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Neglected tropical diseases such as leishmaniasis, Chagas disease, sleeping sickness and animal trypanosom
iasis remain a significant global health challenge. This part of the roadmap outlines a streamlined path for pro
gressing from lead identification to a drug development candidate, tailored to the specific needs of kinetoplastid 
infections. Besides the medicinal upscaling of synthesis, this review highlights key experiments in pharmacology 
in non-rodent species, toxicology, pharmacokinetics and pharmaceutics. These include but are not limited to 
early evaluation of safety using refined in vitro and in vivo methods to enhance predictive value, bioavailability 
and distribution to target tissues, and formulation strategies leveraging various delivery systems to optimize ef
ficacy and safety. Environmental toxicity is also addressed proactively, for which in silico tools are presented. 
Collectively, this roadmap provides a practical, scalable approach to deliver high-quality drug candidates cap
able of addressing the urgent needs for kinetoplastid diseases (Figure 1).
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Medicinal chemistry: upscaling and 
cost-effective manufacturing
Lead definition
The lead definition phase requires a scale-up of synthesis 
(>250 mg) to support generating an initial data package encom
passing pharmacology, (eco)toxicology, pharmacokinetics and 
pharmacodynamics and pharmaceutics.

Chemical stability is usually assessed by analytical methods 
that are used for chemical identification, such as HPLC or GC, 
MS and infrared spectroscopy (especially Fourier transform infra
red). Compound stability and the presence of impurities can be 
determined by specific prescribed tests and appropriate mea
sures to avoid drug degradation, such as storage at lower tem
peratures, protection from light and use of appropriate storage 
containers should be considered at an early stage. Establishing 

a suitable analytical method is instrumental to pharmacokinetic 
(PK) studies.

Salts and prodrugs represent additional approaches for im
proving the physicochemical and pharmacokinetic properties of 
leads. Salts can improve solubility and stability, hence improving 
bioavailability. Prodrugs can improve absorption and increase se
lectivity by targeting specific cells (e.g. macrophages) or subcel
lular compartments (e.g. the phagolysosome) or rely on specific 
activation by parasitic enzymes.1–3 These approaches facilitate 
the transition of a lead compound into a viable drug develop
ment candidate.

Drug development candidate
Entering the compound manufacturing phase requires focusing 
on developing scalable and efficient processes to produce the 
drug candidate in sufficient quantities for preclinical and clinical 

Figure 1. Schematic representation of the ‘baseline’ preclinical data package required during ‘lead definition’ and selection of ‘drug development can
didate’, adopting a vertical (R&D stage) versus horizontal (discipline) tabular design. ADME, absorption, distribution, metabolism, excretion; BBB, blood– 
brain barrier.
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studies. This involves optimizing synthetic routes to maximize 
yield, reduce steps and simplify purification while ensuring repro
ducibility. Although generally out of the scope of academic 
groups, key deliverables include sufficient amounts of 
GMP-grade material for clinical trials and detailed technology 
transfer documentation to support implementation at manufac
turing facilities. Chemists also contribute to making a cost projec
tion of producing the drug development candidate, which is 
crucial for its economic acceptance.

Primary pharmacology: broader 
characterization of the potency considering 
field application
Lead definition
In vitro drug combination studies are advisable since combin
ation therapy is preferred for most kinetoplastid-related indica
tions to prevent the adaptive emergence of drug resistance.4

This approach has already been used multiple times to define in
teractions between new and existing reference drugs and typic
ally relies on established chessboard assays.5–8 The clinical 
application of drug combinations delays the onset of clinical 
drug resistance and may allow enhanced efficacy while decreas
ing the dosing schedules either in drug concentration or in treat
ment time. In in vivo studies, dose titrations of combinations can 
be explored on the basis of the results of monotherapy to obtain 
an overall efficacy of >95%.6 Use of computer-based combina
tions for in vitro and ex vivo tests provides preliminary results 
avoiding the excessive use of animals.6 Bioimaging has been use
ful not only to unravel biological peculiarities of trypanosomatids 
but also provides a powerful tool to determine the in vivo efficacy 
of antiparasitic drugs in real time.9,10

The identification of the mode of action (MOA) and resistance 
mechanisms via genomic, metabolomic and transcriptomic ana
lyses also help to avoid cross-resistance.11 By avoiding the intro
duction of drugs with similar MOA to existing drugs, treatment 
failure due to cross-resistance will be prevented. Moreover, in vi
tro and in vivo selection of resistance against new drug leads 
might help in elucidating the MOA and hint towards potential 
cross-resistance with other drugs.12–16

More advanced secondary-level animal models may allow to 
control defined parameters on disease progression, immune re
sponse and therapeutic interventions and test hypotheses de
rived from human clinical observations. Recent understanding 
of parasite biology has shed light on the occurrence of persister 
or quiescent parasites that affect the efficacy of drugs.17–20

Specific in vitro and in vivo assays to evaluate efficacy against 
such quiescent/persister stages are therefore highly needed to 
identify suitable compounds and MOAs. When considering HIV- 
visceral leishmaniasis (VL) coinfections, models mimicking an im
munocompromised state by immunosuppression with cyclo
phosphamide can be used to evaluate leads under conditions 
in which an accelerated treatment relapse can be expected.21

The implementation of sex-related inclusion criteria in animal 
studies would argue for the inclusion of both male and female 
animals. Although in principle both sexes can be used for models 
of cutaneous leishmaniasis (CL), VL, animal trypanosomiasis (AT) 
and Chagas, the use of females is often preferred. For instance, 

male mice are more prone to fight and mutilate their littermates 
over an extended duration of an infection/treatment experiment. 
This makes the use of males particularly challenging, for ex
ample, in the evaluation of drug efficacy against CL, in which 
the direct follow-up of skin abrasions and lesions is the main 
drug evaluation criterion. Aggressive behaviour can be reduced 
by offering environmental enrichment and various forms of 
refugia.

Drug development candidate
Whenever a promising ‘lead’ emerges after profiling in rodent 
models, its efficacy should ideally be tested in the intended tar
get species, although this aspect is specifically considered during 
the clinical development phase. Working with larger animals is 
strictly regulated and involves elaborate ethical and legal re
quirements which may be far too expensive or unavailable to 
academia. Nevertheless, and whenever feasible, small pilot 
experiments may be advantageous to strengthen initial 
proof-of-concept in the target species and attract collaboration 
initiatives with public–private partnerships or industry partners 
that have capabilities to engage in formal clinical development.

Trypanosomiasis in livestock animals Target host species, such 
as cattle, goats, pigs and horses, have been used in AT research 
for assessing drug efficacy and pharmacokinetics (Table 1). 
While their use entails high maintenance costs and ethical con
siderations, they provide initial insights into the therapeutic ap
proaches that would be effective under practical field application.

Canine models for Chagas and leishmaniasis Since dogs are an 
important reservoir for Trypanosoma cruzi, the Beagle dog was pro
posed as a model since it reproduces the clinical and immunologic
al findings described in patients, including cardiomyopathy.22–24

However, no correlation was found between the parasite load in 
tissues/myocardium and fibrosis at either the acute or chronic 
phase of the infection.25 For this reason, studies using dogs for ef
ficacy evaluation remain very scarce in the literature.26,27

Dogs are natural hosts of L. infantum and similarly to human 
VL, canine leishmaniasis is characterized by gross pathological le
sions such as mild hepatomegaly, lymph node enlargement and 
variable splenomegaly, making dogs a useful model in drug 
evaluation.28 Factors such as parasite virulence and stage, infect
ing dose, inoculation route and dog characteristics (age, sex, 
breed) strongly influence infection outcome.29,30 High numbers 
of animals may be avoided when using young Beagle dogs 
(<1 year) produced by authorized breeders, in well-designed 

Table 1. Overview of some livestock models for AT

Trypanosoma 
species Animal species References

T. b. brucei Pigs 92

T. b. evansi Canarian goats 93

T. b. equiperdum Welsh pony mares (Equus caballus) 94

T. vivax Girolando calves, Holstein Friesian cattle 95,96
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experiments allowing adequate follow-up and reproducibility. 
We recommend intravenous (IV) inoculation of freshly obtained 
amastigotes (108/animal) of a virulent isolate31 or, alternative
ly, stationary-phase promastigotes (>5 × 107/animal) to explore 
the chemotherapeutic value of a new drug candidate. For the 
diagnosis and post-treatment follow-up, IFAT is widely consid
ered the ‘gold standard’ measuring specific anti-Leishmania 
IgG responses.32,33 For parasite quantification and interpret
ation of drug efficacy, a PCR-based method combined with 
parasite back-transformation in limiting dilution assays can be 
recommended.34,35

