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Abstract

Background Trypanosoma brucei is the causative agent of Human African Trypanosomiasis (also known as sleeping sick-
ness), a disease causing serious neurological disorders and fatal if left untreated. Due to its lethal pathogenicity, a variety
of treatments have been developed over the years, but which have some important limitations such as acute toxicity and
parasite resistance. Metabolomics is an innovative tool used to better understand the parasite’s cellular metabolism, and
identify new potential targets, modes of action and resistance mechanisms. The metabolomic approach is mainly associated
with robust analytical techniques, such as NMR and Mass Spectrometry. Applying these tools to the trypanosome parasite
is, thus, useful for providing new insights into the sleeping sickness pathology and guidance towards innovative treatments.
Aim of review The present review aims to comprehensively describe the T. brucei biology and identify targets for new or
commercialized antitrypanosomal drugs. Recent metabolomic applications to provide a deeper knowledge about the mecha-
nisms of action of drugs or potential drugs against T. brucei are highlighted. Additionally, the advantages of metabolomics,
alone or combined with other methods, are discussed.

Key scientific concepts of review Compared to other parasites, only few studies employing metabolomics have to date been
reported on Trypanosoma brucei. Published metabolic studies, treatments and modes of action are discussed. The main
interest is to evaluate the metabolomics contribution to the understanding of 7. brucei’s metabolism.

Keywords Metabolomics - Anti-trypanosomal activity - Trypanosoma brucei - Mass spectrometry - Nuclear magnetic
resonance

1 Introduction

African trypanosomiasis is a vector-borne disease caused

by Trypanosoma brucei (T.b.), a parasitic protist transmit-
ted by the bite of a tsetse fly. The T.b. species is divided

< Fanta Fall into 3 subspecies: T. b. gambiense, accounting for an often
fanta.fall@uclouvain.be chronic form of Human African Trypanosomiasis (HAT) in
- R WG L - Drus R N Central and Western Africa; T.b. rhodesiense, responsible
armacognosy kesearc roup, Louvain Drug kesearc . . .
Institute (LDRI), UCLouvain, Avenue E. Mounier B1 72.03, for the acute HAT in Eastern and Southern Africa; and T.
B-1200 Brussels, Belgium b. brucei, which infects domestic and wild animals. T. b.
2 Laboratory of Pharmacognosy, Center of Interdisciplinary gambiense and T.b. rhodesze.ns.e account for 98_% and 2% of
Research On Medicines (CIRM), University of Lidge, Licge, reported human trypanosomiasis cases, respectively (“WHO
Belgium | Human African trypanosomiasis,” n.d.). In 2019, less than
3 Metabolomics Group, Center of Interdisciplinary Research 1000 cases of HAT have been reported with approximately
On Medicines (CIRM), University of Liege, Liege, Belgium 2.5 million people screened per year (“WHO | Human Afri-
4 Centre for Immunity, Infection and Evolution (CITE) can trypanosomiasis,” n.d.).
and Centre for Translational and Chemical Biology (CTCB), T. brucei is an extracellular parasite that undergoes sev-
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host’s blood and in different compartments of the tsetse fly.
Morphological and cellular differentiation events occur
depending on the environment where the parasite is located
(Matthews, 2005). The mammalian bloodstream form
(BSF) is characterized by two stages named “long slen-
der” and “short stumpy” (Rico et al., 2013). The slender
form predominates when parasitemia increases. The long
slender and the short stumpy forms are covered with a
layer of Variant Surface Glycoproteins (VSG) that allows
the parasite to evade the host immune system by antigenic
variation and, eventually, survive. Progressively, the non-
proliferating short stumpy form replaces the long slender
trypanosomes resulting in the next phase of the life cycle
(Nolan et al., 2000). This stumpy form is pre-adapted to
survive in the insect vector. When the parasite is ingested
by the tsetse fly during a blood meal, the intestinal con-
ditions allow its morphological change into the procyclic
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Fig.1 Life cycle of African trypanosomes. Upon the bite by a tsetse
fly infected with Trypanosoma brucei, metacyclic parasites (try-
pomastigotes) are transmitted to the mammalian host. These undergo
then, in the bloodstream, differentiation into long slender trypomas-
tigotes expressing a specific VSG layer at the surface that, by anti-
genic variation, enables them to escape the mammalian immune
response. The long slender form trypomastigotes transform into short
stumpy, non-dividing forms to preadapt for survival after transmis-
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form, followed by the epimastigote form and, finally, the
infective metacyclic form in the vector’s salivary glands
(Fig. 1) (Hannaert, 2011; Matthews, 2005; Stijlemans et al.,
2017). In the vector, high levels of proline are found in the
hemolymph, digestive tract and salivary glands. Notably,
the BSF uses glucose as its main source of ATP (Bakker
et al., 1999; Matthews, 2005; Rico et al., 2013). Most of the
glucose is converted into pyruvate through the glycolytic
pathway, and into acetate, succinate and alanine to a lesser
extent (Fig. 2). Noteworthy, most enzymes involved in gly-
colysis and some other core metabolic processes of trypa-
nosomes and other Kinetoplastea protists, are sequestered in
peroxisome-related organelles called glycosomes (Gualdrén-
Loépez et al., 2012). Contrarily, in the procyclic form, glu-
cose is mainly converted into acetate and succinate, and to
a lesser extent into alanine, pyruvate and lactate (Michels
et al., 2021; Villafraz et al., 2021). Between blood meals
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sion to the tsetse fly. After ingestion by tsetse, they are transformed,
within the midgut, into procyclic forms without the VSG layer, which
is replaced by a layer composed of the glutamate and proline rich sur-
face proteins called EP and GPEET procyclins. They then migrate to
the salivary gland where they metamorphose into the proliferative
epimastigote forms and subsequently into the non-proliferative meta-
cyclic forms with formation of a VSG layer, after which transmission
to a new mammalian host is possible
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Fig.2 A Schematic representation of the energy metabolism of
D-glucose, L-proline, L-glutamine and L-threonine in the procyclic
form. B Schematic representation of the energy metabolism of D-glu-
cose and L-threonine in the bloodstream form. In blue L-proline and
glutamine metabolism, in green threonine metabolism and in black
glucose metabolism. This scheme implemented the most recently
reported findings (Villafraz et al., 2021). G-6-P glucose 6-phos-
phate, F-6-P fructose 6-phosphate, F-1,6-P fructose 1,6-bisphos-
phate, G-3-P glyceraldehyde 3-phosphate, DHAP dihydroxyacetone
phosphate, BPGA bisphosphoglycerate, Gly-3-P glycerol 3-phos-
phate, PGA phosphoglycerate, PEP phosphoenolpyruvate, YSAG
glutamate y-semialdehyde, GLU glutamate, TCA tricarboxylic acid
cycle, AcCoA acetyl-CoA, AOB amino oxobutyrate, OxPhos oxida-
tive phosphorylation. Enzymes 1: hexokinase; 2: glucose-6-phosphate

