associated 
with poor quality, extreme side effects, toxicity (Giordani et al., 2016), 
inaccessibility, unavailability (Legros et al., 2002) and development of 
drug–resistant parasites (Morrison et al., 2016). Drug uptake mecha
nisms and cross-resistance between existing drugs also needs to be taken 
into consideration for the development of new trypanocidal drugs (Tran 
et al., 2018). 

Nitrofuran compounds (furazolidone, nitrofurantoin, nitro
imidazone and nitrofurazone) possess antibacterial and anti
trypanosomal activity and have been used since the early 1940’s (Bot 
et al., 2013). Nitrofurazone was reported to be effective against T. brucei 
and T. equiperdum and over the years there has been modification of 
nitrofuran derivatives, which led to the discovery of effective and 
promising drugs against microbial and protozoan parasite diseases 
(Patterson and Wyllie, 2014). Nitrofurantoin is used to treat bacterial 
urinary tract infections in humans, cats and dogs (Weese et al., 2011; 
Leuin et al., 2021; Porreca et al., 2021). However, since 1995 and 2002 
nitrofuran drugs have been banned by the European Union and the U.S. 
Food and Drug Administration due to the drug carcinogenic hazard of 
consuming animal products (Suganuma et al., 2022). 

The efficacy of nitrofurantoin analogs against AAT causing diseases 
in livestock and humans were reported by Munsimbwe et al. (2021). A 
study by Suganuma et al. (2022) evaluated the in vivo efficacy of 
nitrofurantoin against T. congolense. Species of genera Trypanosoma and 
Leishmania are taxonomically related and have similar biochemical and 
structural features which may lead to effective agents or combinations of 
drugs against one pathogen being active against the other (Kaufer et al., 
2017). The nitrofurantoin-triazole (NFT-TZ) hybrids used in the current 
study have previously shown to possess leishmanicidal activity (Zuma 
et al., 2022) and trypanocidal activity against trypanosome species 
causing human African trypanosomosis which is also known sleeping 
sickness (Seetsi et al., 2023). Hence, we hypothesized that they may 
present with potential trypanocidal activity against trypanosome species 
causing animal trypanosomosis. The current study assessed the in vitro 
antitrypanosomal activity of these synthesized NFT-TZ hybrids against 
three species of animal trypanosomes, namely, T. b. brucei, T. evansi and 
T. congolense. 

2. Materials and methods 

2.1. Chemistry 

The compounds under investigation were previously synthesized in 
low to moderate yields (30–80%) as described by Zuma et al. (2022) and 
comprised two sub-series that differed by the substituents on the triazole 
ring. Sub-series 1 hybrids (2–10) contained n-alkyl groups while 
sub-series 2 (11–20) bore benzyl groups (Table 1). 

2.2. In vitro trypanosome cultures 

Trypanosome species included T. b. brucei GuTat3.1 strain originally 
isolated in Uganda in 1966; T. evansi Tansui, akinetosplatic strain 

isolated in Taiwan (Hirumi et al., 1997); and T. congolense IL3000, a 
savanna subgroup strain isolated near the Kenya/Tanzania border in 
1966. Bloodstream forms (BSF) of T. congolense were cultivated at 33 ◦C 
while T. b. brucei and T. evansi were cultured at 37 ◦C in 5% CO2, using 
HMI–9 medium (Hirumi and Hirumi, 1991). As reported by Suganuma 
et al. (2014) and Molefe et al. (2017), T. congolense was sub–cultured 
every other day when the cultures reached high cell densities by 
replacing the entire culture supernatant with fresh medium, whereas for 
T. b. brucei and T. evansi, only part of the culture supernatant was 
replaced. 

2.3. In vitro cell line culture 

The Madin–Darby bovine kidney (MDBK) cells were grown in GIT 
medium Dulbecco’s Modified Eagle’s Medium (DMEM: Sigma-Aldrich, 
Tokyo, Japan) supplemented with 20% heat–inactivated fetal bovine 
serum (HI-FBS) and 1% penicillin-streptomycin (ThermoFisher Scienti
fic, Yokohama, Japan) in a 37 ◦C incubator with 5% CO2. Cells were 
maintained as described by Molefe et al. (2019), where the entire cell 
suspension was removed from the cell culture flask and approximately 
11 mL of fresh medium was added and changed every 3–4 days. 