Non-human primate models for HAT, Chagas and leishmania
sis Further down the preclinical drug R&D road, the use of non- 
human primates (NHPs) has been instrumental in advancing our 
understanding of Human African trypanosomiasis (HAT) and 
leishmaniasis as their physiological and immunological re
sponses closely resemble those of humans.36 Several models in
volving squirrel monkeys, baboons, chimpanzees and 
cynomolgus macaques have been explored (Table 2). 
Cynomolgus having acquired T. cruzi infection in an NHP breeding 
colony were used for assessing drug therapy.37,38 NHPs develop 
cutaneous lesions when they are experimentally infected with 
Leishmania species such as L. amazonensis and L. major39,40 or 
cutaneous and mucocutaneous lesions when infected with 
L. braziliensis.41 Furthermore, rhesus macaques infected with 
L. infantum develop visceral immune alterations.42 They offer in
sights that are highly translatable to human trials and might help 
to understand increasing treatment relapse rates.43 However, 
the high cost, ethical considerations, and logistic challenges as
sociated with NHP research limit their widespread use.

Toxicology: identification of potential liabilities
Lead definition
The use of laboratory animal models currently remains essential 
for preclinical evidence of safety and efficacy, and for developing 

clinical predictions of expected outcomes in target species.43 The 
abandonment of the LD50 test in 2002 triggered the develop
ment of alternative test methods and updated legal regula
tions.44 For example, the OECD recommends the up-and-down 
procedure as an effective method to determine acute (oral) tox
icity in female rats. By sequentially administering a single dose of 
the test substance to fasted animals and adjusting the dose of 
the next animal (lower if the first animal dies or higher if the first 
animal survives), the number of animals used has decreased 
from ∼100 to 5–9 animals.45

At a relatively early stage, a small set of (non-GLP) pilot tests 
evaluating cardiotoxicity and mutagenicity should be included as 
they may reveal a ‘go’ or ‘no-go’ decision on unfavourable test re
sults. Cardiotoxicity is identified by assessing the compound’s in
hibition on the hERG (human Ether-a-go-go Related Gene)-coded 
potassium channel, which is responsible for the potassium flux 
inside cardiac muscle cells. Although past attempts aimed at pre
dicting the hERG inhibition potential of drugs in silico,46 most data 
are still based on in vitro fluorescence-based assays, voltage 
clamp techniques in mammalian cells transfected with the 
hERG-gene and radioligand displacement assays.47 More recent
ly, two biomimetic HPLC property measurements are proposed in 
the screening for hERG inhibition potential using the measured 
binding of compounds to alpha-1-acid-glycoprotein and immobi
lized artificial membrane.48

The mutagenicity pilot test set, i.e. the Ames test, with various 
commercial kits relying an in vitro reverse mutation assay using 
bioengineered Salmonella typhimurium or Escherichia coli strains 
is essential.49 Additional in vitro assays that should preferably 
also be considered are the micronucleus,50 the Comet51 and 
the mouse lymphoma assay.52

The integration of in silico methods for ecotoxicity assessment 
early in drug development can improve this approach by providing 
rapid and cost-effective tools, such as the Estimation Program 
Interface Suite,53 Toxicity Forecaster (ToxCast)54 and Sequence 
Alignment to Predict Across Species Susceptibility (SeqAPASS)55

based on chemical structure, in vitro toxicity data, and protein se
quence alignment, respectively. By simulating and analysing 

Table 2. Overview of some non-human primate models for trypanosomiasis and leishmaniasis

Parasite species Animal model Referencesa

HAT
T. b. rhodesiense Chimpanzee 97

Vervet monkey (acute, 1st stage) 98

T. b. gambiense Vervet monkey (chronic, 2nd stage) 99,100

Chagas disease
T. cruzi Rhesus macaque (natural infection) 37

Leishmaniasis
L. infantum and L. donovani Vervet monkey, syke and baboon (asymptomatic/spontaneous cure) 101

Aotus monkey, squirrel monkey and marmosets (fulminating VL) 102–104

Rhesus macaque (systemic disease similar to human VL) 42,105

L. major Vervet monkey, rhesus macaque (CL) 39,106

L. amazonensis Rhesus macaque (CL) 40

L. braziliensis Rhesus macaque (ranging between cutaneous and mucocutaneous manifestations) 41

aLimited selection, more references are available in the literature
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potential environmental interactions computationally, these tools 
enable proactive identification and mitigation of environmental 
risks.56

Drug development candidate
Currently, the most common approach to determine in vivo toxicity 
of drug candidates is the maximum tolerable dose,57–60 which re
presents the highest dose of a drug that can be administered with
out causing life-threatening side effects or overt toxicity. Toxic 
effects can be evaluated by changes in various blood parameters, 
histopathological analyses and behavioural observations61: ALT 
and AST levels as well as total bilirubin in the blood give clues about 
liver damage;62–64 creatinine and urea blood levels are important 
biomarkers to assess renal function;65,66 histopathology is essential 
in evaluating liver and renal toxicity67–69 in addition to body weight, 
feed consumption and the presence of any toxicity-associated be
haviour.70–72 Maximum tolerable dose is mainly used in chronic 
toxicology studies to determine the appropriate dose, maximize 
the probability of detecting effects, interpret findings, and conduct 
studies following the 3Rs principles.73

Ensuring environmental sustainability alongside therapeutic 
efficacy requires consideration of associated ecotoxicity risks. 
Traditionally, ecological risk assessments are conducted late in 
the development process after significant investments of time 
and resources have already been made.56 These assessments 
typically follow a tiered approach outlined in regulatory guide
lines. In the initial phases, drug candidates undergo basic screen
ing to assess their potential environmental impact, which 
involves a comprehensive assessment of a compound’s physico
chemical characteristics, usage, dosing, and excretion pathways 
to gauge environmental exposure.74 If this initial assessment 
raises concerns, further testing may progress to more complex 
in vivo studies using animal models.75 Although these studies 
aim to assess a drug’s effects on various ecological endpoints, 
they are time-consuming, expensive and often involve ethical 
considerations regarding the use of animals.76

Pharmacokinetics: aiming for oral 
bioavailability and distribution to target tissues
Lead definition
An important PK parameter is plasma protein binding as it strongly 
affects the effective drug concentration at the pharmacological 
target site. Binding of the drug to blood plasma components, 
such as albumin, α-acid glycoprotein, lipoproteins (γ-globulin) 
and erythrocytes, significantly influences drug distribution rates 
between plasma and tissues and therefore influences the clear
ance (Cl) and volume of distribution. The gold standard in vitro 
methods to measure plasma protein binding are equilibrium dialy
sis, ultrafiltration, ultracentrifugation, LC techniques, capillary elec
trophoresis, spectroscopy, HPLC and calorimetric techniques.77

For drugs specifically intended for topical use, in vitro skin per
meability assays should be conducted to support the animal dis
ease model. The skin is composed of three main layers 
(epidermis, dermis and hypodermis) that may present a barrier 
to permeation. The most common technique to quantify drug 
permeation into the skin uses a Franz diffusion cell (FDC). This 
glass device consists of a donor and receptor compartment filled 

with a suitable medium separated by a membrane, either syn
thetic or biological skin. The drug formulation is applied onto 
the membrane in the donor compartment and samples are taken 
from the receptor chamber at different time intervals to measure 
the drug concentration. Depending on the experimental design 
and concentrations of the drug collected, several parameters 
can be calculated and evaluated to compare the different formu
lations,78 including the use of different membranes (animal ver
sus human or diseased versus healthy). In addition to measuring 
the concentration of the permeated drug, the membrane on dis
assembly of the FDC can undergo tape stripping whereby adhe
sive tape strips are sequentially applied and removed from the 
skin after drug application. Quantification of the amount of 
drug on each strip allows building a drug distribution profile with
in the stratum corneum. Drugs can be extracted from the re
maining membrane to assess permeation into deeper skin 
layers, including the dermis that represents the tissue target for 
CL. This methodology is valuable during formulation develop
ment and optimization, and to compare formulations.79

To evaluate drug concentrations in the skin and brain in vivo, 
relevant for CL and HAT treatment respectively, microdialysis 
can be applied.80 In this technique, a small probe is inserted 
into the skin or stereotactically in the brain and perfused with a 
liquid, allowing the continuous sampling of the extracellular fluid 
and real-time monitoring of drug concentrations. In contrast to 
using biopsies for drug extraction, this methodology probes the 
unbound and free drug fraction. Further imaging techniques 
such as Raman spectroscopy, confocal and fluorescence 
microscopy can provide spatial distribution of the drug. These 
techniques necessitate a drug tagged with a fluorescent or 
Raman-active marker that might modify its permeation behav
iour. An alternative is the use of spatial LC-MS, however, this ele
gant technique does not apply to all drugs and sensitivity can be 
a limitation.