by the infected tsetse fly or, in vitro, when the environment
is glucose depleted, the procyclic form metabolizes proline
and uses it as its main energy source (Hendriks et al., 2000;
Lamour et al., 2005). When cultured in vitro, the procyclic
form preferentially metabolizes glucose, but in its absence
proline catabolism increases (Lamour et al., 2005). Excreted
end-products of its glucose catabolism (pyruvate, succinate,
alanine, malate, a-ketoglutarate) can be taken up again and
further metabolized, irrespective of the presence or absence
of proline (1-2 mM). However, both the bloodstream and
procyclic forms do not further catabolize acetate which is
excreted by the parasite as final product or used for fatty
acid biosynthesis (Villafraz et al., 2021). Depending upon
the environmental conditions, the procyclic form can use
other energy sources such as tricarboxylic acid (TCA) cycle
intermediates (Villafraz et al., 2021; Weelden et al., 2005)
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isomerase; 3: phosphofructokinase; 4: aldolase; 5: triose-phosphate
isomerase; 6: glycerol-3-phosphate dehydrogenase; 7: glycerol
kinase; 8: glyceraldehyde-3-phosphate dehydrogenase; 9: phospho-
glycerate kinase (cytosolic in the procyclic form, glycosomal in the
bloodstream form); 10: phosphoglycerate mutase-enolase; 11: phos-
phoenolpyruvate carboxykinase; 12: glycosomal malate dehydro-
genase; 13: cytosolic fumarase; 14: glycosomal fumarate reductase;
15: pyruvate phosphate dikinase; 16: pyruvate dehydrogenase; 17:
proline dehydrogenase; 18: pyrroline-5 carboxylate dehydrogenase;
19: glutamine deaminase; 20: glutamate aminotransferase; 21: threo-
nine dehydrogenase; 22: acetyl-CoA:glycine C-acetyltransferase; 23:
acetate:succinate CoA transferase; 24: acetyl-CoA thioesterase; 25:
methylglyoxal reductase; 26, lactaldehyde dehydrogenase; 27: alanine
aminotransferase. 28: cytosolic malic enzyme

or amino acids. In the latter case, threonine is converted
into glycine and acetyl-CoA by threonine dehydrogenase and
acetyl-CoA:glycine C-acetyltransferase, while acetyl-CoA is
further converted into acetate (Linstead et al., 1977) (Fig. 2).

T. b. gambiense and T. b. rhodesiense mammalian infec-
tions develop in two stages. The first stage is the haemo-lym-
phatic stage in which the parasites multiply in the blood and
lymphatic systems. This phase has mostly general symptoms
(fever, headaches, joint pain, etc.) which complicate accurate
diagnosis. In the absence of an effective treatment, the infec-
tion develops into the second stage named meningoence-
phalic phase, where the parasites penetrate the blood—brain
barrier. This stage is characterized by severe neurological
symptoms and sleep disturbances—giving it the charac-
teristic name of “sleeping sickness”—that eventually lead
to death if untreated (Deeks, 2019; Stoessel et al., 2016).
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Research performed throughout recent years has shown
that T. brucei can also be found extracellularly, outside the
blood circulation, in organs as the adipose tissue (Crilly &
Mugnier, 2021; Trindade et al., 2016). However, little is cur-
rently known about the metabolism of the parasites residing
in brain and adipose tissue.

Depending on the stage of the disease, a set of six treat-
ments (Fig. 3) is recommended by the WHO (“WHO |
Human African trypanosomiasis,” n.d.). For the early stages
of the disease pentamidine and suramin are recommended
for T. b. gambiense and T. b. rhodesiense infections, respec-
tively. Melarsoprol, a highly toxic arsenic derivative, is used
for advanced stages of T. b. rhodesiense infections. Other
treatments, such as eflornithine or the nifurtimox-eflornith-
ine combination (NECT) and, more recently, fexinidazole
(the first all oral treatment), are used for chronic stages with
a range of advantages and disadvantages, discussed later in
this review. NECT and fexinidazole are both used for 7. b.
gambiense. Unfortunately, all these molecules have several
limitations ranging from acute toxicity (particularly in the
encephalic stage) to trypanosomal resistance (Baker et al.,
2013; Franco et al., 2018; Hannaert, 2011; WHO, 2020).
The need to find new selective drugs for resistant parasite
strains remains high. Recently, acoziborole has been selected
as a preclinical candidate for the treatment of sleeping sick-
ness caused by T. b. gambiense. If approved, it would target
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the chronic stage of the disease with a one-day administra-
tion (Dickie et al., 2020).

Nowadays, a lack of innovative trypanosomal drugs is
noticeable, as most of the recommended treatments were
developed between 1910 and 1940. For many treatments
several mechanism(s) of action (MoAs) on multiple intra-
cellular targets have been described (Baker et al., 2013; De
Koning, 2020; Wiedemar et al., 2020). Unsurprisingly, para-
sitic resistance mechanisms are associated with changes in
cellular uptake and/or molecular distribution mechanisms
(De Koning, 2020). Resistance factors lead to treatment fail-
ure, which hampers human disease control in Africa. It is,
thus, important to understand both the drug’s mode of action
and the mechanism behind resistance to effectively contain
the disease and continue reducing its burden.

Genomics, transcriptomics, proteomics and metabo-
lomics are technologies able to provide robust information
to address these issues. Metabolomic studies, in particu-
lar, provide a functional reading of intracellular activities.
The cellular metabolome offers the most accurate image
of the phenotypic functionality of a cell or organism. The
metabolomic approach aims to analyze the largest metabo-
lome using analytical chemistry, chemometrics and bio-
informatics technologies. However, metabolomic analysis
faces many challenges. Depending on the biological objec-
tives, two types of metabolomic approaches are possible.

Biological questioning
Number of repetition...