2.4. In vitro evaluation of anti-trypanosomal activity 

The activity of the nitrofurantoin hybrids against T. b. brucei, 
T. evansi and T. congolense were assessed as described by Suganuma et al. 
(2017). Fifty microliters of each nitrofurantoin hybrid together with the 
commercial reference drugs suramin, pentamidine, nifurtimox, eflorni
thine and diminazene aceturate were diluted in HMI-9 medium with 2% 
dimethyl sulfoxide [DMSO] (Wako Pure Chemical Industries, Osaka, 
Japan). The test compounds were added to Nunc® MicroWell 96 well 
optical bottom plates (ThermoFisher Scientific, Yokohama, Japan) at 
various concentrations from 25 μg/mL to 0.003 μg/mL by 5 times serial 
dilution and incubated in a humid atmosphere at 37 ◦C. Additional 
Nunc® MicroWell 96 well optical bottom plates were seeded with 100 
μL of 5 × 103 cells/mL (T. b. brucei), 1 × 104 cells/mL (T. evansi) and 2 ×
105 cells/mL (T. congolense). The number of living trypanosomes were 
observed under an optical microscope and counted manually after every 
24 h using a counting chamber. Fifty microliters of each Trypanosoma 
strain were added to Nunc® MicroWell 96 well optical bottom plate 
containing nitrofurantoin hybrids and reference drugs. All plates were 
then incubated of 24, 48 and 72 h at 37 ◦C for T. b. brucei and T. evansi, 
whilst and at 33 ◦C T. congolense. Subsequently, 23 μL of CellTiter Glo™ 
Luminescent Cell Viability Assay (Promega, Tokyo, Japan) was added 
for evaluation of intracellular ATP concentration. The plates were 
shaken for 2 min at 500 rpm using a MS3 basic plate shaker (IKA® Japan 
K.K., Osaka, Japan) to enable cell lysis and release of intracellular ATP 
and the plates were incubated for another 10 min at room temperature. 
A GloMax®-Multi +Detection System plate reader (Promega Japan) was 
used to measure the bioluminescence and the experiments were repli
cated three times as described by Suganuma et al. (2014). 

2.5. In vitro cytotoxicity assay 

The (MDBK) NBL-1 cells were used for determining the cytotoxicity 
testing of NFT-TZ hybrids. The cells were seeded in a 96 well microtiter 
plate (Thermo Fisher Scientific, Yokohama, Japan) at a cell suspension 
of 1 × 105 cells/mL and 50 μL of the cells were added to nitrofurantoin 
compounds at various concentrations (100 μg/mL to 0.80 μg/mL), other 
wells contained culture medium as controls. The plates containing cells 
were incubated for 72 h in a 5% CO2 incubator at 37 ◦C. Viable cells 
were observed under an optical microscope and were quantified by 
using Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, 
Japan). A 10 μL volume of CCK-8 solution was added to each well and 
cell viability was determined using a GloMax®-Multi + Detection Sys
tem plate reader (Promega Japan) at 450 nm. Absorbance readings were 
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Table 1 
Synthesized nitrofurantoin-triazole hybrids. 
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taken once again after the cells were further incubated for 4 h at 37 ◦C 
and the assays were performed in triplicate as described by Lou et al. 
(2010) and Molefe et al. (2017). The selectivity index was used to 
determine the relation between 50% cytotoxic concentration (CC50) of 
the cells and the inhibition concentration (IC50) of the parasites to reveal 
NFT-TZ hybrids with high efficacy and low cytotoxicity (Nunes et al., 
2016). 

2.6. Statistical analysis 

The IC50 values were expressed as the mean ± standard deviation (S. 
D.) for each of the three experimental trials and the results were 
analyzed by GraphPad PRISM version 5 software (GraphPad Software, 
Inc., CA, USA) using nonlinear regression (curve fit). 

3. Results 

3.1. In vitro evaluation of antitrypanosomal activity 

Antitrypanosomal activity of nineteen NFT-based hybrids were 
screened in vitro for efficacy against T. b. brucei (GUTat 3.1), T. evansi 
(Tansui) and T. congolense (IL3000). Antitrypanosomal activity IC50 
values are shown in (Fig. 1b). 