After snapshot PK studies on a small number of animals (vide 
supra), standard full PK studies are conducted especially during 
lead optimization to support final drug formulation efforts. 
These studies are still considered the gold standard during the fi
nal selection of a drug development candidate to fully character
ize lead PK characteristics using the optimized formulations for 
development.81 In full PK studies, drugs are administered either 
IV or per os to a limited number of animals (n = 3) at different dos
ing regimens and subsequent blood samples are collected from 
each animal via serial blood sampling up to at least 24 h post- 
treatment. Plasma samples are analysed for each animal indi
vidually to assess inter-subject variability.

Drug development candidate
As patients sometimes are treated for several indications at once 
or a combination therapy of different drugs is preferred to treat 
one indication, it is necessary to evaluate potential hazardous 
drug interactions typically involving two key mechanisms: cyto
chrome P450 (CYP) enzyme inhibition and CYP induction.

Most importantly, CYPs 1A2, 2C9, 2C19, 2D6 and 3A4 are in
volved in the metabolic degradation of most marketed drugs 
and their inhibition is associated with a high risk for drug interac
tions.82 High-throughput assays using recombinant CYPs and 
substrates that are metabolized by each CYP in fluorescent 
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metabolites are generally used to determine the inhibitory con
centration of the drug that results in a 50% reduction of enzyme 
activity.83 Conversely, CYP induction involves the stimulation of 
enzyme production by a drug, which can result in decreased plas
ma levels and reduced efficacy of co-administered molecules. 
CYP1A2, CYP2B6 and CYP3A4 induction assays are considered es
sential and rely on the induction of transcripts and enzymatic ac
tivity in primary human hepatocytes.84

For a drug development candidate, all major metabolites 
should be identified. Although both in silico tools and in vitro sys
tems can be used to predict the presence of some metabolites 
(Part 2),85 a correlation with in vivo PK data remains essential 
as many model systems struggle with some mechanistic and 
physiological limitations.83

Pharmaceutics
Lead definition
As part of the pre-final formulation evaluation, specific physico
chemical tests are performed to ensure that drug and excipients 
are chemically preserved and that the intended physical form of 
the formulation has been achieved. Key tests for parenteral, oral 
and topical formulations are addressed (Table 3).

A solution formulation prepared from known pharmaceutical 
excipients following a simple protocol is acceptable for parenteral 

administration.86 For IV formulations, special attention needs to 
be paid to drug precipitation on injection and to assess in vitro pre
cipitation by using a serial dilution method.86 When the solution 
does not meet the criterion of ‘absence of precipitation’ and the in
tended route is IV, more complex formulations such as nanosus
pension or microemulsion should be considered. In the case of 
less exigent parenteral routes regarding potentially toxic formula
tions i.e. subcutaneous, intramuscular and intraperitoneal routes, 
(micronized) suspension in methylcellulose and water, with or with
out an added surfactant such as Tween 80, may be considered.86

It is important to consider that several physicochemical and 
biopharmaceutical properties of the drug may limit their effective 
delivery by oral administration. These properties include poor 
water solubility at both physiological and low pH, low membrane 
permeability, poor chemical and biological stability due to pH la
bility or enzyme metabolism and their recognition by efflux trans
porters. Further, some drugs can cause local irritation and 
nausea. These ‘challenging’ drugs require the development of 
advanced formulations to overcome such biological barriers.87,88

In vitro assays of oral formulation candidates hold great 
promise in predicting the in vivo performance and reducing in 
vivo studies and are intended to mimic the two crucial steps of 
the process of oral drug absorption: the step of drug dissolution 
and the drug permeation step. Dissolution tests alone are gener
ally considered predictive of in vivo oral drug absorption for 
immediate-release, solid dosage forms and suspensions 

Table 3. Critical physicochemical and biomimetic tests for drug delivery systems

Key test Critical parameter Criteria for ‘not go’

Physicochemical tests
Particle size distribution Mean particle diameter (D) D > 500 nm 

(nanoformulation for IV 
administration)

Polydispersity index (PI) PI >0.3 
(nanoformulation for IV 
administration)

Chemical and physical stability Content of API excipients and volatile solvents; drug 
encapsulation efficiency; physical phase; particle size 
distribution; rheological properties; pH

Significant change during storage

Biomimetic tests (IV route)
Precipitation test upon serial dilution in 0.067 M 

phosphate buffer at pH 7.486
Precipitation Cloudiness or precipitation within 5 min 

after dilution
Stability of drug delivery system in plasma at 

37°C
Transformation half-time 

(Size change or enhanced drug release)
Less than 10 min 

(in case of drug targeting)
Kinetic of drug release from the carrier in sink 

conditions against isotonic buffer or plasma at 
37°C

Half-time of release Less than 10 min (in case of drug 
targeting)

Biomimetic tests (oral route)
Precipitation test on serial dilution in SGFa

(distilled water containing NaCl 2 g/L, with pH 
adjusted to 1.2 with HCl)86

Precipitation 
(or chemical drug instability)

Cloudiness or precipitation within 5 min 
after dilution (or chemical drug 
instability)

Precipitation test on serial dilution in SIF (distilled 
water containing KH2PO4 6.8 g/L, with pH 
adjusted to 7.5 with NaOH)86

Precipitation Cloudiness or precipitation within 5 min 
after dilution

aSGF, simulated gastric fluid; SIF, simulated intestinal fluid
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containing highly soluble drugs, i.e. drugs from Biopharmaceutics 
Classification System classes I and III, with systemic action. On 
the other hand, when evaluating poorly soluble drugs, i.e. 
Biopharmaceutics Classification System class II/IV drugs or for
mulations that contain excipients that may affect drug absorp
tion, additional in vitro permeation assays are required for 
predicting in vivo drug performance.89

As key recommendations for developing topical formulations, 
the composition and physical form must be carefully chosen to ac
commodate the physicochemical properties of each API, maintain 
adequate stability, provide appropriate skin tolerance and pro
mote delivery of the API to its site of action to achieve the desired 
pharmacological effect.90 As described previously, data generated 
from in vitro percutaneous permeation studies using FDC with ex
cised human skin, together with tape stripping to assess drug 
penetration into the skin, give a good prediction of in vivo bioavail
ability and can be used to compare different topical formulations. 
Although the loss of stratum corneum in CL initially facilitates the 
entry of drugs through the skin, re-epithelialization and wound 
healing during treatment represent an additional challenge for 
topical treatment. Indeed, the formulation should be effective in 
all possible situations: intact, partially or completely damaged 
skin. Thus, in addition to intact skin, stripped skin may also be em
ployed to investigate the importance of the stratum corneum as a 
diffusion barrier and also to simulate the loss of this barrier as ob
served in CL when lesions evolve into ulcers.

Drug development candidate
After the first proof-of-concept of in vivo efficacy, the drug formu
lation often needs to be further optimized and the most appropri
ate route should be identified, to offer the best therapeutic 
benefits. Priority is generally given to the development of an oral 
treatment as it will give more convenience for the patient. The IV 
route has the benefit of accurate dosing but is more exigent regard
ing the characteristics of drug delivery systems. Their dimension 
should be in the nano range to prevent embolization. 
Formulations that contain nanoparticles as drug carriers and deliv
ery systems are particularly attractive for enhancing drug solubil
ization and absorption efficiency due to increased surface area 
and for targeting specific tissues or cells. Examples of nanocarriers 
include liposomes, nano- and micro-emulsions, solid lipid nanopar
ticles, micelles, polymer nanoparticles and drug–cyclodextrin 
complex.91 The characteristics of these nanocarriers must be opti
mized based on physical and chemical criteria and considering their 
interactions with biological systems. The formulations should be 
subjected to evaluation of stability (shelf life) and cost projection.

