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ABSTRACT

African trypanosomiasis is a significant vector-borne disease of humans and animals in the tsetse fly belt of
Africa, particularly affecting production animals such as cattle, and thus, hindering food security. Trypanosoma
congolense (T. congolense), the causative agent of nagana, is livestock’s most virulent trypanosome species. There
is currently no vaccine against trypanosomiasis; its treatment relies solely on chemotherapy. However, patho-
genic resistance has been established against trypanocidal agents in clinical use. This underscores the need to
develop new therapeutics to curb trypanosomiasis. Many nitroheterocyclic drugs or compounds, including
nitrofurantoin, possess antiparasitic activities in addition to their clinical use as antibiotics. The current study
evaluated the in vitro trypanocidal potency and in vivo treatment efficacy of previously synthesized anti-
leishmanial active oligomeric ethylene glycol derivatives of nitrofurantoin. The trypanocidal potency of ana-
logues 2a-o varied among the trypanosome species; however, T. congolense strain IL3000 was more susceptible to
these drug candidates than the other human and animal trypanosomes. The arylated analogues 2k (ICso 0.04 pM;
SI >6365) and 21 (ICsp 0.06 pM; SI 4133) featuring 4-chlorophenoxy and 4-nitrophenoxy moieties, respectively,
were revealed as the most promising antitrypanosomal agents of all analogues against T. congolense strain IL3000
trypomastigotes with nanomolar activities. In a preliminary in vivo study involving T. congolense strain IL3000
infected BALB/c mice, the oral administration of 100 mg/kg/day of 2k caused prolonged survival up to 18 days
post-infection relative to the infected but untreated control mice which survived 9 days post-infection. However,
no cure was achieved due to its poor solubility in the in vivo testing medium, assumably leading to low oral
bioavailability. These results confirm the importance of the physicochemical properties lipophilicity and water
solubility in attaining not only in vitro trypanocidal potency but also in vivo treatment efficacy. Future work will
focus on the chemical optimization of 2k through the investigation of analogues containing solubilizing groups at
certain positions on the core structure to improve solubility in the in vivo testing medium which, in the current
investigation, is the biggest stumbling block in successfully treating either animal or human Trypanosoma
infections.

1. Introduction

indistinguishable and referred to as “T. brucei complex” organisms (Barr
et al., 2014). T. b. gambiense and T. b. rhodesiense cause “sleeping sick-

African trypanosomiasis (AT) is mainly caused by three Trypanosoma
(T.) species, namely T. brucei, T. congolense, and T. vivax (Barr et al.,
2014). These salivarian eukaryotic flagellates are cyclically transmitted
through the bite of hematophagous tsetse flies (Glossina species) which
are only found in Africa, specifically in the savannahs and woodlands of
sub-Saharan Africa (Barr et al., 2014; Blowey and Weaver, 2011; Pays
etal., 2023). Trypanosoma brucei (T. b.) subspecies include T. b. brucei, T.
b. gambiense, and T. b. rhodesiense which are morphologically
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ness” in humans in West and East Africa, respectively (Barr et al., 2014;
Nok, 2009; Pays et al., 2023). The slow-progressing Gambian trypano-
somiasis, responsible for >95 % of cases, is an anthroponotic disease
involving human-to-human transmission, and as such,
anti-trypanosomiasis campaigns focused on diagnosis and treatment
(Pays et al., 2023). Consequently, its incidence has declined to less than
1 000 cases per year; nevertheless, more than 50 million people in 36
sub-Saharan African countries remain at risk of infection (WHO, 2023).
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The fast-progressing Rhodesian trypanosomiasis, responsible for <5 %
of cases, is a zoonotic disease involving animal-to-human transmission,
and can result in unpredictable disease outbreaks (Pays et al., 2023). The
mammalian immune system is unable to provide efficient protection
against trypanosomal infection (Pays et al., 2023); since trypanosomes
have developed strategies to continuously escape innate and adaptive
host immune responses by changing their surface coat. Thus, a vaccine
against AT is unlikely (Horn, 2014). Furthermore, available therapies for
sleeping sickness are deficient in efficacy, safety, or both (Giordani et al.,
2016; Imran et al., 2022; Sokolova et al., 2010; Venturelli et al., 2022).
The accessibility to these therapies is also of concern (Sokolova et al.,
2010).

Trypanosoma b. brucei, T. congolense, and T. vivax species cause dis-
ease in a variety of domestic and wild animals (either alone or in com-
bination), but do not infect humans (Barr et al., 2014) due to the
trypanolytic activity of membrane pore-forming apolipoprotein 1-I
found in human blood (Pays et al., 2023; Vanhamme et al., 2003). An-
imal AT (“nagana”) is one of the most significant vector-borne diseases
in the humid and sub-humid tropics of Africa, (Katabazi et al., 2021;
Morrison et al., 2016; Muhanguzi et al., 2014), which affects animals in
an area one-third larger than that of the United States of America (USA)
(Morrison et al., 2016). It causes the death of more than 3 million ani-
mals each year with 50 million animals at risk of infection (Chitanga
etal., 2011; Coustou et al., 2010), leading to losses of between 1.5 and 5
billion US dollars per year (Blowey and Weaver, 2011). Therefore, an-
imal AT is the main hindrance to food security, as it makes vast areas of
semiarid savannah land in Africa unsuitable for breeding domestic an-
imals that are a source of food (Chitanga et al., 2011; Katabazi et al.,
2021). Such limitations on livestock production lead to shortages of
meat, milk, draught animals, and manure (Shaw et al., 2015; Swallow,
2000). The presence of AT also hinders the export of livestock and their
products to developed countries (Shaw et al., 2015; Swallow, 2000). In
terms of severity and consequences for productivity, T. congolense strain
113000 (also known as the Savannah subtype) is the main causative agent
of animal AT in East Africa, particularly affecting cattle (Desquesnes
et al., 2022; Giordani et al., 2016; Venturelli et al., 2022). Additionally,
it has a large wildlife host reservoir that seems tolerant to infection, and
thus, parasite eradication appears to be impossible (Pays et al., 2023).

T. evansi (the causative agent of “surra” in animals) is very closely
related to T. brucei and may have derived from it as a result of partial or
complete loss of kinetoplast DNA; which stops T. evansi from developing
within the insect vector (Blowey and Weaver, 2011). Thus, it has
adapted to mechanical transmission by hematophagous insects, such as
horse (Tabanus species) and stable (Stomoxys species) biting flies during
an interrupted blood meal (Blowey and Weaver, 2011). Consequently, it
has spread beyond the tsetse transmission zone in sub-Saharan Africa to
become the most widely distributed animal trypanosome, affecting the
livestock industries in North and Northeast Africa, Latin America
(except Chile), the Middle East, and Asia (Borges et al., 2014).
T. equiperdum (the causative agent of “dourine” in equines) also shares a
phylogenetic relationship with T. brucei; however, it is sexually trans-
mitted among equines (Cayla et al., 2019; Desquesnes et al., 2022;
Giordani et al., 2016). It is prevalent in Africa, the Middle East, and
Central and South America (Paccamonti and Crabtree, 2019).