The data revealed that all hybrids were active with IC50 values 
varying in the range of 0.07–0.63 μM, 0.11–0.77 μM and 0.02–0.42 μM 
against T. b. brucei, T. evansi and T. congolense, respectively. The hybrids 
outperformed nifurtimox, eflornithine and the parent drug nitro
furantoin against all three strains, as they displayed superior activity in 
comparison to suramin, pentamidine and diminazene against 
T. congolense, but were found to be less potent than diminazene against 
T. b. brucei and T. evansi. Thus, the trypanosomes were susceptible to 
most hybrids with T. congolense being the most vulnerable as indicated 
by the comparatively low activity IC50 of the compounds (Table 2). 

The was no observed significant difference on the antitrypanosomal 

activity between n-alkyl and benzyl sub-series hybrids. In contrast, the 
antitrypanosomal activity IC50 on individual trypanosome strain 
revealed that sixteen hybrids (2, 3; 6–15; 17–20) exhibited sub
micromolar (IC50 < 1 μM) and three (4, 5 and 16) possessed moderate 
micromolar (IC50 > 1 μM) anti-trypanosomal activity against T. b. brucei. 
In particular, hybrids undecyl 8 (IC50 0.09 ± 0.02 μM) and dodecyl 9 
(IC50 0.07 ± 0.03 μM) displayed nanomolar IC50 activity hence were 
identified as the most active. This activity was comparable to that of 
diminazene aceturate (IC50 0.07 ± 0.02 μM). 

The overwhelming majority (15) of hybrids (2, 3; 6–15; 17–19) 
showed strong submicromolar activity in the 0.11 ± 0.04–0.78 ± 0.17 
μM IC50 range while the remaining four (4, 5, 16 and 20) displayed 
moderate micromolar activity against T. evansi. Overall, the best per
forming hybrids were undecyl 8 (IC50 0.18 ± 0.02 μM), dodecyl 9 (IC50 
0.12 ± 0.06 μM), benzyl 11 (IC50 0.17 ± 0.05 μM) and nitrobenzyl 18 
(IC50 0.11 ± 0.03 μM), with activity comparable to that of suramin (IC50 
0.38 ± 0.06 μM). 

Furthermore, all hybrids (2–20) exhibited good activity (IC50 < 1 
μM) against T. congolense with IC50 values ranging from 0.02 ± 0.01 μM 
to 0.42 ± 0.31 μM. Most hybrids except 3 (0.27 ± 0.17 μM) and 16 (0.42 
± 0.31 μM) showed greater antitrypanosomal potency than pentamidine 
(0.23 ± 0.02 μM) and diminazene aceturate (0.33 ± 0.05 μM). The 
hexyl (C6) 3 (IC50 0.02 ± 0.01 μM), octyl (C8) 5 (IC50 0.02 ± 0.01 μM) 
and the bromobenzyl 19 (IC50 0.02 ± 0.01 μM) stood out as the best 
performing hybrids against T. congolense parasites. 

3.2. In vitro cytotoxicity 

Cytotoxicity of the hybrids was evaluated on mammalian MDBK cells 
and the IC50 values are presented in Table 1. Of the nineteen hybrids, 
eight (2, 4–7, 12, 15 and 20) showed low cytotoxicity (IC50 > 100 μM) 
(Adewusi et al., 2013; Fu et al., 2014), another eight (3, 8–11, 13, 14 
and 19) displayed weak cytotoxicity (50 < IC50 < 100 μM) (Liu et al., 
2017) and three (15–17) were moderately cytotoxic to the mammalian 

Abbreviations: i-Pr (isopropyl, CH(CH3)2); i-Bu: (isobutyl, CH(CH3)3). 
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cells (10 < IC50 < 50 μM) (Finiuk et al., 2017; Liu et al., 2017). All 
hybrids with good anti-trypanosomal activity (3, 8–11, 13, 14, 17–19) 
had weak to low cytotoxicity with IC50 ranging from 53.96 ± 32.58 μM 
to 210.51 ± 41.91 μM which translate into selectivity indexes (SI) of 
>100 of all three trypanosome strains (Table 1). The moderately active 
hybrids (4, 5, 16 and 20) on the other hand, possessed moderate to low 
cytotoxicity with 20 < IC50s > 100 μM which translate into selectivity 
indexes (SI) of >10. These SI values are indicative of the observed ac
tivities of all hybrids being intrinsic, i.e., not attributed to their general 
toxicity. 