Reproducible procedure, Minimizing variation, Avoid contaminants
Quenching ( temperature, pH)
centrifugation/filtration
polar compounds and non polar compounds extraction

Chromatographic separation for MS (HILIC, RP...)
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Ms Converspn NMR Baseline correction
Peak detection .
) . Peak alignment

Grouping and Alignment Normalization
fill in missing peak data Scalin

Normalization . S

. Variable selection
Pre-annotations
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Univariate analyses
Multivariate analyses ( Non-supervised descriptive statistics and
explicative analyses)
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Level 2: annotated with spectral similarities as a basis

Level 3: identification on the basis of physico-chemical properties
Level 4: unknown, m/z and rt

Identification of metabolic pathways and networks
To answer the initial biological questioning




Trypanosoma brucei: Metabolomics for analysis of cellular metabolism and drug discovery

Page50f18 20

Non-targeted metabolomics allows, without a priori knowl-
edge of the metabolites, to analyze and obtain metabolomic
signature(s) that could be correlated with a physiological or
pathological status. The goal is to detect as many changes
as possible in the metabolome due to a pathology, treatment
or any environmental change. On the other hand, targeted
metabolomics is used to specifically measure one or more
selected metabolites/families or biochemically annotated
metabolites. These analyses should generally be quantita-
tive, precise and sensitive. The metabolic profile is highly
variable, depending upon the investigated species, the tissue
explored, the extraction method and the analytical technique
employed. Some metabolites have a very high turnover rate,
disappearing or becoming undetectable in seconds. Further-
more, depending on the metabolite, the concentration can
vary from picomolar to millimolar within the same sample.
Metabolic flux analysis (fluxomics) provides a better under-
standing of the turnover of metabolites and the physiologi-
cal mechanisms involved in their transport, production and
degradation. These studies make use of synthetic precursors
enriched with stable isotopes (**C, 2H, 1> N, '80) to highlight
the disturbances caused by the treatment as well as its effec-
tiveness (Long & Antoniewicz, 2019). In fluxomic studies,
13C is the most used tracer considering almost all metabo-
lites contain carbon atoms. In these studies, the labelled
substrate propagates through the metabolomic pathways and
undergoes structural transformations. The isotope profiling
allows the identification of the involved metabolomic path-
ways alongside the metabolization speed and percentage.

Parasite-based metabolomics allows the complete study
of the metabolome evolution throughout the parasite’s life
cycle, also in case of mutations and changes in the host
organism associated with the disease or the treatments. In
this review, the use of parasite-based metabolomics to bet-
ter understand the parasite’s biochemistry, the treatment’s
mechanisms of action and development of resistance are dis-
cussed. Additionally, the most relevant studies performed
over the last years on T. b. brucei metabolism and the most
used in vitro methods to analyze these trypanosomes are
presented.

2 Methodology for targeted and untargeted
metabolomics of 7. BRUCEI

In recent years, many in vitro targeted and non-targeted
analytical methods to study 7. b. brucei metabolism have
been published. The studies cited throughout this review
have been performed on T. b. brucei cultured in vitro, with
or without addition of exogenous molecules in the standard
media, and complemented with amino acids, fetal bovine
serum and various reducing agents to stabilize the culture
media and reduce the oxidative stress.

Primarily, the quality of the metabolomic analysis
depends on the experimental design. The metabolomics
operational approach is based on a series of consecutive
steps, known as the workflow, that process the sample and
transform it to provide reliable data. The workflow consists
of sample collection, sample preparation, data acquisition,
data pre-processing, statistical analysis and biological inter-
pretation (Fig. 4). It is generally accepted that these steps
directly affect the quality and quantity of the data obtained.
Because of their wide range of physicochemical properties,
no standard analysis method exists for all metabolites (Vin-
cent & Barrett, 2015).

The in vitro cultured bloodstream and procyclic forms
reach a maximal cell density of 5x 10° to 2x 107 trypano-
somes/ml. Frequently, these forms were studied and sub-
cultured using dilutions between 10 and 1000 fold every
2 to 3 days to obtain different cell concentrations suitable
for metabolomic analysis (Ajoko & Steverding, 2015; Creek
et al., 2015; Johnston et al., 2019; Pineda et al., 2018; Vin-
cent et al., 2012) (Table 1).

Intracellular sampling of T. b. brucei requires separation
of the culture medium from the parasites, usually by rapid
centrifugation or filtration (Fatarova et al., 2016). Parasites
are rapidly quenched before the extraction and analysis of
their intracellular content. The fast and complete quenching
is an important step to ensure reliable data that correlate to
the metabolome, allowing also to avoid metabolic variability
due to sample handling. To this purpose, several methods
have been published over the years (quick filtration, quench-
ing in cold methanol), but for the majority of protists such
as T. b. brucei, metabolic quenching is typically done by
immersing the samples in an ice/ethanol bath for approxi-
mately 20 s (Pinu et al., 2017; Vincent & Barrett, 2015).

Following the quenching step, the use of an optimal
extraction solvent is necessary to extract most intracellu-
lar metabolites from the parasites. Each extraction solvent
allows to extract preferentially different families of mol-
ecules depending on their polarity. For instance, hot water
and boiling ethanol preferentially extract polar compounds,
while hexane and chloroform extract non-polar compounds.
There is no specific extraction solvent for 7. b. brucei
metabolites, but to maximize the extraction, a mixture of
several solvents is often used, e.g. chloroform/methanol/
water (1:3:1 v/v/v) or acetonitrile/methanol/water (4:4:2
v/vIv) (Creek et al., 2015; Johnston et al., 2019; Pineda et al.,
2018), with the former solvent mixture most frequently used.
The described cell-based metabolites extraction procedures
are often based on the use of mixtures containing organic
solvents, with or without water, at different temperatures
and pH. The most commonly employed solvents are tabu-
lated in Table 1. The variability of the extraction solvents is
related to the necessity of adapting the protocol to the differ-
ent targeted metabolites or to the technique used to analyze
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Table 1 Analytical methodology for analysing the metabolism of 7. b. brucei
Number of cells and Extraction solvent Stationary phase and Mobile phase Data analysis pro- Reference

form studied

system

gram

Bloodstream
form5 x 107,
4%107

Bloodstream form

Chloroform : methanol : water
(ratio 1:3:1)

Chloroform : methanol : water

ZIC-HILIC; HPLC- A: 0.1% formic acid

Orbitrap

in water, B: 0.1%
formic acid in
acetonitrile

ZIC-pHILIC; RSLC- A: 20 mM ammo-

nium carbonate

mzMatch, Metabo-
Analyst, IDEOM

XCMS, mzMatch,
Metaboanalyst,

Creek et al. (2013),
Vincent et al. (2010,
2012), Kamleh et al.
(2008)

Johnston et al. (2019),
Ali et al. (2013)

5% 107, 1x108 (ratio 1:3:1) Orbitrap
Bloodstream form Acetonitrile:methanol:water  IonPac AS11
2x10’ (ration 4:4:2) column; HPLC-
Orbitrap

in water, B: 100% IDEOM
acetonitrile
TraceFinder 3.2

software, MetaSys

Pineda et al. (2018),
Burgess et al. (2011)

linear gradient elu-
tion of KOH

the samples. The extraction protocol choice is a key step of
the global workflow because it greatly influences the num-
ber and the intensity of detected signals (Creek et al., 2015;
Johnston et al., 2019; Vincent et al., 2010, 2012).