Chemotherapy for AT in domestic animals depends on only a few
compounds, of which several are chemically related; for example,
ethidium bromide, isometamidium chloride, and diminazene aceturate
(Kasozi et al., 2022; Peregrine and Mamman, 1993) (Fig. 1). The latter
two agents cannot penetrate the blood-brain barrier (BBB), which is
problematic in the management of T. brucei complex organisms who
reside outside the circulatory system of their mammalian host (Giordani
et al., 2016). Increased drug resistance, particularly to isometamidium
chloride and diminazene aceturate, is concerning because it implies that
these drugs’ future usefulness may be compromised (Kasozi et al., 2022).
Another key concern is drug safety, specifically residues in production
animals (Wilkowsky, 2022).
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Fig. 1. Structures of veterinary trypanocidal agents in clinical use.

De novo drug discovery is a highly rational approach, but this process
is not only extensive but also expensive (Hughes et al., 2011; Kaiser
et al., 2015; Royle et al., 2013). Drug repurposing is another promising
strategy used in drug discovery that identifies new therapeutic oppor-
tunities for existing drugs (Doan et al., 2011). Thus, when new drug
applications are identified, these drugs or drug-like molecules can be
rapidly advanced into clinical trials (Sahoo et al., 2021; Zhan et al.,
2022) since they often have known pharmacokinetics, and safety pro-
files and are approved by the regulatory authorities (Chong and Sulli-
van, 2007; Kaiser et al., 2015; Weisman et al., 2006).

Nitroheterocyclic compounds have generally been avoided by the
pharmaceutical industry; however, antitrypanosomal agents like nifur-
timox and fexinidazole (Fig. 2) have re-ignited interest in nitro-
aromatics. The regimen combining nifurtimox, a sulfone-containing 5-
nitrofuran, and eflornithine (NECT: nifurtimox-eflornithine combina-
tion therapy) is used to treat both stages of T. b. gambiense infection in
humans (WHO, 2023). The orally bioavailable 2-substituted 5-nitro-
imidazole, fexinidazole, was recently approved for the treatment of
early and late-stage T. b. gambiense infection (Deeks, 2019). Addition-
ally, the nitrofuran furazolidone (Fig. 2) has been widely used as an
antibacterial and antiprotozoal feed additive for poultry, cattle, and
farmed fish (Hu et al., 2007; Kaiser et al., 2015). Nitrofurans exert their
biological activities through two environment-specific mechanisms of
action involving the nitro group present in the nitrofuran synthon (Zhou
et al., 2012). These include nitroreduction type I (NTR—I) which occurs
under anaerobic conditions, and nitroreduction type II (NTR-II) which
takes place in an aerobic environment (Trukhacheva et al., 2005; Zhou
et al.,, 2012). Both mechanisms are catalyzed by pathogen-specific
nitroreductase (Roldan et al., 2008) and result in the generation of
toxic molecular species, such as nitroso, hydronitroso, and hydroxyl-
amine in NTR—I (Ryan, 2017), and reactive oxygen species (ROS), for
example, superoxide ion radicals (-Oz) and hydroxyl radicals (-OH) in
NTR-II (Gutteridge, 1985; Wardman, 1985), which ultimately cause
parasite death by oxidative stress (Gallardo-Garrido et al., 2020). The
nitrofuran scaffold is among the privileged pharmacophores and has
been proven to be highly effective in treating infectious diseases of
bacterial origin. Indeed, nitroreductase is normally associated with
bacteria and is absent from most eukaryotes, with trypanosomes being a
major exception (Hall et al., 2010). Thus, the presence of crucial en-
zymes and/or metabolic pathways in the pathogen and lack thereof in
humans, as well as the broad-spectrum activity against a wide variety of
pathogens emphasizes that nitrofuran drugs (containing a redox-active
scaffold) can play a significant role in the development of new chemo-
therapeutic agents (Blass, 2015; Zuma et al., 2019). Yet, the potential for
drug repurposing of any nitrofuran for AT depends on their genotoxicity
and/or mutagenicity relative to their efficacy in relevant rodent models
(Kaiser et al., 2015).

Nitrofurantoin (NFT) is a synthetic nitrofuran that is administered
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Fig. 2. Structures of nitroaromatic antiparasitic agents in clinical use.

orally for the prevention or treatment of urinary tract infections in
humans as well as companion animals such as cats and dogs (extra-label
use) (Mercer, 2022). Notably, the extra-label use of nitrofurans in pro-
duction animals is prohibited; due to the residual carcinogenic, muta-
genic, and/or teratogenic effects of these drugs in humans (Vass et al.,
2008). The chemotherapeutic effects of nitrofuran drugs are linked to
the 5-nitrofuran moiety, whereas toxic properties are attributed to the
hydrazone moiety, and by extension, to its non-nitro metabolites
(Walzer et al., 1991). The azo bond of the diazenyl functional group can
be reduced by azoreductase into active primary metabolites that can
covalently bind to cellular proteins (Bendford et al., 2015; Ryan, 2017).
Notably, the veterinary trypanocidal agents isometamidium chloride
and diminazene aceturate contain a structurally related triazene bridge
(Fig. 1). Despite their potential toxicity, the development of parasitic
resistance against nitrofurans is rare as these drugs target multiple
metabolic pathways, including carbohydrate and protein synthesis, DNA
replication, and transcription (Zuma et al., 2019). Consequently, NFT
may be a practical candidate for drug repurposing.

NFT, a Schiff base derived from 5-nitrofuraldehyde, is structurally
related to the trypanocidal agent nifurtimox and shows hit trypanocidal
activity against human and animal trypanosomes (0.36 pM> ICs¢ <1.96
uM) (Kaiser et al., 2015; Munsimbwe et al., 2021). Derivatization of NFT
at the o-N resulted in n-alkyl or aryl synthesized analogues with
increased trypanocidal activity compared to the parent drug, with an-
alogues containing 11- and 12-carbon aliphatic chains showing the
highest trypanocidal activity (ICso <0.34 uM) and the lowest cytotox-
icity (ICso > 246.02 uM) in vitro (Munsimbwe et al., 2021). A 100 %
survival and cure of Trypanosoma congolense IL3000 infected BALB/c
mice were achieved with a minimum dose of 30 mg/kg nitrofurantoin
per day for seven days (Suganuma et al., 2022), whereas the afore-
mentioned analogues showed no treatment efficacy because they were
insoluble in the in vivo testing medium (Munsimbwe et al., 2021). Thus,
these results indicated that NFT analogues with high hydrophilicity
were required for in vivo assessment. Other studies evaluated the try-
panocidal activity of novel NFT analogues against the second major
species of the kinetoplastidae family, namely Leishmania, which is taxo-
nomic to Trypanosoma, and identified various hit/lead compounds
(Ndlovu et al., 2023; Zuma et al., 2023, 2022).