The sub-series 1 hybrids appeared slightly less cytotoxic than the 
sub-series 2 hybrids (Fig. 1a) with the latter containing the three 
moderately cytotoxic compounds (15, 16 and 17). However, no sensi
tive correlation could be established between structural properties of 
hybrids and cytotoxicity data. Similar observation was reported by 
Zuma et al. (2022). 

4. Discussion 

4.1. In vitro trypanocidal activity and hit/lead identification 

The discovery and development of new drugs is a lengthy and 
daunting process that often results in failure during clinical trial. This 
has led experts in the field of drug discovery to establish various stra
tegies to shorten the process and minimize the risk of failed trials. At 
basic discovery stage, a series of criteria to identify hit and lead com
pounds intended for the treatment of infectious diseases (e. g., malaria, 
tuberculosis, leishmaniasis and trypanosomiasis etc.) prolific in devel
oping countries, have been established (Katsuno et al., 2015). With re
gard to trypanosomiasis, Katsuno et al. (2015) defined an 
antitrypanosomal “hit” as possessing anti-pathogenic cellular activity 
IC50 < 10 μM that is 10-fold selective (SI > 10) than that on mammalian 
cells. An early lead must possess inter alia an antiparasitic cellular ac
tivity (IC50 < 1 μM) and selectivity index (SI > 100). The criteria was 
established in reference to the bloodstream forms of Trypanosoma cruzi, 
the causative pathogen of Chagas disease (American trypanosomiasis), a 
human infection that is endemic in South American countries. The 
application of this criteria to the animal trypanosomes in this study 
allowed the identification of potential hits and leads among the tested 
compounds. Hybrids 16 against T. b. brucei, and 5, 16 and 20 against 
T. evansi, were uncovered as hits while the remainder stood as early 
leads. Of these, hybrids 8 and 9 were identified as most promising early 
leads against T. b. brucei based on the combination of their nanomolar 
activity with more favorable safety profiles (SI > 600–850) while 9 and 
18 were unraveled as potential leads against T. evansi. Furthermore, all 
hybrids (except hybrid number 16) qualified as early leads against 
T. congolense. Of these, the nonyl 6, undecyl 8, and the 3-bromobenzyl 
19 were identified as most promising early leads on account of their 
IC50 20 nM activity and highly selective antiparasitic profiles (SI 
2400–6300). 

4.2. Structure-activity relationship (SAR) 

Toxicity is responsible for more than 33% of drug failure in phar
maceutical development, therefore the screening of toxicity in early 
drug development is critical (Guengerich, 2011). Nitrofurantoin toxicity 
can also be mediated by redox cycling, which results in oxidative stress 
and mitochondrial toxicity that is caused by the production of oxygen 
electron-withdrawing nature of the nitro moiety (Boelsterli et al., 2006). 
Hall et al. (2010) showed that type I nitroreductases, which reduces the 
nitro group, is responsible for generating toxic metabolites for antipar
asitic activity but may also inhibit mammalian cell growth. Maaland and 
Guardabassi (2011) studied in vitro antimicrobial activity of nitro
furantoin against Escherichia coli and Staphylococcus pseudintermedius 
from dogs and cats. The authors concluded that nitrofurantoin was not 
satisfactory in treating urinary tract infections in small animals due to 
poor efficacy and high toxicity. 

The hybrids of this study had cLogP values < 5, thus demonstrating 
drug-likeness of five according to Lipinski’s rule (Lipinski et al., 2001). 
The n-alkyl hybrids 2–10 displayed cLogP values higher (1.62–4.74) 
than benzyl hybrids 11–12 (1.58–2.82) and better than the parent 
nitrofurantoin (cLogP − 0.22) reported by Munsimbwe et al. (2021). The 
cLogP values of n-alkyl hybrids increased as the chain length increased, 
in agreement with the findings of Zuma et al. (2020). Compounds that 
have high cLogP values are often lipophilic and poorly soluble whereas 
those with low cLogP are hydrophilic and associated with poor mem
brane permeability. 