The two main analytical platforms that provide struc-
tural information on metabolites are nuclear magnetic res-
onance (NMR) and liquid or gas chromatography coupled

@ Springer

with mass spectrometry (GC-MS and LC-MS) (Barrett
et al., 2010). Between 2x 107 and 5 x 107 cells are used
for mass spectrometry (MS) analysis, while from 107 to
5x 10® cells are required for NMR analysis (Creek et al.,
2015; Johnston et al., 2019; Madji Hounoum et al., 2016;
Mantilla et al., 2017; Vincent et al., 2012).
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NMR is a fast, versatile and selective analytical technique
used for detecting, quantifying and identifying molecules.
It relies on the universal natural abundancy of nuclei (‘H,
Bc, 5N, 70, 'F and 31P) to detect them through their reso-
nant frequencies and signals, that are unique to their number
and positions in a molecule. Consequently, the signal is as
intense as their presence in the sample, thus NMR is inher-
ently quantitative without requiring calibration curves with
standards. NMR was introduced as the spectroscopic tech-
nique to identify and characterize naturally discovered and
synthesized molecules, precisely because of the useful struc-
tural molecular information it warrants. It was subsequently
successfully adapted for use in metabolomics to detect and
identify metabolites, but it is not without issues. Despite not
requiring extensive sample preparation, not being affected by
the type and conditions of extraction as long as the sample
remains stable, a metabolomics sample is complex in the
variety of molecules simultaneously present.

For T. b. brucei NMR metabolomic analysis, 'H-NMR
is mostly used, as protons are theoretically present in all
organic compounds and this technique is considered the
most sensitive one for use in 1D NMR experiments (Creek
et al., 2015; Mantilla et al., 2017; Pineda et al., 2018). It
is noteworthy to mention that 2D NMR was only once
reported in the trypanosome metabolomics field at the time
of the writing of this review, which shows that its potential
is still poorly explored for this parasite (Millerioux et al.,
2013). Nevertheless, 'H-NMR has greatly contributed to
the understanding of carbon primary metabolism. Targeted
'"H-NMR metabolomic studies have been performed to
determine metabolism of alternative carbon sources used
by trypanosomes for their ATP supply when glucose levels
are not high or constant. Carbon metabolic end products
were thus detected exploiting the possibility to distinguish
13C-enriched molecules from '2C-molecules in such analy-
ses. Notably, proton NMR is capable of not only selectively
detecting and directly quantifying end products such as suc-
cinate, acetate, alanine, and pyruvate, but also the unique
chemical shifts attained when these products originated
from '3C or '2C carbon sources, and easily and successfully
distinguishing them. For example, [!*C]-acetate originating
from metabolism of a [U-'>C]-carbon source displayed two
doublets with chemical shifts of approximately 2.00 and
1.75 ppm, respectively, whereas if derived from a '>C, the
central resonance of a singlet at 1.88 ppm is characteristic
(Bringaud et al., 2015; Mantilla et al., 2017). Studies were
performed using reverse genetics tools and [U-'>C]-glucose
enrichment to determine the adaptability of the trypanosome
to different carbon sources. Millerioux et al. investigated the
reason why threonine is the most rapidly consumed amino
acid by parasites in the tsetse midgut (Millerioux et al.,
2013). They found that this amino acid is the main carbon
source for acetyl CoA in the procyclic form, used ~2.5 times

more than glucose, and transformed into equimolar amounts
of glycine and acetate. These metabolites are then used in
the mitochondrion and cytosol for lipid biosynthesis, namely
sterols and fatty acids. Mantilla et al. investigated an alterna-
tive to glucose used by the procyclic form in the tsetse fly to
produce ATP (Mantilla et al., 2017). Proline was supposed
to be readily accessible and consumed by the trypanosome in
this context, since it is the source of energy for flight by this
vector. Using the same NMR advantage, the in vitro study
found that 7. b. brucei is auxotrophic for proline, contrarily
to Trypanosoma cruzi (the parasite responsible for Chagas
disease in Latin America), and that the parasite could use
proline in an essential proline degradation pathway to pro-
duce energy, replicate and survive within the insect host.
Bringaud et al. reviewed the possibilities to use NMR in ana-
lyzing the central metabolism of the cultured procyclic form
(Bringaud et al., 2015). Recently, Pineda et al. investigated
glycerol as carbon source for BSF, based on the possibility
that it could be an important metabolite available in adipose
tissue. 'H-NMR demonstrated that both glucose and glycerol
are metabolized in the same pathways, with the difference
that when glycerol is the source, acetate and succinate pro-
ducing branches are three times more contributive than with
glucose as the substrate. Additionally, at elevated concentra-
tions (10 mM), glycerol was shown to be incorporated into
hexose-phosphates through gluconeogenesis (Pineda et al.,
2018), which was confirmed at even higher concentration
(20 mM) (Kovarova et al., 2018). This capability relies on
this parasite’s metabolic flexibility, enabling it to maintain
infection in different host environments. 'H-NMR was a key
player in these discoveries, as it allowed straightforwardly
selective detection and quantification of carbon-metabolism
products.

A worthwhile alternative to NMR is MS. Frequently
in metabolomics, and it is also the case for trypanosome
studies, MS is coupled with LC or GC to diminish matrix
effects on the detector that could compromise the sensitivity.
In fact, the separative nature of the chromatographic tech-
nique increases MS sensitivity by reducing ion suppression,
separating isomers and preventing artifacts arising from the
fragmentation of complex mixtures simultaneously. Hence,
MS is a highly sensitive method that can detect metabolites
in different matrices.