The clinical efficacy of NFT, an antibacterial medication used to treat
urinary tract infections, is dependent on the elevated urine drug con-
centration that occurs during therapeutic administration, and as such,
low blood drug concentrations are usually observed (Conklin, 1978).
The pharmacological usefulness of NFT, a Biopharmaceutics Classifica-
tion System class II item, is limited by its low water solubility and low
plasma concentrations (Conklin, 1978; Teoh et al., 2020). Previously,
structural modifications to nitrofurans led to considerable improve-
ments in their physicochemical and pharmacokinetic properties, such as
solubility, bioavailability, protein binding affinity, and even toxicity
(Zuma et al., 2020). To improve the poor water solubility of NFT, hy-
drolytically and enzymatically stable hydrosoluble groups (Ndlovu
et al., 2023) such as ethylene oxide oligomers were anchored to the a-N
atom (Ndlovu et al., 2023). These oligomers are widely used in the
pharmaceutical industry due to their good physical properties, including
high water solubility (Spitzer et al., 2002). Additionally, they are

nontoxic (Thompson et al., 2008), nonimmunogenic, and resistant to
biodegradation (Vadala et al., 2008). In addition to the oligomeric
ethylene glycol (EG) moiety, other groups including pyrrolidone and
propargyl were incorporated (Ndlovu et al., 2023).

Based on the above reports which suggest that some nitrofuran an-
alogues may be used against AT, we evaluated the in vitro trypanocidal
potency of NFT and its derivatives 2a-o and discussed the observed
structure-activity relationships. Additionally, we assessed the pre-
liminary in vivo treatment efficacy of hit trypanocidal against the animal
infective trypanosome T. congolense IL3000 in a rodent model.

2. Materials and methods
2.1. Test compounds

NFT (1a) and its derivatives 2a-o (Table 1) were previously syn-
thesized by Ndlovu et al. (2023). The test compounds were dissolved at a
concentration of 10 mg/mL in 100 % dimethyl sulfoxide (DMSO) for in
vitro assays and at a concentration of 100 mg/mL in 100 % DMSO for in
vivo assays and then stored at —4 °C. For the in vitro assays, the test
compounds were serially diluted with growth medium to 0.5 % DMSO.
Notably, these serial dilutions were freshly prepared for each biological
replicate. For the in vivo assays, the test compounds were diluted to 10 %
DMSO with corn oil and 1 % DMSO with phosphate-buffered saline
(PBS) for oral and intraperitoneal administration, respectively. Again,
these treatments were freshly prepared daily.

2.2. In silico physicochemical and pharmacokinetic properties

The physicochemical and pharmacokinetic properties of NFT (1a)
and its derivatives 2a-o (Appendix A) were computed using the Swis-
SADME web tool (http://www.swissadme.ch).

2.3. Invitro cytotoxicity

The cytotoxicity of the synthesized test compounds was evaluated
using Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto,
Japan) in a colorimetric assay (Ishiyama et al., 1997; Tominaga et al.,
1999). Madin-Darby Bovine Kidney cells (MDBK; NBL-1; Japanese
Collection of Research Bioresources cell bank, National Institute of
Biomedical Innovation, Health and Nutrition) were cultured in Mini-
mum Essential Medium Eagle (MEM; Sigma-Aldrich) with Earle’s salts,
i-glutamine, and sodium bicarbonate supplemented with 1 %
penicillin-streptomycin (Thermo Fisher Scientific) and 10 %
heat-inactivated fetal bovine serum (Thermo Fisher Scientific) at 37 °C
(5 % COy).

Briefly, 96-well plates (Thermo Fisher Scientific) containing 50 pL of
the cell suspension (1 x 10° cells/mL) and 50 pL of the test compound
solution two times serially diluted at nine different concentrations
(100-0.390625 pg/mL) were incubated at 37 °C (5 % COg) for 72 h.
Then, the condition of the cells was observed with phase-contrast mi-
croscopy, and subsequently, 10 pL of the CCK-8 solution (Dojindo Lab-
oratories, Kumamoto, Japan) was added, and the absorbance before (T()
and after 4 h (T4) of incubation was measured at 450 nm using a
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Table 1
Synthesized oligomeric EG and other analogues of nitrofurantoin.
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GloMax-Multi Detection System plate reader (Promega) (Molefe et al.,
2017; Munsimbwe et al., 2021; Narita et al., 2021). The experiments
were conducted in triplicate. Data analysis for each biological replicate
was performed using Microsoft Excel. The absorbance value at Ty was
subtracted from the absorbance value at T4, the mean absorbance was
calculated, and the percentage cell viability was calculated by the
following equation:

Cell viability % =(A Abs sample — A Abs blank)
/(A Abs neg control — A Abs blank) X 100

The half maximum cytotoxic concentration (CCsp) for each test
compound was calculated by non-linear regression (curve fit analysis)
using GraphPad Prism version 8 software (GraphPad, Inc., San Diego,
CA, USA) and represented as the mean + standard deviation (SD).

2.4. Invitro trypanocidal potency

The trypanocidal potency of the synthesized test compounds was
evaluated using Cell-Titer Glo (Promega) in an ATP-based luciferase
viability assay (Suganuma et al., 2014, 2017). Bloodstream forms of T. b.
gambiense strain IL1922, T. b. rhodesiense strain IL1501, T. b. brucei strain
GUTat3.1, T. congolense strain IL3000, T. evansi strain Tansui, and
T. equiperdum strain IVM-t1 were cultured in Hirumi’s Modified Iscove’s
Medium-9 (HMI-9) (Hirumi and Hirumi, 1991) at 37 °C and 5 % CO-
(383 °C for T. congolense strain IL3000). HMI-9 consists of Iscove’s
Modified Dulbecco’s Medium (DMEM; Sigma-Aldrich) supplemented
with 1 % Il-glutamine (Thermo Fisher Scientific), 1 %
penicillin-streptomycin (Thermo Fisher Scientific), 0.1 mM bath-
ocuproine (Sigma-Aldrich), 1 mM pyruvic acid sodium salt (Sigma-Al-
drich), 1 mM hypoxanthine and 16 pM thymidine (HT supplement;
Thermo Fisher Scientific), 10 pg/L insulin, 5.5 pug/L transferrin and 6.7
ng/L sodium selenite (ITS-X; Thermo Fisher Scientific), 0.0001 %
2-p-mercaptoethanol (Sigma-Aldrich), 2 mM l-cysteine (Sigma-Aldrich),
60 mM HEPES (Sigma-Aldrich), 0.4 g/L bovine serum albumin (Sig-
ma-Aldrich), and 20 % heat inactivated fetal bovine serum (Thermo
Fisher Scientific). T. b. gambiense strain IL1922, T. b. rhodesiense strain
IL1501, T. b. brucei strain GUTat3.1, T. congolense strain IL3000, and
T. evansi strain Tansui were provided by Dr. Hirumi, while T. equiperdum
strain IVM-t1 was established by Dr. Suganuma (Suganuma et al., 2016,
2017).