In general, the short alkyl chain hybrids 2–5 were more active 
against T. congolense than T. b. brucei and T. evansi. However, as the 
chain length increased no significant difference in activity among these 
hybrids could be observed across all three strains. Hence, for these hy
brids the variation in carbon chain length (C5–C8) had marginal influ
ence on the activity. This contradicts an early observation on the 

Fig. 1. (a) Antitrypanosomal activity of nitrofurantoin 1* and hybrids 2–20 
(IC50 ±SD, μM) against T. b. brucei GuTat3.1 (Tbb GuTat3.1), T. evansi Tansui 
(Te Tansui) and T. congolense IL3000 (Tc IL3000); Correlation plots: (b) cyto
toxocity on MDBK cells (IC50 ±SD, μM) versus lipophilicity (cLogP); and (c) 
Antitrypanosomal activity of hybrids (IC50 ±SD, μM) against T. b. brucei 
GuTat3.1 (Tbb GuTat3.1), T. evansi Tansui (Tev Tansui) and T. congolense 
IL3000 (Tc IL3000) versus with lipophilicity (cLogP) of hybrids 2–20. 
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antiparasitic action of phosphonium lipocations where short chain 
compounds (C4–C6) demonstrated reduced activity compared to longer 
chain (C10) compounds (Long et al., 2012). As the lipophilicity 
increased so did the activity of n-alkyl hybrids 6 (C9) –9 (C12) against 
T. b. brucei and T. evansi parasites (Table 1, Fig. 1c). This may be 
attributed to better cellular uptake of these hybrids due to favorable 
lipophilicity enhancing cell permeability as previously reported by 
Branco Santos et al. (2020) and Munsimbwe et al. (2021). Hence, the 
lipophilicity influenced the activity of these hybrids as reflected by 
previous reports (Suganuma et al., 2016; Zuma et al., 2020; El-Wakil 
et al., 2021; Munsimbwe et al., 2021). 

Another physical factor that influences the biological activity of a 
drug is the electronic effect of the chemical groups in its structure. In this 
study, the sub-series 2, benzyl hybrids (11–20) differ by the substituents 
on the phenyl (Phe) ring that range from electron donating groups (EDG: 
Me (12), i-Pr (13) and i-Bu (14) by order of increasing strength), neutral 
(H (11)) to electron withdrawing groups (EWG: 4-Br (15), 3-Br (19), 4-F 
(17), 2-F 4-Br (16), 3-CF3 (20), 4-NO2 (18) by order of increasing 
strength). These hybrids had variations in cLogP values. As the elec
tronic effect increased so did the lipophilicity and activity of EDG- 
containing hybrids against T. b. brucei strain unlike against T. evansi 
and T. congolense, where comparable potencies were observed (Table 1, 
Fig. 1b). No correlation could be found between electronic effect and 
lipophilicity among EWG-bearing hybrids, which contradicted obser
vations of El-Wakil et al. (2021) who reported derivatives with EWG (F, 
Cl, Br) in para-position having the highest lipophilicity with cLogP in the 
2.1–2.73 range. 

These results corroborated previous findings which showed that an 
electronic effect influences activity (Munsimbwe et al., 2021). However, 
hybrid 18 that bears NO2, the strongest EWG showed nanomolar activity 

against T. b. brucei (0.10 ± 0.03 μM) and T. evansi (0.11 ± 0.03 μM) was 
identified as the most active of all sub-series 2 hybrids against these 
strains. Hybrid 16 containing two EWGs (3-F and 4-Br) stood out as the 
least performer, displaying reduced activity against T. congolense (0.42 
± 0.31 μM) and micromolar potency (IC50 > 1 μM) against T. b. brucei 
and T. evansi. While conclusive correlation could be found between 
electronic effect and trypanocidal activity against T. b. brucei and 
T. congolense strains among EWG benzyl hybrids, an increase in elec
tronic strength resulted in decreased activity against T. evansi with hy
brids 17 and 18 being outliers. 