For separation, a set of chromatographic columns, each
with specific affinities exists. HILIC is the preferred LC
technique in trypanosome metabolomics as it provides the
advantage of analyzing polar molecules, the most abundant
ones in the metabolome (Table 1) (Creek et al., 2015; John-
ston et al., 2019; Vincent et al., 2010, 2012). Through the
retention time, fragmentation pattern, m/z and signal inten-
sity, chromatography coupled with MS is able to charac-
terize metabolites with a wide range of physicochemical
properties, with the exception of metabolites having the
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same exact mass and retention time. Additionally, MS can
be quantitative when using internal standards and proper
concentration ranges. This analytical method requires long
sample preparation, and needs great attention for the choice
of the extraction solvent, and has the disadvantage of being
sample-destructive. Moreover, the high variability between
MS analyzers, acquisition modes and ionization methods
alter metabolite characteristics as detected by MS, hindering
the comparison to databases towards metabolite identifica-
tion. This also induces low reproducibility, particularly for
LC-MS, that is also susceptible to chromatographic drifts
and ion suppression. Additionally, in LC-MS metabolomics,
several limitations are present when detecting compounds,
such as the presence of interferences or contaminants (from
proteins, solvents, polymers, plastics and additives such as
detergents) that can have several origins: some are related to
previous equipment usage and therefore directly dependent
on each laboratory; others are related to analytical conditions
and may be common to all mass spectrometry laboratories.

GC-MS is used to identify and quantify small metabo-
lites (< 650 daltons). Following derivatization, it allows to
detect several families of molecules (small acids, alcohols,
hydroxyl acids, amino acids, sugars, fatty acids, sterols,

catecholamines, drugs, and toxins) (Fiehn, 2016). GC-MS
is also an important tool in metabolomic analysis as it allows
to identify isomers and volatile molecules (Fridberg et al.,
2008; Kubata et al., 2000; Podolec et al., 2014). The files
generated by mass spectrometry analysis contain a vast
dataset. The different bioinformatic steps allow to sort and
extract the most important information. To this purpose,
many softwares have been developed throughout the years
(Table 2). A pre-processing software uses data formats such
as mzml, mzxml, cdf, etc., and allows to define regions of
interest (ROI) and extract chromatographic peaks, group
corresponding peaks, align retention times, and annotate
adducts and isotopes. The common goal of these tools is to
detect all peaks from the chromatographic analysis and asso-
ciate them with MS data in order to create a two-dimensional
matrix (Table 2). None of these tools is specific for Trypa-
nosoma metabolomics, instead they are commonly used for
cell metabolomics studies. Pre-processing steps in "H-NMR
including baseline correction, alignment, binning and nor-
malization, are performed when necessary. A set of software
packages exists to process NMR data (Table 2).

After NMR or MS bioinformatics processing steps, data
are treated with a panel of statistical methods (R, SIMCA,

Table 2 Tools available for LC-MS or 'H-NMR metabolomics spectral processing and data analysis

Tool Instrument data type Data Statis- Identification Annotation Website
Pro- tical
cessing analysis

XCMS LC-MS, GC-MS Yes No No http://bioconductor.org/packages/release/bioc/
html/xcms.html

MetAlign LC-MS Yes No No www.metalign.nl

mzMatch LC-MS Yes No Yes http://mzmatch.sourceforge.net/

MS-DIAL LC-MS Yes Yes No http://prime.psc.riken.jp/compms/msdial/main.
html

PiMP LC-MS Yes Yes Yes http://polyomics.mvls.gla.ac.uk

IDEOM LC-MS Yes Yes Yes http://mzmatch.sourceforge.net/ideom.html

AMDIS GC-MS Yes No Yes http://chemdata.nist.gov/dokuwiki/doku.php?
id=chemdata:amdis

metaMS GC-MS Yes No Yes http://bioconductor.org/packages/release/bioc/
html/metaMS.html

MSeasy GC-MS Yes No No http://sites.google.com/site/rpackagemseasy/

MetaboliteDetector GC-MS Yes No Yes http://md.tu-bs.de

MetaboAnalyst LC-MS, 'H-NMR  No Yes Yes https://www.metaboanalyst.ca/

Workflow4Metabolomics LC-MS, 'H-NMR  Yes Yes Yes http://workflow4metabolomics.org/

MZmine 2 LC-MS Yes Yes Yes http://mzmine.github.io/

BATMAN 'H-NMR Yes No Yes/Quantification http://batman.r-forge.r-project.org/

PepsNMR "H-NMR Yes No No https://github.com/ManonMartin/PepsNMR

Bayesil "H-NMR Yes No Yes/Quantification http://bayesil.ca/

rDolphin "H-NMR Yes No Yes http://github.com/danielcanueto/rDolphin

ASICS "H-NMR Yes - Yes/Quantification https://bioconductor.org/packages/ASICS/

Chenomx "H-NMR Yes No Yes/Quantification https://www.chenomx.com/

NMRprocflow 'H-NMR Yes No No https://www.nmrprocflow.org/
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MetaboAnalyst (Chong et al., 2018), Workflow4Metabo-
lomics (Giacomoni et al., 2015) etc.) to explore the largest
amount of data generated during the analysis. Univariate
(T-test, ANOVA, Wilcoxon and Kruskall-Wallis, etc.) and
multivariate (PCR, PLS-DA, etc.) statistical analyses allow
to highlight markers of interest which can then be identified
(Fig. 4).

The statistical analysis is followed by an identification
step and the annotation of statistically significant molecules.
Metabolite identification remains a big challenge as it is a
critical step for extracting biochemical knowledge from
metabolomics datasets. Currently a putative or experimen-
tally-driven metabolites list does not exist for many organ-
isms. Specific repositories may help in understanding the
parasite’s metabolism. For instance, Trypanocyc is a curated
metabolite database for T. brucei (Shameer et al., 2014)
alongside the integrated genomic TriTrypDB which includes
data from pathogens of the family Trypanosomatidae, both
the Leishmania and Trypanosoma genera (Aslett et al.,
2010). Leish-ExP is the currently protein sequences reposi-
tory available for five Leishmania species (Das et al., 2020),
while LeishCyc is a biochemical pathway database only for
L. major (Doyle et al., 2009). Combining information from
various model organisms and data obtained using different
analytical methodologies may contribute to the metabolome
annotation. According to Chaleckis et al., the annotation of
metabolites consists of five levels (Chaleckis et al., 2019).
Level O corresponds to the most reliable degree of identifica-
tion including the stereochemistry of the molecules. Level
1 means a formally identified compound using an internal
standard. In some research the first two levels are merged,
resulting in a total of four metabolite identification levels,
with the experimental data defining a metabolite identified
when it matches two or more orthogonal chemical stand-
ard properties analyzed with the same analytical methods
(Sumner et al., 2007) (Fiehn et al., 2007). Level 2 describes
compounds whose spectra are similar to those present in
public or commercial libraries for which a comparison with
an internal standard was not possible. At level 3, the identi-
fication process is based on the physicochemical properties
or spectral similarity within a chemical class. In other words,
compounds are presumed to be characterized based on the
chemical class of belonging.