Briefly, Nunc MicroWell 96-well optical bottom plates (Thermo
Fisher Scientific) containing 50 uL of the bloodstream form of either T. b.
gambiense strain IL1922, T. b. rhodesiense strain IL1501, T. b. brucei strain
GUTat3.1 (2.5 x 10° cells/mL), T. congolense strain IL3000 (1 x 10°
cells/mL), T. evansi strain Tansui, or T. equiperdum strain IVM-t1 (1 x
10% cells/mL) and 50 uL of the test compound solution two times serially
diluted at seven different concentrations (highest: 3.125 ug/ml; lowest:
1.525 ng/mL) were incubated at 37 °C and 5 % CO2 (33 °C for
T. congolense strain IL3000) for 72 h. Then, the condition of the
bloodstream-form trypanosomes was observed with phase-contrast mi-
croscopy, and subsequently, 25 uL of the Cell-Titer Glo solution
(Promega) was added, the plate was shaken for 2 min (500 shakes/min)
using a MS3 basic plate shaker (IKA, Japan K.K., Osaka, Japan) to
facilitate cell lysis and the release of intracellular ATP, whereupon the
luminescence was measured at 450 nm using a GloMax-Multi Detection
System plate reader (Promega) (Molefe et al., 2017; Munsimbwe et al.,
2021; Narita et al., 2021; Suganuma et al., 2014). The experiments were
conducted in triplicate. Data analysis for each biological replicate was
performed using Microsoft Excel. The percentage cell viability was
calculated as described in Section 2.3. The half maximum inhibitory
concentration (ICsp) of each test compound was calculated by non-linear
regression (curve fit analysis) using GraphPad Prism version 8 software
(GraphPad, Inc., San Diego, CA, USA) and represented as the mean +
standard deviation (SD). The selectivity index, which estimates the
intrinsic activity of a test compound, was calculated by dividing the
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trypanocidal potency (ICsg) of each test compound into its cytotoxicity
(CCs0)-

2.5. In vivo treatment efficacy

The in vivo animal experiment was carried out under approval of the
Animal Ethics Committee of the Obihiro University of Agriculture and
Veterinary Medicine (Approval No. 22-11) and performed as previously
described (Molefe et al., 2017; Munsimbwe et al., 2021; Suganuma et al.,
2022) while adhering to the European Community guidelines as
accepted principles for the use of experimental animals. Healthy female
9-week-old BALB/cAJcl mice (CLEA Japan, Inc., Tokyo, Japan)
weighing 20-30 g each were housed in plastic cages at 25 + 2 °C with 60
+ 10 % relative humidity under a 12-h light and dark cycle at the animal
facility of the National Research Center for Protozoan Disease, Obihiro
University of Agriculture and Veterinary Medicine. All mice had free
access to normal food and water. The clinically significant T. congolense
strain IL3000 was propagated in a mouse and used for further infection
of other mice by intraperitoneal injection with 100 uL of T. congolense
strain IL3000 in phosphate-buffered saline, containing 10 % glucose at 1
x 10* cells/mL. Parasitemia was confirmed by microscopic observation.
Mice were randomly assigned to three groups of two mice each as fol-
lows: group I served as positive control (infected and untreated), while
group II (2k) and III (21) mice were infected and treated with either 100
mg/kg/day of test compound 2k or 21 orally or 10 mg/kg/day of test
compound 2k or 21 intraperitoneally. Treatment started four days
post-infection and continued for seven successive days. These treat-
ments were newly prepared each day using 10 % DMSO in corn oil for
oral administration and 1 % DMSO in PBS for intraperitoneal adminis-
tration. Parasitemia was assessed daily by wet smear with fresh blood
collected from the tail vein. Additionally, a 1 uL blood sample in 100 uL
of PSG was also collected daily and the number of trypanosomes present
in a 1 000 times dilution was assessed using a Neubauer cell counting
chamber (Watson Co., LTD, Tokyo, Japan). The in vivo treatment effi-
cacy of 2k and 2l in this preliminary study did not justify any further in
vivo animal experiments using more mice per group. The Kaplan-Meier
method was used to generate survival curves and the differences be-
tween groups were analyzed using the log-rank test. All analyses were
performed using GraphPad Prism version 8 software (GraphPad, Inc.,
San Diego, CA, USA).

3. Results and discussion
3.1. Predicted physicochemical and pharmacokinetic properties

Of all the physicochemical properties, lipophilicity is the most
important; since it influences solubility, absorption from the gastroin-
testinal (GI) tract, membrane permeability, distribution via the blood by
binding to plasma proteins, blood-brain barrier (BBB) permeation, as
well as in vivo toxicological outcomes (Badiani, 2014). Poor water sol-
ubility is generally associated with high lipophilicity, while hydrophilic
compounds generally show poor permeability, and thus, low absorption,
which significantly influences bioavailability (Van De Waterbeemd and
Gifford, 2003). Therefore, the early assessment of the physicochemical
properties of test compounds during the drug discovery process is
essential, and ultimately, reduces pharmacokinetics-related failures in
the succeeding clinical phases (Hay et al., 2014). A summary of the
physicochemical and pharmacokinetic properties of NFT (1a) and its
analogues 2a-o can be found in Appendix A, Tables 2A-4A and Figs. 1A
and 2A.

The partition coefficient of a molecule between octanol (lipophilic
phase) and water (hydrophilic phase), or logP,,, describes its lip-
ophilicity and is an important component of Lipinski’s “rule of five”
which outlines physicochemical properties that support the drug-
likeness of a compound (Lipinski et al., 1997). According to Lipinski’s
“rule of five”, logP <5 increases the likelihood of absorption upon oral
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administration (Lipinski et al., 1997). For validated hit and lead com-
pounds intended for the treatment of infectious diseases, an ideal logP is
between 1 and 3 (Goodwin et al., 2017; Katsuno et al., 2015). NFT (1a)
and its analogues 2a-o have predicted logP values below 1, and thus, do
not fall within the ideal 1-3 range (Appendix A, Table 2A). NFT (1a) and
analogues 2a-h and 2l-m were predicted to be more hydrophilic
(—1.47> logP <-0.11) since these compounds have negative logP

Table 2

In vitro cytotoxicity and trypanocidal potency of NFT (1a) and its analogues (2a-20).