Moreover, the hybrids had comparable activity against T. b. brucei 
and T. evansi which could be ascribed to both trypanosome species 
belonging to the subgenus Trypanozoon making them very genetically 
similar (Radwanska et al., 2018). Furthermore, T. evansi originates from 
multiple strains of T. b. brucei, hence the hybrids showed similar anti
trypanosomal activity to both species (Carnes et al., 2015; Kamidi et al., 
2017). The hybrids displayed higher activity against T. congolense than 
against T. b. brucei and T. evansi. Similarly, Molefe et al. (2017) noted 
that azithromycin showed higher in vitro efficacy against T. congolense 
than T. b. brucei and T. evansi. Suganuma et al. (2016) also indicated that 
three mycophelonic acid derivatives had lower inhibitory activity 
against T. b. brucei and T. evansi than against T. congolense. Trypanosoma 
brucei leave blood vessels and invade extravascular tissues in the central 
nervous system (Mulenga et al., 2001). Trypanosoma congolense is 
strictly intravascular, it only invades the blood and is exposed to the 
host’s immune system and this exposure has enabled these African try
panosomes to develop mechanisms for immune evasion (Coustou et al., 
2010; Kuriakose et al., 2012). 

Zuma et al. (2022) reported that the same hybrids had moderate 
anti-leishmanial activity. Anti-leishmanial drugs may have trypanocidal 

Table 2 
Anti-trypanosomal activity of nitrofurantoin-triazole hybrids and cytotoxicity on MDBK cells.  

Compd./Drug ClogPa Cytotoxicity, IC50 (μM) MDBKb) (Mean ± SD)c Anti-trypanosomal activity, IC50 (μM) (Mean ± SD)b 

Tbb SI1d Te SI2e Tc SI3f 

1* − 0.22 102.75 ± 19.01 1.42 ± 0.15 – 1.96 ± 0.50 – 0.36 ± 0.04 – 
2 1.62 66.57 ± 44.62 0.63 ± 0.29 163.65 0.54 ± 0.16 190.54 0.07 ± 0.03 1535.52 
3 2.07 210.51 ± 41.91 0.54 ± 0.15 122.34 0.77 ± 0.17 85.49 0.27 ± 0.17 245.37 
4 2.51 159.77 ± 78.97 1.48 ± 0.37 141.82 2.00 ± 0.66 105.22 0.14 ± 0.07 1512.12 
5 2.96 125.11 ± 2.01 1.37 ± 0.83 116.96 1.90 ± 0.97 84.03 0.07 ± 0.06 2184.71 
6 3.40 195.35 ± 43.74 0.44 ± 0.18 285.66 0.65 ± 0.28 193.54 0.02 ± 0.01 6328.76 
7 3.85 63.13 ± 30.48 0.30 ± 0.13 661.76 0.52 ± 0.26 374.73 0.09 ± 0.04 2293.50 
8 4.29 59.73 ± 12.25 0.09 ± 0.02 686.45 0.18 ± 0.02 349.78 0.02 ± 0.01 3454.36 
9 4.74 71.04 ± 9.99 0.07 ± 0.04 849.31 0.12 ± 0.06 504.57 0.03 ± 0.02 2046.63 
10 1.81 54.16 ± 5.84 0.54 ± 0.06 131.19 0.56 ± 0.04 127.93 0.18 ± 0.06 385.67 

11 1.58 112.95 ± 12.47 0.15 ± 0.05 362.31 0.17 ± 0.05 317.26 0.03 ± 0.01 2127.26 
12 2.09 71.04 ± 24.56 0.21 ± 0.07 543.54 0.33 ± 0.05 342.26 0.03 ± 0.02 3569.68 
13 2.82 90.31 ± 13.56 0.16 ± 0.04 445.07 0.24 ± 0.06 300.28 0.03 ± 0.02 2423.14 
14 3.12 111.00 ± 53.06 0.10 ± 0.04 915.65 0.33 ± 0.05 270.55 0.04 ± 0.03 2487.81 
15 2.35 22.02 ± 12.11 0.33 ± 0.08 332.30 0.49 ± 0.18 157.83 0.05 ± 0.03 2112.42 
16 1.52 38.73 ± 9.55 1.36 ± 0.39 16.29 1.00 ± 0.34 22.11 0.42 ± 0.31 53.12 
17 2.49 23.67 ± 5.26 0.37 ± 0.06 105.28 0.65 ± 0.18 59.72 0.03 ± 0.02 1123.83 
18 1.72 53.96 ± 32.58 0.10 ± 0.03 247.04 0.11 ± 0.03 211.07 0.03 ± 0.01 687.78 
19 2.35 138.56 ± 44.20 0.26 ± 0.05 208.92 0.70 ± 0.27 109.97 0.02 ± 0.01 2360.41 
20 2.46 102.75 ± 19.01 0.54 ± 0.28 256.04 1.52 ± 0.75 91.15 0.12 ± 0.04 1111.77 
Suramin  nd 0.07 ± 0.01 – 0.38 ± 0.06 – 7.17 ± 0.87 – 
Pentamidine  nd 0.04 ± 0.00 – 0.001 ± 0.00 – 0.33 ± 0.05 – 
Nifurtimox  nd 4.66 ± 1.97 – 2.62 ± 1.40 – 1.06 ± 0.22 – 
Eflornithine  nd 38.56 ± 9.88 – 57.22 ± 17.56 – 16.13 ± 2.93 – 
Diminazene aceturate (DA)  >40g 0.07 ± 0.02 >571.43 0.01 ± 0.002 >4000 0.23 ± 0.02 >173.91 