General conclusions
The combined parts present a structured roadmap for progressing 
from early ‘hit’ identification to the development of high-quality 
drug leads and candidates targeting kinetoplastid-related ne
glected tropical diseases such as African trypanosomiasis, 
Chagas disease and VL and CL. Anchored in the practical realities 
of diverse R&D networks, it integrates key criteria across medicinal 
chemistry, pharmacology, toxicology, pharmacokinetics and 
pharmaceutics. Particular emphasis is placed on early de-risking, 
formulation optimization, and the use of predictive in vitro tools 

and state-of-the-art animal models to guide compound selection. 
While recognizing the challenge of harmonizing drug discovery ef
forts across settings, this roadmap emphasizes the importance of 
proper design and reporting of experiments, ethical responsibility 
through the 3Rs principle, and sustainability by accounting for en
vironmental impact. The final goal is to enable efficient translation 
of new chemical entities into effective, patient-friendly therapies.

Acknowledgements
This article is based on work from COST Action OneHealthdrugs 
(CA21111). LMPH is a partner of the Excellence Centre ‘Infla-Med’ 
(www.uantwerpen.be/infla-med).

Funding
This work is supported by COST Action OneHealthdrugs (CA21111). The 
Action is supported by COST (European Cooperation in Science and 
Technology). G.C. is supported by the Fonds Wetenschappelijk 
Onderzoek (FWO) Vlaanderen (G065421N and G0A5624N). M.G.B. was 
supported by the Swedish Research Council Formas (2020-02293) and 
the Kempe Foundation (SMK-1954 and SMK21-0069).

Transparency declarations
None to declare.

References
1 Voak AA, Gobalakrishnapillai V, Seifert K et al. An essential type I nitror
eductase from Leishmania major can be used to activate leishmanicidal 
prodrugs. J Biol Chem 2013; 288: 28466–76. https://doi.org/10.1074/jbc. 
M113.494781
2 Padilla AM, Wang W, Akama T et al. Discovery of an orally active ben
zoxaborole prodrug effective in the treatment of Chagas disease in non- 
human primates. Nat Microbiol 2022; 7: 1536–46. https://doi.org/10. 
1038/s41564-022-01211-y
3 Chung MC, Ferreira EI, Santos JL et al. Prodrugs for the treatment of ne
glected diseases. Molecules 2008; 13: 616–77. https://doi.org/10.3390/ 
molecules13030616
4 Caljon G, De Muylder G, Durnez L et al. Alice in microbes’ land: adapta
tions and counter-adaptations of vector-borne parasitic protozoa and 
their hosts. FEMS Microbiol Rev 2016; 40: 664–85. https://doi.org/10. 
1093/femsre/fuw018
5 Seifert K, Croft SL. In vitro and in vivo interactions between miltefosine 
and other antileishmanial drugs. Antimicrob Agents Chemother 2006; 50: 
73–9. https://doi.org/10.1128/AAC.50.1.73-79.2006
6 Hendrickx S, Van den Kerkhof M, Mabille D et al. Combined treatment of 
miltefosine and paromomycin delays the onset of experimental drug re
sistance in Leishmania infantum. PLoS Negl Trop Dis 2017; 11: e0005620. 
https://doi.org/10.1371/journal.pntd.0005620
7 Fivelman QL, Adagu IS, Warhurst DC. Modified fixed-ratio isobologram 
method for studying in vitro interactions between atovaquone and pro
guanil or dihydroartemisinin against drug-resistant strains of 
Plasmodium falciparum. Antimicrob Agents Chemother 2004; 48: 
4097–102. https://doi.org/10.1128/AAC.48.11.4097-4102.2004
8 Chanmol W, Siriyasatien P, Intakhan N. In vitro anti-Leishmania activity 
of 8-hydroxyquinoline and its synergistic effect with amphotericin B deox
ycholate against Leishmania martiniquensis. PeerJ 2022; 10: e12813. 
https://doi.org/10.7717/peerj.12813

Review                                                                                                                                                              

7 of 10

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/article/81/6/dkag111/8675308 by guest on 28 June 2026

https://www.uantwerpen.be/infla-med
https://doi.org/10.1074/jbc.M113.494781
https://doi.org/10.1074/jbc.M113.494781
https://doi.org/10.1038/s41564-022-01211-y
https://doi.org/10.1038/s41564-022-01211-y
https://doi.org/10.3390/molecules13030616
https://doi.org/10.3390/molecules13030616
https://doi.org/10.1093/femsre/fuw018
https://doi.org/10.1093/femsre/fuw018
https://doi.org/10.1128/AAC.50.1.73-79.2006
https://doi.org/10.1371/journal.pntd.0005620
https://doi.org/10.1128/AAC.48.11.4097-4102.2004
https://doi.org/10.7717/peerj.12813


9 Hulpia F, Mabille D, Campagnaro GD et al. Combining tubercidin and 
cordycepin scaffolds results in highly active candidates to treat late-stage 
sleeping sickness. Nat Commun 2019; 10: 5564. https://doi.org/10.1038/ 
s41467-019-13522-6
10 Hendrickx S, Feijens PB, Escudie F et al. In vivo bioluminescence im
aging reveals differences in Leishmania infantum parasite killing kinetics 
by antileishmanial reference drugs. ACS Infect Dis 2024; 10: 2101–7. 
https://doi.org/10.1021/acsinfecdis.4c00109
11 Bharadava K, Upadhyay TK, Kaushal RS et al. Genomic insight of 
Leishmania parasite: in-depth review of drug resistance mechanisms 
and genetic mutations. ACS Omega 2024; 9: 12500–14. https://doi.org/ 
10.1021/acsomega.3c09400
12 Van den Kerkhof M, Leprohon P, Mabille D et al. Identification of resist
ance determinants for a promising antileishmanial oxaborole series. 
Microorganisms 2021; 9: 1408. https://doi.org/10.3390/microorganisms 
9071408
13 Van den Kerkhof M, Mabille D, Hendrickx S et al. Antileishmanial ami
nopyrazoles: studies into mechanisms and stability of experimental drug 
resistance. Antimicrob Agents Chemother 2020; 64: e00152-20. https:// 
doi.org/10.1128/AAC.00152-20
14 Campos MC, Leon LL, Taylor MC et al. Benznidazole-resistance in 
Trypanosoma cruzi: evidence that distinct mechanisms can act in concert. 
Mol Biochem Parasitol 2014; 193: 17–9. https://doi.org/10.1016/j. 
molbiopara.2014.01.002
15 Wilkinson SR, Taylor MC, Horn D et al. A mechanism for cross-resistance 
to nifurtimox and benznidazole in trypanosomes. Proc Natl Acad Sci U S A 
2008; 105: 5022–7. https://doi.org/10.1073/pnas.0711014105
16 Campos MC, Phelan J, Francisco AF et al. Genome-wide mutagenesis 
and multi-drug resistance in American trypanosomes induced by the 
front-line drug benznidazole. Sci Rep 2017; 7: 14407. https://doi.org/10. 
1038/s41598-017-14986-6
17 Barrett MP, Kyle DE, Sibley LD et al. Protozoan persister-like cells and 
drug treatment failure. Nat Rev Microbiol 2019; 17: 607–20. https://doi. 
org/10.1038/s41579-019-0238-x
18 Sanchez-Valdez FJ, Padilla A, Wang W et al. Spontaneous dormancy 
protects Trypanosoma cruzi during extended drug exposure. Elife 2018: 
7: e34039. https://doi.org/10.7554/eLife.34039
19 Dirkx L, Van Acker SI, Nicolaes Y et al. Long-term hematopoietic stem 
cells trigger quiescence in Leishmania parasites. PLoS Pathog 2024; 20: 
e1012181. https://doi.org/10.1371/journal.ppat.1012181
20 Mandell MA, Beverley SM. Continual renewal and replication of per
sistent Leishmania major parasites in concomitantly immune hosts. 
Proc Natl Acad Sci U S A 2017; 114: E801–E10. https://doi.org/10.1073/ 
pnas.1619265114
21 Hendrickx S, Bulte D, Van den Kerkhof M et al. Immunosuppression of 
Syrian golden hamsters accelerates relapse but not the emergence of re
sistance in Leishmania infantum following recurrent miltefosine pressure. 
Int J Parasitol Drugs Drug Resist 2019; 9: 1–7. https://doi.org/10.1016/j. 
ijpddr.2018.12.001
22 Guedes PM, Veloso VM, Tafuri WL et al. The dog as model for chemo
therapy of the Chagas’ disease. Acta Trop 2002; 84: 9–17. https://doi.org/ 
10.1016/S0001-706X(02)00139-0
23 Guedes PM, Veloso VM, Afonso LC et al. Development of chronic car
diomyopathy in canine Chagas disease correlates with high 
IFN-gamma, TNF-alpha, and low IL-10 production during the acute infec
tion phase. Vet Immunol Immunopathol 2009; 130: 43–52. https://doi. 
org/10.1016/j.vetimm.2009.01.004
24 Carvalho EB, Ramos IPR, Nascimento AFS et al. Echocardiographic 
measurements in a preclinical model of chronic Chagasic cardiomyop
athy in dogs: validation and reproducibility. Front Cell Infect Microbiol 
2019; 9: 332. https://doi.org/10.3389/fcimb.2019.00332