European Journal of Pharmaceutical Sciences 192 (2024) 106668

values which indicate a higher affinity for the aqueous phase, while 2i-k
and 2n-o have positive logP values (0.07< logP <0.97) which denote a
higher concentration in the lipid phase, meaning that these compounds
are more lipophilic, and ultimately, have low water solubility which
leads to variable oral absorption. It was noted that for derivatives 2¢ (n
= 2; logP —1.24) versus 2d (n = 3; log P —1.47) and 2e (n = 1; logP
—0.075) versus 2 g (n = 3; logP —0.97), increased n-EG chain length led

Compound Cytotoxicity Trypanocidal potency
CCso + SD (uM)” ICso + SD (uM)*
1)
MDBK Tbg Tbr Tbb Tc Tev Teq
1IL1922 IL1501 GuTat3.1 IL3000 Tansui IVM-t1
la 73.02 £ 36.15 1.85+0.23 1.69 £ 0.20 1.51 £0.03 0.42 £+ 0.05 1.67 £0.07 1.45 £ 0.03
(39.47) (43.21) (48.36) (173.9) (43.72) (50.36)
EG-linked NFT analogues
2a 91.67 + 28.81 0.62 £+ 0.03 0.65 + 0.03 0.62 + 0.02 0.36 + 0.04 1.15 £ 0.25 0.84 +0.16
(147.9) (141.0) (147.9) (254.6) (79.71) (109.1)
2b 45.81 + 14.28 1.16 + 0.02 1.21 + 0.02 1.18 £ 0.05 0.75 £ 0.07 3.00 £ 0.55 2.33 £0.06
(39.49) (37.86) (38.82) (61.08) (15.27) (19.66)
2¢ 77.32 £10.05 1.41 £0.23 1.80 £ 0.18 1.20 £0.01 0.99 +£0.11 3.67 £ 0.42 2.44 +0.37
(54.84) (42.96) (64.43) (78.10) (21.07) (31.69)
2d 78.52 + 14.41 0.94 + 0.04 1.12 £ 0.08 0.95 £+ 0.04 0.72 £ 0.10 291 £ 0.66 1.98 + 0.20
(83.53) (70.11) (82.65) (109.1) (26.98) (39.66)
2e 48.64 +10.35 1.91 £ 0.44 220+ 0 1.51 £ 0.09 0.94 +£0.18 5.06 + 0.06 4.30 £ 0.95
(25.47) (22.11) (32.21) (51.74) (9.61) (11.31)
2f 50.07 + 11.32 1.12 +£0.13 1.34 £0.13 1.05 + 0.03 0.68 £+ 0.07 4.60 = 0.17 3.46 + 0.89
(44.71) (37.37) (47.69) (73.63) (10.88) (14.47)
2g 66.72 + 2.46 1.54 £ 0.3 1.79 + 0.04 1.55+0.18 0.95 £+ 0.19 4.25 £ 0.52 3.38 £0.70
(43.32) (37.27) (43.05) (70.23) (15.70) (19.74)
2i 30.34 £ 1.90 1.63 + 0.52 1.88 +£0.27 1.18 £0.20 0.16 + 0.02 8.32 £ 0.32 8.29 + 0.24
(18.61) (16.14) (25.71) (189.6) (3.65) (3.66)
2j >228.64 0.38 £+ 0.09 0.45 + 0.01 0.32 £ 0.07 0.06 £+ 0.01 4.31 +£0.51 3.21 £ 0.69
(>601.7) (>508.1) (>714.5) (>3811) (>53.05) (>71.23)
2k >254.61 0.23 £+ 0.05 0.30 = 0.07 0.20 + 0.03 0.04 +0.01 3.46 + 0.34 2.32 +0.58
(>1107) (>848.7) (>1273) (>6365) (>73.59) (>109.8)
21 >247.95 0.19 £+ 0.04 0.22 +0.01 0.12 4+ 0.01 0.06 £+ 0.02 8.09 + 0.49 2.03 £1.35
(>1305) (>1127) (>2066) (>4133) (>30.65) (>122.1)
2m 31.28 £ 7.04 1.87 £ 0.44 2.15 £ 0.02 1.53 £ 0.52 0.71 £+ 0.07 9.17 £1.13 7.79 £1.97
(16.73) (14.55) (20.44) (44.06) (3.41) (4.02)
Other NFT analogues
2h 49.53 £ 6.21 0.51 £+ 0.03 0.61 + 0.04 0.51 + 0.02 0.72 £+ 0.06 1.03 £ 0.07 0.88 +£0.16
(97.12) (81.20) (97.12) (68.79) (48.09) (56.28)
2n >362.04 4.33 £ 0.68 5.04 £+ 0.58 3.40 + 0.80 0.74 £ 0.16 21.87 £ 25 14.87 £ 5.5
(>83.61) (>71.83) (>106.5) (>489.2) (16.55) (>24.35)
20 33.83 £ 0.31 0.52 £+ 0.02 0.54 + 0.04 0.50 £+ 0.02 0.32 £ 0.02 1.02+ 0.1 0.86 £ 0.22
(65.06) (62.65) (67.66) (105.7) (33.17) (39.34)
Reference drugs’
Eflornithine - 16.13 + 2.93 38.56 + 9.88 36.66 + 12.87 45.99 + 17.07 57.21 £17.56 -
Nifurtimox - 1.06 + 0.22 4.66 + 19.70 4.58 + 2.38 4.35 £ 1.59 2.62 £ 1.40 -
Pentamidine - 0.33 £ 0.05 0.041 + 0.0023 0.014 + 0.0031 0.029 + 0.0062 0.00097 £ 0.00019 0.0013 + 0.0003
Suramin - 7.17 £ 0.87 0.066 + 0.0052 0.064 + 0.0018 0.076 + 0.011 0.38 + 0.058° 0.038 + 0.014
Diminazene aceturate - - - - 0.109+ 0.026 - 0.011 + 0.0029

# Half maximal cytotoxic concentration (CCsp, uM) represented as the mean + standard deviation (SD), three biological replicates.
b Half maximal inhibitory concentration (ICso, pM) represented as the mean =+ standard deviation (SD), three biological replicates.

¢ Selectivity index (SI): CCsg (uM) /ICsq (uM).