Nitrofurantoin 1* reported drug by Munsimbwe et al. (2021). 
a Calculated from ChemDraw Ultra 12. 
b MDBK: Madin-Darby bovine kidney. 
c IC50 values (μM) mean ± S.D; Tbb: Trypanosoma brucei brucei; Te: Trypanosoma evansi; Tc: Trypanosoma congolense; SI: Selectivity Index: SI1. 
d IC50 MDBK/IC50 Tbb; SI2. 
e IC50 MDBK/IC50 Te; SI3. 
f IC50 MDBK/IC50 Tc. 
g Literature value (Guswanto et al., 2018); blue = hit and black = early lead according to Katsuno et al. (2015) (hit compound: IC50 < 10 μM and SI > 10; early lead: 

IC50 < 1 μM and SI > 100). 
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activity because Leishmania and Trypanosoma spp. share taxonomic 
similarities (Morrison, 2009). Suramin, pentamidine and diminazene 
aceturate displayed activity against T. b. brucei and T. evansi. Similarly, 
pentamidine and diminazene aceturate displayed activity against 
T. congolense, however, suramin showed weak antitrypanosomal activity 
against T. congolense, which may be associated with pathogen altered 
specific transport proteins; oxygen consumption, electron transport 
chain (ETC) and nucleoside transporters (Kasozi et al., 2022). Invariant 
surface glycoproteins (ISG65) or (ISG75) are conserved in T. b. 

brucei, T. b. gambiense, T. b. rhodesiense, T. evansi and T. equiperdum 
(Tran et al., 2018). A study by Makarov et al. (2023) showed that ISG75 
directly binds to suramin compounds and mediates the uptake of sur
amin in T. brucei bloodstream form. However, the role of ISGs has not 
been established in T. congolense and this can be associated with resis
tance to suramin (Awuoche et al., 2018). 

The antitrypanosomal activities of pentamidine and diminazene 
aceturate were better against T. b. brucei and T. evansi with IC50 values 
lower than against T. congolense. Previous studies reported that IC50 
values of pentamidine and diminazene against T. b. brucei and T. evansi 
were 2–100 times lower than against T. congolense (Gillingwater et al., 
2007; Sykes and Avery, 2009; Suganuma et al., 2014). These studies 
reported that different transporters of T. congolense and T. b. brucei are 
responsible for the different results in pentaminide and diminazene. The 
P1-type purine transporter (TbNT10) was responsible for uptake of 
diminazene and pentamidine in T. congolense. The P2 aminopurine 
encoded by T. brucei adenosine transporter 1 (TbAT1) was identified as a 
transporter in T. brucei (Munday et al., 2013) and this gene exists in T. 
brucei subspecies, T. evansi and T. equiperdum (Matovu et al., 2003; de 
Koning et al., 2004). 

5. Conclusion 

In this study, in vitro anti-trypanosomal activity of nineteen NFT- 
triazole hybrids was evaluated against African animal trypanosomes. 
Hybrids 8 and 9 containing n-alkyl substituents and 11, 13 and 18 
bearing benzyl groups exhibited strong antitrypanosomal activity 
against T. b. brucei, T. congolense and T. evansi with low cytotoxicity. 
They were identified as trypanocidal early lead compounds and poten
tial candidates for future in vivo studies for antitrypanosomal activity 
and toxicity evaluation. 
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