25 Caldas IS, Menezes APJ, Diniz LF et al. Parasitaemia and parasitic load 
are limited targets of the aetiological treatment to control the progres
sion of cardiac fibrosis and chronic cardiomyopathy in Trypanosoma 
cruzi-infected dogs. Acta Trop 2019; 189: 30–8. https://doi.org/10.1016/ 
j.actatropica.2018.09.015
26 Fonseca-Berzal C, Arán VJ, Escario JA et al. Experimental models in 
Chagas disease: a review of the methodologies applied for screening 
compounds against Trypanosoma cruzi. Parasitol Res 2018; 117: 
3367–80. https://doi.org/10.1007/s00436-018-6084-3
27 Diniz Lde F, Caldas IS, Guedes PM et al. Effects of ravuconazole treat
ment on parasite load and immune response in dogs experimentally in
fected with Trypanosoma cruzi. Antimicrob Agents Chemother 2010; 54: 
2979–86. https://doi.org/10.1128/AAC.01742-09
28 Moreno J, Alvar J. Canine leishmaniasis: epidemiological risk and the 
experimental model. Trends Parasitol 2002; 18: 399–405. https://doi.org/ 
10.1016/S1471-4922(02)02347-4
29 Fernández-Cotrina J, Iniesta V, Belinchón-Lorenzo S et al. 
Experimental model for reproduction of canine visceral leishmaniosis by 
Leishmania infantum. Vet Parasitol 2013; 192: 118–28. https://doi.org/ 
10.1016/j.vetpar.2012.10.002
30 Killick-Kendrick R, Killick-Kendrick M, Pinelli E et al. A laboratory model of 
canine leishmaniasis: the inoculation of dogs with Leishmania infantum pro
mastigotes from midguts of experimentally infected phlebotomine sand
flies. Parasite 1994; 1: 311–8. https://doi.org/10.1051/parasite/1994014311
31 Olias-Molero AI, Moreno I, Corral MJ et al. Infection of dogs by 
Leishmania infantum elicits a general response of IgG subclasses. Sci 
Rep 2020; 10: 18826. https://doi.org/10.1038/s41598-020-75569-6
32 Martínez-Moreno A, Moreno T, Martínez-Moreno FJ et al. Humoral and 
cell-mediated immunity in natural and experimental canine leishmania
sis. Vet Immunol Immunopathol 1995; 48: 209–20. https://doi.org/10. 
1016/0165-2427(95)05434-8
33 Maia C, Nunes M, Cristóvão J et al. Experimental canine leishmaniasis: 
clinical, parasitological and serological follow-up. Acta Trop 2010; 116: 
193–9. https://doi.org/10.1016/j.actatropica.2010.08.001
34 Buffet PA, Sulahian A, Garin YJ et al. Culture microtitration: a sensitive 
method for quantifying Leishmania infantum in tissues of infected mice. 
Antimicrob Agents Chemother 1995; 39: 2167–8. https://doi.org/10.1128/ 
AAC.39.9.2167
35 Miret JA, Moreno J, Nieto J et al. Antileishmanial efficacy and tolerabil
ity of combined treatment with non-ionic surfactant vesicle formulations 
of sodium stibogluconate and paromomycin in dogs. Exp Parasitol 2021; 
220: 108033. https://doi.org/10.1016/j.exppara.2020.108033
36 André S, Rodrigues V, Picard M et al. Non-human primates and 
Leishmania immunity. Cytokine X 2020; 2: 100038. https://doi.org/10. 
1016/j.cytox.2020.100038
37 Bustamante JM, White BE, Wilkerson GK et al. Frequency variation and 
dose modification of benznidazole administration for the treatment of 
Trypanosoma cruzi infection in mice, dogs, and nonhuman primates. 
Antimicrob Agents Chemother 2023; 67: e0013223. https://doi.org/10. 
1128/aac.00132-23
38 Padilla AM, Yao PY, Landry TJ et al. High variation in immune responses 
and parasite phenotypes in naturally acquired Trypanosoma cruzi infec
tion in a captive non-human primate breeding colony in Texas, USA. 
PLoS Negl Trop Dis 2021; 15: e0009141. https://doi.org/10.1371/journal. 
pntd.0009141
39 Freidag BL, Mendez S, Cheever AW et al. Immunological and 
pathological evaluation of rhesus macaques infected with Leishmania 
major. Exp Parasitol 2003; 103: 160–8. https://doi.org/10.1016/S0014- 
4894(03)00099-7
40 Amaral V, Pirmez C, Goncalves A et al. Cell populations in lesions of cu
taneous leishmaniasis of Leishmania (L.) amazonensis-infected rhesus 

Review

8 of 10

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/article/81/6/dkag111/8675308 by guest on 28 June 2026

https://doi.org/10.1038/s41467-019-13522-6
https://doi.org/10.1038/s41467-019-13522-6
https://doi.org/10.1021/acsinfecdis.4c00109
https://doi.org/10.1021/acsomega.3c09400
https://doi.org/10.1021/acsomega.3c09400
https://doi.org/10.3390/microorganisms9071408
https://doi.org/10.3390/microorganisms9071408
https://doi.org/10.1128/AAC.00152-20
https://doi.org/10.1128/AAC.00152-20
https://doi.org/10.1016/j.molbiopara.2014.01.002
https://doi.org/10.1016/j.molbiopara.2014.01.002
https://doi.org/10.1073/pnas.0711014105
https://doi.org/10.1038/s41598-017-14986-6
https://doi.org/10.1038/s41598-017-14986-6
https://doi.org/10.1038/s41579-019-0238-x
https://doi.org/10.1038/s41579-019-0238-x
https://doi.org/10.7554/eLife.34039
https://doi.org/10.1371/journal.ppat.1012181
https://doi.org/10.1073/pnas.1619265114
https://doi.org/10.1073/pnas.1619265114
https://doi.org/10.1016/j.ijpddr.2018.12.001
https://doi.org/10.1016/j.ijpddr.2018.12.001
https://doi.org/10.1016/S0001-706X(02)00139-0
https://doi.org/10.1016/S0001-706X(02)00139-0
https://doi.org/10.1016/j.vetimm.2009.01.004
https://doi.org/10.1016/j.vetimm.2009.01.004
https://doi.org/10.3389/fcimb.2019.00332
https://doi.org/10.1016/j.actatropica.2018.09.015
https://doi.org/10.1016/j.actatropica.2018.09.015
https://doi.org/10.1007/s00436-018-6084-3
https://doi.org/10.1128/AAC.01742-09
https://doi.org/10.1016/S1471-4922(02)02347-4
https://doi.org/10.1016/S1471-4922(02)02347-4
https://doi.org/10.1016/j.vetpar.2012.10.002
https://doi.org/10.1016/j.vetpar.2012.10.002
https://doi.org/10.1051/parasite/1994014311
https://doi.org/10.1038/s41598-020-75569-6
https://doi.org/10.1016/0165-2427(95)05434-8
https://doi.org/10.1016/0165-2427(95)05434-8
https://doi.org/10.1016/j.actatropica.2010.08.001
https://doi.org/10.1128/AAC.39.9.2167
https://doi.org/10.1128/AAC.39.9.2167
https://doi.org/10.1016/j.exppara.2020.108033
https://doi.org/10.1016/j.cytox.2020.100038
https://doi.org/10.1016/j.cytox.2020.100038
https://doi.org/10.1128/aac.00132-23
https://doi.org/10.1128/aac.00132-23
https://doi.org/10.1371/journal.pntd.0009141
https://doi.org/10.1371/journal.pntd.0009141
https://doi.org/10.1016/S0014-4894(03)00099-7
https://doi.org/10.1016/S0014-4894(03)00099-7