4 1Cs values obtained from literature (Munsimbwe et al., 2021; Suganuma et al., 2014, 2017) NFT: nitrofurantoin; MDBK: Madin-Darby bovine kidney cells; Thg
1L1922: Trypanosoma brucei gambiense strain IL1922; Tbr IL1501: Trypanosoma brucei rhodesiense strain 111501; Tbb GUTat3.1: Trypanosoma brucei strain GUTat3.1; Tc
IL3000: Trypanosoma congolense strain 1L3000; Tev Tansui: Trypanosoma evansi strain Tansui; Teq IVM-t1: Trypanosoma equiperdum strain IVM-t1; qualifies as hit
compound if ICsy <10 uM and SI >10 (Nwaka and Hudson, 2006)The parent drug NFT has a well-known safety profile which allowed the establishment of an initial
reference for in vitro toxicity. NFT (1a) previously showed low cytotoxic activities (CCso >100 uM) towards HEK-293 (Zuma et al., 2022), THP-1 and Vero cells
(Ndlovu et al., 2023; Zuma et al., 2023), as did derivatives 2b, 2i-k and 2m-n, except 20 which was mild/moderately toxic (CCso 61.99 uM) (Ndlovu et al., 2023).
Towards MDBK cells, derivatives 2j-1 and 2n also showed low basal toxicity (CCso >100 puM) (Adewusi et al., 2013; Fu et al., 2014), while 2a, 2¢-d and 2f-g were
weakly toxic (50 uM< CCso <100 uM) (Liu et al., 2017) and 2b, 2e, 2h-i, 2 m and 20 were mild/moderately toxic (10 uM < CCsq <50 pM) (Gill and Malhotra, 1963;
Liu et al., 2017). Despite being weakly to mild/moderately toxic towards MDBK cells, these derivatives were 10 to 100-fold selective in their trypanocidal action. The
phenoxy derivative 2i (CCso 30.34 uM) and nucleophilic allyl analogue 2 m (CCsq 31.28 uM) and 3-bromopropyl analogue 20 (CCs, 33.83 uM) were the most toxic of
all test compounds. The aforementioned derivatization with these moieties was thus detrimental to the safety of NFT.
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to increased hydrophilicity, which is to be expected since oligomeric EG
is highly water soluble (Spitzer et al., 2002). For the halogenated phe-
noxy derivatives 2j (-Br; logP 0.97), 2k (-Cl; logP 0.85), and 21 (-NOy;
logP —0.11), lipophilicity increased with decreased electron negativity
(EN). All derivatives were expected to have high GI absorption and oral
bioavailability (except 21 and 2d due to their TPSA>140 and RB> 10)
(Veber et al., 2002)) but none of these analogues were foreseen to cross
the BBB (Appendix A, Table 3A). All compounds complied with Lip-
inski’s rules and were considered drug-like (Appendix A, Table 4A),
except 2¢-d and 2f-h which violate one of Lipinski’s rules (N or O <10).
Notably, Lipinski’s rules are only used to prioritize hits and should not
be used as definitive selection criteria.

3.2. Pharmacology

3.2.1. Invitro cytotoxicity

Toxicity often hinders the drug development process and adds to its
high cost (Guengerich, 2011); therefore, determination of the pre-
liminary safety of a drug candidate is vital. General cytotoxicity of NFT
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(1a) and its analogues 2a-o towards MDBK cells are summarized in
Table 2.

It was observed that as n-EG chain length increased and lipophilicity
decreased, toxicity also decreased (Fig. 3A); for example, 2b (n = 1;
CCso 45.81 uM) >2¢ (n = 2; CCso 77.32 uM) >2d (n = 3; CCsg 78.52 M)
and 2e (n = 1; CCsp 48.64 pM) >2f (n = 2; CCs¢ 50.07 uM) >2 g (n = 3;
CCsp 66.72 pM). Furthermore, derivative 2a containing a terminal hy-
droxy group was weakly toxic (CCsg 91.67 uM), while the more lipo-
philic 2b, 2e, and 2 m containing terminal methoxy, ethoxy, and allyl
groups, respectively, were mild/moderately toxic (31.28 uM> CCsp
<48.64 uM). Comparison of 2i (CCsy 30.34 uM) to its phenoxy coun-
terparts 2j (4-BrPhe; CCs¢ >228.64 uM), 2k (4-ClPhe; CCso >254.61
uM) and 21 (4-NOyPhe; CCsg >247.95 uM) showed a ten-fold decrease in
toxicity from mild/moderately toxic to non-toxic, and as electron
negativity (EN) increased, lipophilicity decreased, and toxicity also
decreased (Fig. 3A). This corroborates a previous finding that higher
lipophilicity is often associated with higher toxicity (Van De Water-
beemd and Gifford, 2003).
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Fig. 3. A Cytotoxicity (CCso £SD, uM) towards Madin-Darby bovine kidney (MDBK) cells. Low cytotoxicity above red dashed line. n-EG chain length indicated in
blue, neutral group (H) indicated in grey, and electron withdrawing groups in order of increasing strength (Br, Cl, NO,) indicated in red. Comparison of trypanocidal
activities (ICso £SD, uM) against B tsetse-transmitted human infective trypomastigotes of T. b. gambiense strain IL1922 and T. b. rhodesiense strain IL1501; C tsetse-
transmitted animal infective trypomastigotes of T. b. brucei GuTat3.1 strain GuTat3.1 and T. congolense strain IL3000; D non-tsetse transmitted animal infective
trypomastigotes of T. evansi strain Tansui, and T. equiperdum strain IVM-t1. Hit trypanocidal activity below red dashed line. E Comparison of trypanocidal activity
against T. congolense strain IL3000 trypomastigotes and lipophilicity (logP, ). n-EG chain length indicated in blue, neutral group (H) indicated in grey, and electron
withdrawing groups in order of increasing strength (Br, Cl, NO,) indicated in red.
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3.2.2. Invitro trypanocidal potency and hit/lead identification

Numerous challenges must be overcome to develop new anti-
trypanosomal agents. This led experts in the field of drug discovery to
establish various strategies to fast-track the lengthy drug discovery
process. At the basic research stage, established hit and lead criteria for
human AT require that an ICsg value must be less than 10 M and the
selectivity index greater than 10 for the bloodstream form trypomasti-
gotes of T. b. brucei species (Nwaka and Hudson, 2006). A lead, on the
other hand, should show a 10 to 20-fold increase in activity over the hit
and be active against bloodstream form trypomastigotes of T. b. gam-
biense and/or T. b. rhodesiense (Nwaka and Hudson, 2006).

The trypanocidal potency of NFT (1a) and its analogues 2a-o against
axenically cultured bloodstream form trypomastigotes of T. b. gambiense
strain IL1922, T. b. rhodesiense strain IL1501, T. b. brucei strain
GUTat3.1, T. congolense strain IL3000, T. evansi strain Tansui, and
T. equiperdum strain IVM-t1 are summarized in Table 2.