Level 4 corresponds to the lowest degree of identification.
The only information available at this level is the spectral
data (Fig. 4) (Dona et al., 2016; Dunn et al., 2013; Viant
et al., 2017). There are several databases available for the
identification of metabolites: KEGG (Kanehisa & Goto,
2000), HMDB (Wishart et al., 2007), ChemSpider (Little
et al., 2012) and METLIN (Smith et al., 2005). Their ulti-
mate goal is to identify the metabolic pathways and networks
of interest. MetabNet, MetaMapR and MetaboAnalayst are
useful tools to this aim (Chong et al., 2018; Grapov et al.,

2015; Uppal et al., 2015). New approaches to predict bio-
logical activity such as enrichment methods may also be
performed, e.g., the mummichog approach. Mummichog is
a free Python program for analyzing data from high-through-
put, untargeted metabolomics. It maps all possible metabolic
correspondences with the network and searches for local
enrichment. This mechanism is based on P-values resulting
from the statistical analyses bypassing the peak identifica-
tion step (Chong et al., 2018; Li et al., 2013).

These tools have been used in many metabolomic studies
to analyze trypanosomal metabolism (Creek et al., 2015;
Johnston et al., 2019; Pineda et al., 2018; Vincent & Barrett,
2015; Vincent et al., 2010, 2012).

3 Metabolomic applications
3.1 Parasite biology analysis

Over the past 10 years, considerable effort has been made to
identify and quantify metabolites belonging to T. b. brucei.
In order to better understand the parasite’s metabolism and
facilitate drug development, metabolomic analyses using
stable isotope-enriched tracers were conducted (Creek
et al., 2015; Johnston et al., 2019; Pineda et al., 2018;
Vincent et al., 2012). Kim et al. performed a non-targeted
flux analysis by LC-MS of T. b. brucei BSF metabolites
by using U-'?C-labelled substrates from an Escherichia
coli extract as an alternative source of isotope analogues.
In this study, trypanosomes were grown in two different
media: HMI-9 (Hirumi et al., 1977) or Creek's minimal
medium (CMM) (Creek et al., 2013). 477 metabolites were
identified belonging to different chemical families, such as
amino acids, components of the carbohydrate metabolism
and nucleotide metabolism (Kim et al., 2015). 43 metabo-
lites were quantified in the T. b. brucei parasites cultured in
both tested media. L-alanine and spermidine were the most
abundant compounds detected, followed by other metabo-
lites: pantothenate, putrescine, 3-phospho-D-glycerate, ura-
cil, xanthine, pyruvate and a full set of amino acids (Kim
et al., 2015). Creek et al. also used metabolic flux analysis
on in vitro cultured 7. b. brucei BSF to show that glucose,
in addition to being catabolized in glycolysis, contributes to
other metabolic processes, such as the pentose-phosphate
pathway, and lipid, nucleotide and amino acid biosynthesis
(Creek et al., 2015; Kerkhoven et al., 2013). These studies
were conducted using different tracers to analyze the rate of
metabolite consumption and production. Using *C-labelled
glucose, a better understanding of glucose carbon distribu-
tion was provided (Creek et al., 2015; Johnston et al., 2019;
Kim et al., 2015). These non-targeted analyses enabled the
identification of molecules not previously identified in T.
b. brucei metabolism and, simultaneously, to conduct flux
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analysis which, combined with mathematical modeling,
allowed to predict conversion of metabolites.

Targeted metabolomic studies on particular metabolite
families were also carried out. The pyrimidine synthesis
pathway of T. b. brucei was studied by Ali et al., with the
aim of understanding the recovery and incorporation of
pyrimidine analogues by trypanosomes. The purpose of
this study was to analyze pyrimidines absorption in 7. b.
brucei BSF, to assess the prospect of developing a pyrim-
idine-based chemotherapy. Using a LC-MS metabolomics
approach, the transport of all naturally occurring pyrimi-
dines and 5-fluorouracil (an anticancer agent) by trypano-
somes was investigated. Only uracil was efficiently absorbed
by T. b. brucei BSF via a high-affinity uracil transporter
(TbU3) (Ali et al., 2013).

'H-NMR metabolic analysis of the excreted end-products
of T. b. brucei BSF metabolism was performed by Pineda
et al. and demonstrated that glycerol and glucose, two major
sources of carbon, are metabolized by the same pathways
(Pineda et al., 2018). Also using '"H-NMR, Mantila et al.
showed that the regulated expression of proline metabolism
will allow the T b. brucei parasite to adapt to the nutritional
environment of the tsetse fly gut (Mantilla et al., 2017).
Another unique metabolic pathway of the parasite is rep-
resented by the trypanothione based redox system, which
is responsible for maintaining the parasite’s redox balance.
Trypanothione — a trypanosomatid specific form of glu-
tathione composed of two glutathione moieties joined by a
spermidine linker — is the major redox reactive metabolite
responsible for electron transfers to many key survival pro-
cesses, such as peroxide detoxification and DNA synthesis.
This metabolism is absent from the mammalian host, which
makes it a highly promising target to design and develop new
drugs. In this sense, the latest efforts in the field are focusing
on critical proteins involved in the trypanothione synthesis
and regeneration (Leroux & Krauth-Siegel, 2016).

Other pathways, such as the TCA cycle and succinate
fermentation were investigated by metabolomics using both
NMR and MS techniques (Fatarova et al., 2016). Glucose
was for years considered to be the only source of energy
for T brucei BSF, and glucose and proline for procyclics,
but recent investigations highlighted other minor pathways
involved (Creek et al., 2015; Johnston et al., 2019; Linstead
et al., 1977; Millerioux et al., 2013; Villafraz et al., 2021). In
both parasite forms, the importance of various amino acids
was investigated. By metabolomics and genomics, Milleroux
et al. showed that the procyclic form consumes 2.5 times
more threonine than glucose in a glucose-rich medium. In
the mitochondrion, threonine is converted into acetyl-CoA
from which acetate is formed which is subsequently used in
the fatty acids and sterols biosynthesis in the mitochondrion
and cytosol (Linstead et al., 1977; Millerioux et al., 2013).
The acetyl-CoA to acetate conversion is associated with ATP
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production (Fig. 2). This mitochondrial ATP production,
although low compared to ATP formation in the glycolytic
pathway, occurs also in 7. brucei BSF, where the acetyl-CoA
may be obtained from either glucose-derived pyruvate or
threonine (Mazet et al., 2013; Mochizuki et al., 2020). Glu-
tamine is more important in the procyclic form than in the
BSF for the parasite’s energy metabolism. A labelled precur-
sor of glutamate and 2-oxoglutarate production, the U-'3C
glutamine isotope, was found to label intermediates of sev-
eral metabolic pathways including TCA cycle intermediates
such as succinate, malate, and citrate/isocitrate (Johnston
et al., 2019). On the other hand, Besteiro et al. showed that
succinate is partly produced by glucose metabolism in the
T. b. brucei procyclic form. By metabolomic analysis they
demonstrated that enzymes located in the glycosomes, such
as fumarate reductase, are responsible for succinate forma-
tion (Fig. 2). Depletion of glycosomal fumarate reductase by
RNA interference lowered the succinate production by 2.9
fold (Besteiro et al., 2002).