macaques, Macaca mulatta. Mem Inst Oswaldo Cruz 2000; 95: 209–16. 
https://doi.org/10.1590/S0074-02762000000200012
41 Teva A, Porrozzi R, Cupolillo E et al. Leishmania (Viannia) braziliensis- 
induced chronic granulomatous cutaneous lesions affecting the nasal 
mucosa in the rhesus monkey (Macaca mulatta) model. Parasitology 
2003; 127: 437–47. https://doi.org/10.1017/S0031182003004037
42 Rodrigues V, Laforge M, Campillo-Gimenez L et al. Abortive T follicular 
helper development is associated with a defective humoral response in 
Leishmania infantum-infected macaques. PLoS Pathog 2014; 10: 
e1004096. https://doi.org/10.1371/journal.ppat.1004096
43 Picard M, Single-cell transcriptomics reveals altered myeloid cell pro
files associated with the early establishment of leishmania reservoirs. 
Research Square 2024. https://doi.org/10.21203/rs.3.rs-3931457/v1. 
Preprint, not peer reviewed.
44 Singh VK, Seed TM. How necessary are animal models for modern 
drug discovery? Expert Opin Drug Discov 2021; 16: 1391–7. https://doi. 
org/10.1080/17460441.2021.1972255
45 Creton S, Dewhurst IC, Earl LK et al. Acute toxicity testing of chemicals 
—opportunities to avoid redundant testing and use alternative ap
proaches. Crit Rev Toxicol 2010; 40: 50–83. https://doi.org/10.3109/ 
10408440903401511
46 Aronov AM. Predictive in silico modeling for hERG channel blockers. 
Drug Discov Today 2005; 10: 149–55. https://doi.org/10.1016/S1359- 
6446(04)03278-7
47 Gintant GA, Su Z, Martin RL et al. Utility of hERG assays as surrogate 
markers of delayed cardiac repolarization and QT safety. Toxicol Pathol 
2006; 34: 81–90. https://doi.org/10.1080/01926230500431376
48 Stergiopoulos C, Tsopelas F, Valko K. Prediction of hERG inhibition of 
drug discovery compounds using biomimetic HPLC measurements. 
ADMET DMPK 2021; 9: 191–207. https://doi.org/10.5599/admet.995
49 Vijay U, Gupta S, Mathur P et al. Microbial mutagenicity assay: Ames 
test. Bio Protoc 2018; 8: e2763. https://doi.org/10.21769/BioProtoc.2763
50 Kuo B, Beal MA, Wills JW et al. Comprehensive interpretation of in vitro 
micronucleus test results for 292 chemicals: from hazard identification to 
risk assessment application. Arch Toxicol 2022; 96: 2067–85. https://doi. 
org/10.1007/s00204-022-03286-2
51 Collins A, Moller P, Gajski G et al. Measuring DNA modifications with 
the comet assay: a compendium of protocols. Nat Protoc 2023; 18: 
929–89. https://doi.org/10.1038/s41596-022-00754-y
52 Wang J, Sawyer JR, Chen L et al. The mouse lymphoma assay detects 
recombination, deletion, and aneuploidy. Toxicol Sci 2009; 109: 96–105. 
https://doi.org/10.1093/toxsci/kfp037
53 EPA U. Estimation Programs Interface Suite™ for Microsoft® Windows, 
v 4.11. United States Environmental Protection Agency, 2012.
54 Dix DJ, Houck KA, Martin MT et al. The ToxCast program for prioritizing 
toxicity testing of environmental chemicals. Toxicol Sci 2007; 95: 5–12. 
https://doi.org/10.1093/toxsci/kfl103
55 LaLone CA, Villeneuve DL, Lyons D et al. Editor’s highlight: Sequence 
Alignment to Predict Across Species Susceptibility (SeqAPASS): a web- 
based tool for addressing the challenges of cross-species extrapolation 
of chemical toxicity. Toxicol Sci 2016; 153: 228–45. https://doi.org/10. 
1093/toxsci/kfw119
56 Ilbeigi K, Barata C, Barbosa J et al. Assessing environmental risks dur
ing the drug development process for parasitic vector-borne diseases: a 
critical reflection. ACS Infect Dis 2024; 10: 1026–33. https://doi.org/10. 
1021/acsinfecdis.4c00131
57 Fersing C, Boudot C, Paoli-Lombardo R et al. Antikinetoplastid SAR 
study in 3-nitroimidazopyridine series: identification of a novel non- 
genotoxic and potent anti-T. b. brucei hit-compound with improved phar
macokinetic properties. Eur J Med Chem 2020; 206: 112668. https://doi. 
org/10.1016/j.ejmech.2020.112668

58 Cleghorn LAT, Wall RJ, Albrecht S et al. Development of a 
2,4-diaminothiazole series for the treatment of human African trypanosom
iasis highlights the importance of static–cidal screening of analogues. J Med 
Chem 2023; 66: 8896–916. https://doi.org/10.1021/acs.jmedchem.3c00509
59 Gabaldón-Figueira JC, Martinez-Peinado N, Escabia E et al. 
State-of-the-art in the drug discovery pathway for Chagas disease: a 
framework for drug development and target validation. Res Rep Trop 
Med 2023; 14: 1–19. https://doi.org/10.2147/RRTM.S415273
60 Van Bocxlaer K, Dixon J, Platteeuw JJ et al. Efficacy of oleylphospho
choline in experimental cutaneous leishmaniasis. J Antimicrob 
Chemother 2023; 78: 1723–31. https://doi.org/10.1093/jac/dkad162
61 Afonso RC, Yien RMK, de Siqueira L et al. Promising natural products for 
the treatment of cutaneous leishmaniasis: a review of in vitro and in vivo 
studies. Exp Parasitol 2023; 251: 108554. https://doi.org/10.1016/j. 
exppara.2023.108554
62 Mendonça DVC, Lage LMR, Lage DP et al. Poloxamer 407 (Pluronic® 

F127)-based polymeric micelles for amphotericin B: in vitro biological ac
tivity, toxicity and in vivo therapeutic efficacy against murine tegumen
tary leishmaniasis. Exp Parasitol 2016; 169: 34–42. https://doi.org/10. 
1016/j.exppara.2016.07.005
63 Martín-Escolano R, Etxebeste-Mitxeltorena M, Martín-Escolano J et al. 
Selenium derivatives as promising therapy for Chagas disease: in vitro and 
in vivo studies. ACS Infect Dis 2021; 7: 1727–38. https://doi.org/10.1021/ 
acsinfecdis.1c00048
64 Robledo SM, Murillo J, Arbeláez N et al. Therapeutic efficacy of arnica 
in hamsters with cutaneous leishmaniasis caused by Leishmania brazi
liensis and L. tropica. Pharmaceuticals 2022; 15: 776. https://doi.org/10. 
3390/ph15070776
65 Kaur S, Sachdeva H, Dhuria S et al. Antileishmanial effect of cisplatin 
against murine visceral leishmaniasis. Parasitol Int 2010; 59: 62–9. 
https://doi.org/10.1016/j.parint.2009.10.006
66 Almeida-Silva J, Menezes DS, Fernandes JMP et al. The repositioned 
drugs disulfiram/diethyldithiocarbamate combined to benznidazole: 
searching for Chagas disease selective therapy, preventing toxicity and 
drug resistance. Front Cell Infect Microbiol 2022; 12: 926699. https://doi. 
org/10.3389/fcimb.2022.926699
67 de Almeida L, Passalacqua TG, Dutra LA et al. In vivo antileishmanial ac
tivity and histopathological evaluation in Leishmania infantum infected 
hamsters after treatment with a furoxan derivative. Biomed Pharmacother 
2017; 95: 536–47. https://doi.org/10.1016/j.biopha.2017.08.096
68 Cancino K, Castro I, Yauri C et al. Toxicity assessment of synthetic chal
cones with antileishmanial potential in BALB/c mice. Rev Peru Med Exp Salud 
Publica 2021; 38: 424–33. https://doi.org/10.17843/rpmesp.2021.383.6937
69 Nguyen DM, Poveda C, Pollet J et al. The impact of vaccine-linked 
chemotherapy on liver health in a mouse model of chronic 
Trypanosoma cruzi infection. PLoS Negl Trop Dis 2023; 17: e0011519. 
https://doi.org/10.1371/journal.pntd.0011519
70 Spósito P, Mazzeti AL, de Oliveira Faria C et al. Ravuconazole self- 
emulsifying delivery system: in vitro activity against Trypanosoma cruzi 
amastigotes and in vivo toxicity. Int J Nanomedicine 2017; 12: 
3785–99. https://doi.org/10.2147/IJN.S133708
71 Upegui Zapata YA, Echeverri F, Quiñones W et al. Mode of action of a for
mulation containing hydrazones and saponins against Leishmania spp. role 
in mitochondria, proteases and reinfection process. Int J Parasitol Drugs 
Drug Resist 2020; 13: 94–106. https://doi.org/10.1016/j.ijpddr.2020.06.004
72 Coelho LD, Souza MMD, Cassali GD et al. Emetic tartar-loaded lipo
somes as a new strategy for leishmaniasis treatment. Pharmaceutics 
2023; 15: 904. https://doi.org/10.3390/pharmaceutics15030904
73 Dong X, Zhang J. Maximum tolerated dose and toxicity evaluation of 
orally administered docetaxel granule in mice. Toxicol Rep 2024; 12: 
430–5. https://doi.org/10.1016/j.toxrep.2024.04.001