Based on the aforementioned criteria, analogues 2a-o generally
showed hit trypanocidal activity against the six species of human or
animal infective trypanosomes (Fig. 3B-D), with the best activity
observed against T. congolense strain IL3000 (Fig. 3E). Derivatives 2d,
2i, 2 m showed weak activity against (ICso >10 uM) and/or selectivity
(SI <10) for T. evansi strain Tansui and/or T. equiperdum strain IVM-t1.
Compared to T. congolense strain IL3000, trypanocidal activities
decreased almost 4-fold across the board against the phylogenetically
related T. brucei complex organisms as well as T. evansi strain Tansui
and/or T. equiperdum strain IVM-t1 parasites. The best activity against
and selectivity for T. congolense strain IL3000 was shown by the arylated
derivative 2k (4-ClPhe: ICs0 0.04 uM), closely followed by 21 (4-NO2Phe:
ICs0 0.06 pM) and 2j (4-BrPhe: ICsg 0.06 uM). Notably, derivatives 2j-1
showed 2 to 3-fold better activity against T. congolense strain IL3000
than the commonly used veterinary antitrypanosomal agent diamizene
aceturate (ICsg 0.109 pM) (Suganuma et al., 2014). The nitro phenoxy
analogue 21 showed the best activity against T. brucei complex organ-
isms (0.12 uM >ICsp <0.22 uM), while the ethoxy triethylene glycol
(TEG) analogue 2 g (n = 3; R=Et) showed the best activity against
T. evansi (ICsg 4.25 uM) and T. equiperdum (ICsq 3.38 uM).

3.2.3. Structure-activity relationships

Structure-activity relationships (SAR) will be discussed based on
trypanocidal activity against T. congolense strain IL3000, since analogues
2a-o showed the best activity against the said trypanosome. The varia-
tion of two parameters, namely predicted lipophilicity and electronic
effect were considered.

3.2.3.1. Alkoxy-EG analogues. The variation of lipophilicity modulated
by n-EG chain length was considered for analogues 2a-g. For the
methylated derivatives 2b (n = 1; logP —1.03; IC50 0.75 puM), 2¢ (n = 2;
logP —1.24; IC5¢ 0.99 uM) and 2d (n = 3; logP —1.47; IC5¢ 0.72 uM) as
well as the ethylated derivatives 2e (n = 1; logP —0.75; IC5¢ 0.94 uM), 2f
(n = 2; logP —0.97; ICs50 0.68 uM) and 2 g (n = 3; logP —1.22; IC5¢ 0.95
uM), as n-EG chain length increased, lipophilicity decreased (as expected
since oligomeric EG is highly water soluble (Spitzer et al., 2002)).

N n-EG chain length (from »=1 to n=2)
R=Me: Vv logP s N ICs; N SI
R=Et: logP ., ; V¥ ICs; M SI

I\>_// N_N\/g()
o

NO;
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Activity increased from n = 1 (2b and 2e) to n = 2 (2¢ and 2f) but then
decreased again from n = 2 to n = 3 (2d and 2 g) giving a similar ICsg
value as n = 1 (Fig. 3E).

We also examined the variation of lipophilicity modulated by the
terminal R group. For a fixed n-EG chain length and varying terminal R
group (either methyl (Me) or ethyl (Et)), as lipophilicity increased,
trypanocidal activity decreased exemplified by 2b (R=Me; logP —1.03;
ICsp 0.75 uM) versus 2e (R=Et; logP —0.75; IC59 0.94 uM) and 2d
(R=Me; logP —1.47; ICso 0.72 uM) versus 2 g (R=Et; logP —1.22; ICsq
0.95 puM). Again n = 2 (2c and 2f) was an exemption, and increased
lipophilicity led to increased trypanocidal activity against T. congolense
strain IL3000. The selectivity of test compounds for the trypanosomes
over the mammalian cells generally improved as n-EG increased and
lipophilicity decreased, while for a fixed n-EG chain length and varying
terminal R group the more lipophilic ethyl group, led to decreased
selectivity. Thus, a zig-zag pattern was observed for derivatives 2b-g. It
seems as though not only n-EG chain length but also the terminal R
group influence lipophilicity, and consequently, the in vitro trypanocidal
potency. A summary of SAR for the oligomeric EG analogues of NFT is
depicted in Fig. 4.

3.2.3.2. Phenoxy analogues. Additionally, lipophilicity was modulated
by electron negativity. The electron negativity (EN) among arylated
analogues 2i-1 increased in the order: 2i (R: Phe), 2j (4-BrPhe), 2k (4-
CIPhe) and 21 (4-NO,Phe). These analogues showed decreased lip-
ophilicity, and increased trypanocidal activity, albeit slight (0.04 p>
ICs50 <0.06 uM) (Fig. 3C and E). Notably, the halogenated phenoxy de-
rivative 2k displayed the best trypanocidal activity overall (ICso 0.04
uM; SI >6365). The presence of an electron-withdrawing group (EWG)
such as bromine (2j), chlorine (2k) or nitro (21) on the phenoxy ring,
was shown to increase potency when compared to the neutral analogue
2i (which showed the worst trypanocidal activity of the arylated de-
rivatives, and interestingly, the greatest cytotoxicity) (Fig. 4). The most
electron negative nitrophenoxy analogue 21 (ICs¢ 0.06 pM; SI >4133)
showed similar trypanocidal activity to the least electron negative bro-
mophenoxy 2j (ICso 0.06 uM; SI >3811); however, 21 had greater
selectivity for the trypanosomes than the mammalian cells compared to
2j. A similar trend was observed by other researchers (Munsimbwe et al.,
2021; Ndlovu et al., 2023), who previously found that the anti-
trypanosomal activities of analogues bearing EWGs were stronger than
that of the neutral ones. Other studies have also reported the influence of
the electronic effect on in vitro trypanocidal potency (Cuevas-Hernandez
et al., 2016; Salas et al., 2011; Vera et al., 2017). Hence, the appendage
of a phenoxy group bearing an EWG to NFT through the oligomeric
EG-linker, resulted in increased lipophilicity compared to the parent
drug NFT, and altogether enhanced trypanocidal potency.