MS lipidomic analysis allowed the identification of the
lipids present in both parasite forms. Lipids are collected
from the local environment or synthesized de novo. Phos-
phatidylcholine and phosphatidylethanolamine are the major
constituents and represent 45-60% and 10-20% of the phos-
pholipidic content, respectively. Phosphatidylserine, phos-
phatidylinositol, phosphatidic acid, phosphatidylglycerol,
and cardiolipin were also found. Sphingosines are present
between 10 to 15% in T. b. brucei (Richmond et al., 2010;
Smith & Biitikofer, 2010). It was also shown that the sterol
composition varies according to parasite’s developmental
stage (van Hellemond & Tielens, 2006).

Metabolomic non-targeted analysis also identified other
metabolic pathways operating in the BSF including those
for biosynthesis of nucleotides, purine and pyrimidine bases
and biosynthesis of various amino acids, all linked to the
glycolytic breakdown of glucose (Table 3).

3.2 Target identification for drugs and potential
active compounds

Over time, a significant number of drugs with antitrypano-
somal activity have been studied and used in therapy. Find-
ing effective treatments has become a major concern due
to toxicity issues, inefficacy and bioavailability problems
of current therapies (Baker et al., 2013; Hannaert, 2011).
The studies cited in the previous section showed that glyco-
lysis is an important process for the trypanosome’s devel-
opment. The polyamine synthesis pathway has also been
described as essential for 7. b. brucei’s growth and division
(Gu et al., 2013). The enzymes involved in the synthesis and
utilization of spermidine (arginase, ornithine decarboxylase
(ODC), S-adenosylmethionine decarboxylase (AdoMetDC),
spermidine synthase, trypanothione synthetase (TryS) and
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Table 3 Molecules under development and metabolic pathways affected identified by metabolomics

Method Compound Metabolites/Metabolic Pathways Reference
LC-ESI/MS Oxazolopyridine: 3-(oxazolo[4,5-  Sphingolipid pathway: Significant (Stoessel et al., 2016)
b]pyridine-2-yl)anilide accumulation of ceramides
LC-MS/MS Benzoxaborole Increases in S-adenosylmethionine, (Begolo et al., 2018; Jacobs
methyl thioadenosine, methyl et al., 2011; Steketee
lysine, dimethyl lysine, trimethyl etal., 2018)
lysine and acetyl lysine
LC-ESI/MS 1,7-bis(4-hydroxy-3-methoxyphe- Reductions in glutathione-mBBr (Alkhaldi et al., 2015)
nyl)hept-4-en-3-one AS-HKO014 (thiol specific reagent monobromo-
bimane), S-glutathionyl-1-cysteine
and glutathionylspermidine-mBBr
Study or target

LC-ESI/MS Untargeted metabolomic U-'3C-labelled

LC-ESI/MS Untargeted metabolomic '3C-labelled

"H-NMR Targeted metabolomic
"H-NMR Targeted metabolomic [U-13C]-glucose

LC-ESI/MS 'H-NMR Untargeted
metabolomic

[U-13C]-glucose

Proline in procyclic trypanosomes

Amino acid metabolism, biosynthesis (Kim et al., 2015)
of secondary metabolites, carbohy-
drate metabolism, energy metabo-
lism, metabolism of cofactors and
vitamins, nucleotide metabolism

Octulose 8-phosphate, nonulose (Johnston et al., 2019)
9-phosphate, d-octopine, carbox-

yethyl-l-ornithine, trypanothione

biosynthesis pathway, arginine,

cysteine, glutamine, methionine and

proline

TCA cycle: succinate, acetate,
alanine

(Mantilla et al., 2017)

Glycerol metabolism, alanine, fuma-  (Pineda et al., 2018)
rate, phosphoenolpyruvate (PEP),
6-phosphogluconate (6-PG) and

succinate

Glycolytic pathway, pentose- (Creek et al., 2015)
phosphate pathway, nucleotide,
carboxylic acid derivatives, acetate

production

trypanothione reductase (TryR)) have been investigated
(Heby et al., 2007). The polyamine spermidine present
in this pathway is conjugated with two molecules of glu-
tathione to produce the active redox trypanothione metabo-
lite. When the polyamine synthesis pathway is inhibited,
the spermidine level decreases. Moreover, inhibition of the
AdoMetDC has a trypanocidal effect (Heby et al., 2007).
AdoMetDC catalyzes the decarboxylation of S-adenosylme-
thionine which acts as a donor of aminopropyl groups in the
synthesis of spermidine (Heby et al., 2007).

Currently, old treatments are still in use, such as suramin
and pentamidine, alongside newer ones, eflornithine, NECT
and the very recently introduced fexinidazole. The therapeu-
tic targets of all these treatments have been studied. Metabo-
lomic analysis allowed to identify some of these targets and
find new pharmacological pathways of interest for trypano-
cidal drugs.

Suramin was one of the first treatments used against HAT.
It is a symmetrical, colourless, polysulfonated naphthalene
derivative. Because of its inability to cross the blood—brain
barrier, it is used to treat the first stage of the disease caused

by T. b. rhodesiense infections (Nok, 2003). It has been
shown that the drug binds to the blood’s low-density lipo-
protein (LDL) that is internalized in the trypanosome by
endocytosis (Vansterkenburg et al., 1993). Later, another
suramin uptake route was found involving the surface pro-
tein ISG75 (Alsford et al., 2012). Several hypotheses have
also been proposed on the mode of action of this molecule.
Suramin could inhibit glycolytic enzymes located in the
glycosomes (De Koning, 2020; Willson et al., 1993) and
prevent the absorption of LDL needed for parasite growth.
Indeed, over the years, various enzymes of the glucose
catabolism pathway, nucleoside triphosphate diphosphohy-
drolases and others have been defined as potential targets by
using non-metabolomics methods (Wiedemar et al., 2020).
The enzymes 3'-nucleotidase, protein kinase C (PKC), acid
phosphatase and pyrophosphatase, that are essential to the
trypanosome, may also be inhibited (Hannaert, 2011; Nok,
2003). An LC-MS metabolomics study conducted by Zolt-
ner et al., observed alterations in mitochondrial metabolism
and significantly increased pyruvate levels in the presence of
suramin. The mitochondrial changes involved partial TCA
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cycle activation (Zoltner et al., 2020). To date, suramin’s
mode of action is still not precisely explained, although its
use has exceeded one century.