Review                                                                                                                                                              

9 of 10

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/article/81/6/dkag111/8675308 by guest on 28 June 2026

https://doi.org/10.1590/S0074-02762000000200012
https://doi.org/10.1017/S0031182003004037
https://doi.org/10.1371/journal.ppat.1004096
https://doi.org/10.21203/rs.3.rs-3931457/v1
https://doi.org/10.1080/17460441.2021.1972255
https://doi.org/10.1080/17460441.2021.1972255
https://doi.org/10.3109/10408440903401511
https://doi.org/10.3109/10408440903401511
https://doi.org/10.1016/S1359-6446(04)03278-7
https://doi.org/10.1016/S1359-6446(04)03278-7
https://doi.org/10.1080/01926230500431376
https://doi.org/10.5599/admet.995
https://doi.org/10.21769/BioProtoc.2763
https://doi.org/10.1007/s00204-022-03286-2
https://doi.org/10.1007/s00204-022-03286-2
https://doi.org/10.1038/s41596-022-00754-y
https://doi.org/10.1093/toxsci/kfp037
https://doi.org/10.1093/toxsci/kfl103
https://doi.org/10.1093/toxsci/kfw119
https://doi.org/10.1093/toxsci/kfw119
https://doi.org/10.1021/acsinfecdis.4c00131
https://doi.org/10.1021/acsinfecdis.4c00131
https://doi.org/10.1016/j.ejmech.2020.112668
https://doi.org/10.1016/j.ejmech.2020.112668
https://doi.org/10.1021/acs.jmedchem.3c00509
https://doi.org/10.2147/RRTM.S415273
https://doi.org/10.1093/jac/dkad162
https://doi.org/10.1016/j.exppara.2023.108554
https://doi.org/10.1016/j.exppara.2023.108554
https://doi.org/10.1016/j.exppara.2016.07.005
https://doi.org/10.1016/j.exppara.2016.07.005
https://doi.org/10.1021/acsinfecdis.1c00048
https://doi.org/10.1021/acsinfecdis.1c00048
https://doi.org/10.3390/ph15070776
https://doi.org/10.3390/ph15070776
https://doi.org/10.1016/j.parint.2009.10.006
https://doi.org/10.3389/fcimb.2022.926699
https://doi.org/10.3389/fcimb.2022.926699
https://doi.org/10.1016/j.biopha.2017.08.096
https://doi.org/10.17843/rpmesp.2021.383.6937
https://doi.org/10.1371/journal.pntd.0011519
https://doi.org/10.2147/IJN.S133708
https://doi.org/10.1016/j.ijpddr.2020.06.004
https://doi.org/10.3390/pharmaceutics15030904
https://doi.org/10.1016/j.toxrep.2024.04.001


74 Haupt R, Heinemann C, Hayer JJ et al. Critical discussion of the current 
Environmental Risk Assessment (ERA) of Veterinary Medicinal Products 
(VMPs) in the European Union, considering changes in animal husbandry. 
Environ Sci Eur 2021; 33: 128. https://doi.org/10.1186/s12302-021-00554-3
75 Sebestyén I, Monostory K, Hirka G. Environmental risk assessment of 
human and veterinary medicinal products—challenges and ways of im
provement. Microchemical Journal 2018; 136: 67–70. https://doi.org/10. 
1016/j.microc.2017.08.012
76 Thoré ESJ, Philippe C, Brendonck L et al. Towards improved fish tests in 
ecotoxicology—efficient chronic and multi-generational testing with the 
killifish Nothobranchius furzeri. Chemosphere 2021; 273: 129697. https:// 
doi.org/10.1016/j.chemosphere.2021.129697
77 Li P, Fan Y, Wang Y et al. Characterization of plasma protein binding 
dissociation with online SPE-HPLC. Sci Rep 2015; 5: 14866. https://doi. 
org/10.1038/srep14866
78 Van Bocxlaer K, Yardley V, Murdan S et al. Drug permeation and barrier 
damage in Leishmania-infected mouse skin. J Antimicrob Chemother 
2016; 71: 1578–85. https://doi.org/10.1093/jac/dkw012
79 Van Bocxlaer K, Croft SL. Pharmacokinetics and pharmacodynamics in 
the treatment of cutaneous leishmaniasis—challenges and opportunities. 
RSC Med Chem 2021; 12: 472–82. https://doi.org/10.1039/D0MD00343C
80 Wijnant GJ, Croft SL, de la Flor R et al. Pharmacokinetics and pharma
codynamics of the nitroimidazole DNDI-0690 in mouse models of cuta
neous leishmaniasis. Antimicrob Agents Chemother 2019; 63: 
e00829-19. https://doi.org/10.1128/AAC.00829-19
81 Li C, Liu B, Chang J et al. A modern in vivo pharmacokinetic paradigm: 
combining snapshot, rapid and full PK approaches to optimize and exped
ite early drug discovery. Drug Discov Today 2013; 18: 71–8. https://doi.org/ 
10.1016/j.drudis.2012.09.004
82 Zhao M, Ma J, Li M et al. Cytochrome P450 enzymes and drug metab
olism in humans. Int J Mol Sci 2021; 22: 12808. https://doi.org/10.3390/ 
ijms222312808
83 Masimirembwa C, Thelingwani R. Application of in silico, in vitro and in 
vivo ADMET/PK platforms in drug discovery. In: Chibale K, Davies-Coleman 
M, Masimirembwa C, eds. Drug Discovery in Africa: Impacts of Genomics, 
Natural Products, Traditional Medicines, Insights into Medicinal Chemistry, 
and Technology Platforms in Pursuit of New Drugs. Springer, 2012; 151–91.
84 Bernasconi C, Pelkonen O, Andersson TB et al. Validation of in vitro 
methods for human cytochrome P450 enzyme induction: outcome of a 
multi-laboratory study. Toxicol In Vitro 2019; 60: 212–28. https://doi. 
org/10.1016/j.tiv.2019.05.019
85 Hendrickx S, Ilbeigi K, Thoré ESJ et al. A strategic discovery roadmap 
towards high-quality leads and drug development candidates for kineto
plastid diseases. Part 2: from molecule to confirmed hit. J Antimicrob 
Chemother 2026. https://doi.org/10.1093/jac/dkag110
86 Li P, Zhao L. Developing early formulations: practice and perspective. Int 
J Pharm 2007; 341: 1–19. https://doi.org/10.1016/j.ijpharm.2007.05.049
87 Vinarov Z, Abrahamsson B, Artursson P et al. Current challenges and 
future perspectives in oral absorption research: an opinion of the UNGAP 
network. Adv Drug Deliv Rev 2021; 171: 289–331. https://doi.org/10.1016/ 
j.addr.2021.02.001
88 Alqahtani MS, Kazi M, Alsenaidy MA et al. Advances in oral drug deliv
ery. Front Pharmacol 2021; 12: 618411. https://doi.org/10.3389/fphar. 
2021.618411
89 Jacobsen AC, Visentin S, Butnarasu C et al. Commercially available 
cell-free permeability tests for industrial drug development: increased 
sustainability through reduction of in vivo studies. Pharmaceutics 2023; 
15: 592. https://doi.org/10.3390/pharmaceutics15020592
90 Hsiao WK, Herbig ME, Newsam JM et al. Opportunities of topical drug 
products in a changing dermatological landscape. Eur J Pharm Sci 2024; 
203: 106913. https://doi.org/10.1016/j.ejps.2024.106913