3.2.3.3. Other analogues. Derivative 2 m (n = 1; IC59 0.71 uM) which
contains an electron donating allyl, experienced a loss of trypanocidal
activity when compared to its unsubstituted counterpart 2a (n = 1; R =
H; ICs0 0.36 uM). Exchange of the hydroxy group of 2a with a electron
withdrawing pyrrolidone ring resulted in derivative 2 h (ICsg 0.72 puM),

M R chain length (from R=Me to R=Et)
n=1: P logP s ; ™ ICsq; N |
n=2: P logP, s ; V¥ ICsq ; V SI

0 o n=3: A logP,, ; N ICsy; ¥ SI
>N
R

N EWG strength (H versus Br < Cl)
n=1: PN logP, . ; ¥ ICsy; N SI

Fig. 4. Summary of structure-activity relationships. 1: increased; |: decreased; logP, : log of partition coefficient of solute between octanol and water, indicator of
lipophilicity; ICso: half maximum inhibitory concentration; SI: selectivity index; EG: ethylene glycol; EWG: electron withdrawing groups; Me: methyl; Et: ethyl.
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Fig. 5. In vivo evaluation of preliminary treatment efficacy of selected oligomeric EG-tethered nitrofurantoin derivatives. A Survival rate (%) and B parasitemia
(cells/mL, 1og10) of T. congolense strain IL3000 infected BALB/c mice left untreated (positive control), or treated with either 100 mg/kg of 2k or 21 orally or 10 mg/kg
of 2k or 2l intraperitoneally from 4 days post infection. The survival rates of the treated mice were not significantly different from those of the untreated mice (P-
value 0.34, log-rank test). P-values <0.05 were considered statistically different. d.p.i.: days post-infection; p.o.: per os; i.p. intraperitoneal.

while the nucleophilic substitution at the terminal N-position of NFT
with an electron donating propargyl group gave 2n (ICsg 0.74 uM). Both
2 h and 2n analogues displayed an almost 2-fold decrease in potency
when compared to the parent drug NFT. On the contrary, the N-nucle-
ophilic substitution of NFT with 1,3-dibromopropane afforded the 3-
bromopropyl analogue 20 (ICs¢ 0.0.32 uM)) that is endowed with a
slight increase in trypanocidal potency compared to NFT, presumably
due to the electron withdrawing feature of the bromo group.

3.3. In vivo treatment efficacy

It was previously reported that a 100 % survival and cure (complete
clearance of parasite without relapse) of T. congolense strain IL3000
infected BALB/c mice were achieved with a minimum dose of 30 mg/kg
nitrofurantoin per day for seven days (Suganuma et al., 2022). While
selected N-alkyl substituted NFT analogues showed no such treatment
efficacy since these derivatives were insoluble in the in vivo testing
medium (Munsimbwe et al., 2021). These results indicated that NFT
analogues with high hydrophilicity were required for in vivo assessment
to determine whether they are promising leads for developing trypa-
nocidal drugs. To improve the poor water solubility of these NFT ana-
logues, hydrolytically and enzymatically stable hydrosoluble groups,
such as oligomeric EG were anchored to the o-N atom (Ndlovu et al.,
2023).

Thus, the EG-anchored NFT analogues 2k and 21 were evaluated to
determine their in vivo treatment efficacy based on their promising in
vitro trypanocidal potency as well as drug-like properties (discussed in
Sections 3.1. and 3.2.1-3.2.2., respectively). In this preliminary animal
study, T. congolense strain IL3000 infected BALB/c mice were treated
with either 100 mg/kg of test compound 21 orally or 10 mg/kg of test
compound 2k or 21 intraperitoneally, and all died within 9 dp.i. due to
high parasitemia, similar to the infected but untreated control mice
(Fig. 5). While the mouse treated with 100 mg/kg of test compound 2k
orally survived until 18 dp.i. and succumbed thereafter also due to high
parasitemia (Fig. 5). Notably, parasitemia did briefly decrease on 11 and
12 dp.i. upon completion of treatment with 100 mg/kg of test compound
2k orally, but no parasite clearance was achieved (Fig. 5B). Statistical
analyses revealed that the survival rates of the treated mice were not
significantly different from those of the untreated mice. Indeed, none of
the mice survived until the end of the experiment period. Consequently,
no mentionable in vivo treatment efficacy was observed against
T. congolense strain IL3000 infected BALB/c mice, after oral or intra-
peritoneal administration of the test compounds since no cure (complete
clearance of parasite without relapse) or survival was achieved. These
preliminary results did not warrant any further in vivo animal studies
using more mice per group.

As therapeutic behavior is modulated by pharmacokinetic and
pharmacodynamic properties, it does not automatically mean that more
potent drug candidates (such as analogues 2k and 21 compared to the
parent drug NFT) will have greater clinical efficacy (Waldman, 2002).

Analogues 2k and 21 were thought to be orally bioavailable based on
Lipinski’s “rule of five”; however, oral bioavailability problems may be
assumed based on these analogues’ low lipophilicity (logP <1) which, in
vivo, leads to low absorption, a low volume of distribution, and ulti-
mately, low bioavailability (Stocks, 2013). Indeed, poor oral bioavail-
ability is often associated with incomplete absorption due to very slow
and/or incomplete dissolution of the drug in the GI tract, incomplete
absorption due to poor permeability of the drug through the intestinal
epithelia, and/or biotransformation of the drug during its first passage
through the liver (Raaflaub, 1980). Additionally, the test compounds
had low solubility in the in vivo testing medium (either corn oil or PBS
for oral or intraperitoneal administration, respectively), and formed
quickly separating suspensions which hindered uniform dosing, and as
such, limited the pharmacological usefulness of the investigated oligo-
meric EG-tethered NFT derivatives.

4. Conclusions

Many nitroheterocyclic drugs or compounds, including nitro-
furantoin, showed, in addition to their clinical use as antibiotics, anti-
parasitic activities. Thus, the current study was conducted to evaluate
the in vitro trypanocidal potency, and ultimately, in vivo treatment effi-
cacy of previously synthesized antileishmanial active oligomeric EG-
tethered analogues of nitrofurantoin against an array of human and
animal trypanosome species. The trypanocidal potency of analogues 2a-
o varied among the trypanosome species; however, T. congolense strain
IL3000 was more susceptible to nitrofurantoin and its analogues than
the other trypanosomes. The arylated derivatives 2j, 2k, and 21 showed
the best trypanocidal activity against T. congolense strain IL3000 in the
nanomolar range with low toxicity against mammalian cells. Analogues
2a-0 had comparatively modest trypanocidal activities against, the
human infective T. b. gambiense strain IL1922 and T. b. rhodesiense strain
IL1501, as well as the animal infective T. b. brucei strain GuTat3.1,
T. evansi strain Tansui, and T. equiperdum strain IVM-t1 in the sub- to
micromolar ranges. Although the phenoxy derivatives 2k and 21 showed
strong in vitro trypanocidal potency, no in vivo treatment efficacy was
observed against T. congolense strain IL3000 infected BALB/c mice
during a preliminary animal study. The inability of 2k and 21 to clear the
parasites is probably due to their low solubility in the in vivo testing
medium. Future work on oligomeric EG derivatives of NFT will focus on
the investigation of novel analogues with improved physicochemical
properties to achieve both solubility and membrane permeability to
effectively treat Trypanosoma infections in animals and/or humans.
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