91 Kashapov R, Ibragimova A, Pavlov R et al. Nanocarriers for biomedi
cine: from lipid formulations to inorganic and hybrid nanoparticles. Int J 
Mol Sci 2021; 22: 7055. https://doi.org/10.3390/ijms22137055
92 Ilboudo K, Boulangé A, Hounyèmè RE et al. Performance of diagnostic 
tests for Trypanosoma brucei brucei in experimentally infected pigs. PLoS 
Negl Trop Dis 2023; 17: e0011730. https://doi.org/10.1371/journal.pntd. 
0011730
93 Gillingwater K, Gutierrez C, Bridges A et al. Efficacy study of novel dia
midine compounds in a Trypanosoma evansi goat model. PLoS ONE 2011; 
6: e20836. https://doi.org/10.1371/journal.pone.0020836
94 Hébert L, Guitton E, Madeline A et al. Validation of a new experimental 
model for assessing drug efficacy against infection with Trypanosoma 
equiperdum in horses. Vet Parasitol 2018; 263: 27–33. https://doi.org/10. 
1016/j.vetpar.2018.10.005
95 Bastos TSA, Faria AM, de Assis Cavalcante AS et al. Comparison of 
therapeutic efficacy of different drugs against Trypanosoma vivax on ex
perimentally infected cattle. Prev Vet Med 2020; 181: 105040. https://doi. 
org/10.1016/j.prevetmed.2020.105040
96 Desquesnes M, Kamyingkird K, Vergne T et al. An evaluation of melar
somine hydrochloride efficacy for parasitological cure in experimental in
fection of dairy cattle with Trypanosoma evansi in Thailand. Parasitology 
2011; 138: 1134–42. https://doi.org/10.1017/S0031182011000771
97 Baker JR, Taylor AE. Experimental infections of the chimpanzee (Pan 
troglodytes) with Trypanosoma brucei brucei and Trypanosoma brucei rho
desiense. Ann Trop Med Parasitol 1971; 65: 471–85. https://doi.org/10. 
1080/00034983.1971.11686780
98 Thuita JK, Wolf KK, Murilla GA et al. Safety, pharmacokinetic, and ef
ficacy studies of oral DB868 in a first stage vervet monkey model of hu
man African trypanosomiasis. PLoS Negl Trop Dis 2013; 7: e2230. 
https://doi.org/10.1371/journal.pntd.0002230
99 Ouwe-Missi-Oukem-Boyer O, Mezui-Me-Ndong J, Boda C et al. The 
vervet monkey (Chlorocebus aethiops) as an experimental model for 
Trypanosoma brucei gambiense human African trypanosomiasis: a clinic
al, biological and pathological study. Trans R Soc Trop Med Hyg 2006; 100: 
427–36. https://doi.org/10.1016/j.trstmh.2005.07.023
100 Thuita JK, Wang MZ, Kagira JM et al. Pharmacology of DB844, an or
ally active aza analogue of pafuramidine, in a monkey model of second 
stage human African trypanosomiasis. PLoS Negl Trop Dis 2012; 6: 
e1734. https://doi.org/10.1371/journal.pntd.0001734
101 Githure JI, Shatry AM, Tarara R et al. The suitability of East African pri
mates as animal models of visceral leishmaniasis. Trans R Soc Trop Med 
Hyg 1986; 80: 575–6. https://doi.org/10.1016/0035-9203(86)90146-X
102 Chapman WL,  Jr., Hanson WL, Hendricks LD. Toxicity and efficacy of 
the antileishmanial drug meglumine antimoniate in the owl monkey 
(Aotus trivirgatus). J Parasitol 1983; 69: 1176–7. https://doi.org/10.2307/ 
3280894
103 Madindou TJ, Hanson WL, Chapman WL,  Jr. Chemotherapy of vis
ceral leishmaniasis (Leishmania donovani) in the squirrel monkey 
(Saimiri sciureus). Ann Trop Med Parasitol 1985; 79: 13–9. https://doi.org/ 
10.1080/00034983.1985.11811884
104 Marsden PD, Cuba CC, Vexenat A et al. Experimental Leishmania chaga
si infections in the marmoset Callithrix jacchus jacchus. Trans R Soc Trop Med 
Hyg 1981; 75: 314–5. https://doi.org/10.1016/0035-9203(81)90347-3
105 Porrozzi R, Pereira MS, Teva A et al. Leishmania infantum-induced 
primary and challenge infections in rhesus monkeys (Macaca mulatta): 
a primate model for visceral leishmaniasis. Trans R Soc Trop Med Hyg 
2006; 100: 926–37. https://doi.org/10.1016/j.trstmh.2005.11.005
106 Githure JI, Reid GD, Binhazim AA et al. Leishmania major: the suitabil
ity of East African nonhuman primates as animal models for cutaneous 
leishmaniasis. Exp Parasitol 1987; 64: 438–47. https://doi.org/10.1016/ 
0014-4894(87)90058-0

Review

10 of 10

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/article/81/6/dkag111/8675308 by guest on 28 June 2026

https://doi.org/10.1186/s12302-021-00554-3
https://doi.org/10.1016/j.microc.2017.08.012
https://doi.org/10.1016/j.microc.2017.08.012
https://doi.org/10.1016/j.chemosphere.2021.129697
https://doi.org/10.1016/j.chemosphere.2021.129697
https://doi.org/10.1038/srep14866
https://doi.org/10.1038/srep14866
https://doi.org/10.1093/jac/dkw012
https://doi.org/10.1039/D0MD00343C
https://doi.org/10.1128/AAC.00829-19
https://doi.org/10.1016/j.drudis.2012.09.004
https://doi.org/10.1016/j.drudis.2012.09.004
https://doi.org/10.3390/ijms222312808
https://doi.org/10.3390/ijms222312808
https://doi.org/10.1016/j.tiv.2019.05.019
https://doi.org/10.1016/j.tiv.2019.05.019
https://doi.org/10.1093/jac/dkag110
https://doi.org/10.1016/j.ijpharm.2007.05.049
https://doi.org/10.1016/j.addr.2021.02.001
https://doi.org/10.1016/j.addr.2021.02.001
https://doi.org/10.3389/fphar.2021.618411
https://doi.org/10.3389/fphar.2021.618411
https://doi.org/10.3390/pharmaceutics15020592
https://doi.org/10.1016/j.ejps.2024.106913
https://doi.org/10.3390/ijms22137055
https://doi.org/10.1371/journal.pntd.0011730
https://doi.org/10.1371/journal.pntd.0011730
https://doi.org/10.1371/journal.pone.0020836
https://doi.org/10.1016/j.vetpar.2018.10.005
https://doi.org/10.1016/j.vetpar.2018.10.005
https://doi.org/10.1016/j.prevetmed.2020.105040
https://doi.org/10.1016/j.prevetmed.2020.105040
https://doi.org/10.1017/S0031182011000771
https://doi.org/10.1080/00034983.1971.11686780
https://doi.org/10.1080/00034983.1971.11686780
https://doi.org/10.1371/journal.pntd.0002230
https://doi.org/10.1016/j.trstmh.2005.07.023
https://doi.org/10.1371/journal.pntd.0001734
https://doi.org/10.1016/0035-9203(86)90146-X
https://doi.org/10.2307/3280894
https://doi.org/10.2307/3280894
https://doi.org/10.1080/00034983.1985.11811884
https://doi.org/10.1080/00034983.1985.11811884
https://doi.org/10.1016/0035-9203(81)90347-3
https://doi.org/10.1016/j.trstmh.2005.11.005
https://doi.org/10.1016/0014-4894(87)90058-0
https://doi.org/10.1016/0014-4894(87)90058-0

	Medicinal chemistry: upscaling and cost-effective manufacturing
	Lead definition
	Drug development candidate

	Primary pharmacology: broader characterization of the potency considering field application
	Lead definition
	Drug development candidate
	Outline placeholder
	Trypanosomiasis in livestock animals
	Canine models for Chagas and leishmaniasis
	Non-human primate models for HAT, Chagas and leishmaniasis



	Toxicology: identification of potential liabilities
	Lead definition
	Drug development candidate

	Pharmacokinetics: aiming for oral bioavailability and distribution to target tissues
	Lead definition
	Drug development candidate

	Pharmaceutics
	Lead definition
	Drug development candidate

	General conclusions
	Acknowledgements
	Funding
	Transparency declarations
	References