Pentamidine is a diamine used in the 1*' stage of the
disease caused by T. b. gambiense, as it is little effective
against T. b. rhodesiense infections. Inhibition of trypan-
othione metabolism by pentamidine has also been demon-
strated (Nok, 2003). A non-targeted metabolomics study
provided a better understanding of pentamidine’s mode of
action on T. b. brucei in two different culture media: the
standard one (HMI11) and CMM. After 48 h incubation, a
decrease in certain metabolites levels (nucleotides, lipids,
carbohydrates and amino acids) was observed in the HMI11
medium group. In the CMM medium group, only a decrease
of phenylalanine, tryptophan and inosine was observed
(Creek et al., 2013). This study indicated the better suitabil-
ity of CMM for routine T. b. brucei culture and its significant
advantage for metabolomic studies and drug activity screen-
ings (Creek et al., 2013).

Eflornithine is an irreversible inhibitor of ODC, which,
in the polyamine synthesis pathway, enables ornithine to
be converted into putrescine, a precursor of spermidine and
trypanothione. Non-targeted LC-MS metabolomics stud-
ies have shown that eflornithine treatment at concentrations
below 20 uM causes a significant increase of ornithine and
a significant putrescine decrease, confirming previous litera-
ture data. The same observations were also made for their
acetylated forms (Vincent et al., 2012).

NECT, the nifurtimox-eflornithine combination therapy,
was developed as a better alternative for the prolonged dura-
tion of the burdensome treatment, toxicity and expensive-
ness of eflornithine alone. Major eflornithine side effects
are anemia, leukopenia, thrombocytopenia and gastroin-
testinal symptoms (Hannaert, 2011). NECT is used in the
advanced stage of the disease. A non-targeted metabolomics
study showed modulation of the levels of intermediates of
the polyamine synthesis pathway and glycolysis, as well as
those of deoxyribose and thiols. Hence, the NECT treatment
acts on several metabolic pathways (Vincent et al., 2012).

For drugs such as melarsoprol, fexinidazole, and other
antitrypanosomal compounds under development, mecha-
nisms of action and metabolites of interest were determined
using techniques other than metabolomics. Metabolomic
analysis could then offer the opportunity to confirm and
detail the role of these drugs during the treatment and help
finding their currently unknown MoAs.

Melarsoprol, an inorganic arsenic compound, is used in
the advanced stages of the HAT disease. Once taken up by
the parasite, this molecule reacts with the dithiol form of
trypanothione to form a complex known as Mel T, a com-
petitive inhibitor of the central antioxidant enzyme, trypan-
othione reductase. Decreased levels of trypanothione can
severely reduce the anti-oxidant defenses of trypanosomes,
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which is fatal to the parasite. Melarsoprol is also an inhibitor
of enzymes of the pentose-phosphate pathway and glycolysis
such as glycerol-3-phosphate dehydrogenase, 6-phosphoglu-
conate dehydrogenase, pyruvate kinase, glucose-6-phos-
phate dehydrogenase and hexokinase (Jager et al., 2013).
A series of side effects have been shown in patients treated
with melarsoprol, such as skin reactions, polyneuropathy,
diarrhea and fever. Additionally, 5 to 10% of patients devel-
oped neurological attacks and reactive encephalopathy lead-
ing to death (Fairlamb & Horn, 2018; Nok, 2003). In 2013,
WHO advised against melarsoprol for 7. b. gambiense infec-
tions and promoted its use only in case of relapse (Fairlamb
& Horn, 2018). No metabolomic studies have been reported
for this treatment, but different targeted pathways have been
described (Fairlamb & Horn, 2018; Nok, 2003).

Other potential targets and therapies are currently under
investigation. Fexinidazole is the first oral-only treatment
of both the first and second stage of sleeping sickness infec-
tions due to T. b. gambiense. Fexinidazole’s MoA is not yet
clear although it may act as other 5-nitro-imidazole derivates
and generate reactive amines that are toxic to the parasite.
Some pharmacological studies showed fexinidazole as an
active pro-drug with two active metabolites, sulfoxide and
sulfone, generated by fexinidazole’s oxidative metabolism by
a host’s cytochrome P450 and flavin-containing monooxyge-
nase (Tarral et al., 2014). Fexinidazole sulfoxide and sulfone
have both trypanocidal activity with the latter being the most
active (Torreele et al., 2010).

A few other molecules are in clinical or preclinical trials
(Table 3). Fluoropyrimidine analogues were tested by metab-
olomic analysis which revealed that 5-fluoro-2'deoxyuridine
and 5-fluoro-2'deoxycytidine inhibit the bifunctional dihy-
drofolate reductase-thymidylate synthase enzyme, causing
an increased dUMP formation, the substrate required for de
novo thymidylate biosynthesis (Ali et al., 2013; Vincent &
Barrett, 2015).

Modifications of existing drugs are being studied to avoid
resistance mechanisms of commercially available antitrypa-
nosomal drugs. Among them, diamine derivatives, oxazo-
lopyridine or thiazole-2-ethylamine. N-myristoyltransferase
(NMT) has as well been indicated as potential therapeutic
target (Berninger et al., 2017). In T. brucei, the N-myris-
toylation of proteins is due to the activity of the single-gene
encoded NMT, whose inhibition has a predictable pleio-
tropic effect on the parasite’s biology. NMT inhibition or its
depletion by RNA interference resulted in parasite growth
arrest (Price et al., 2003). A TbNMT inhibitor model
(DDD85646) showed multiple substrate implications in the
in situ killing of T. brucei BSF, both in vitro and in vivo, and
a possible endocytosis disturbance as a potential mechanism
of action. Despite the promising selectivity and potency,
this model presented some limitations as the narrow win-
dow between human NMT and TbNMT and its impossible
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CNS penetration (Frearson et al., 2010). Spinks et al. devel-
oped two TbONMT enzyme inhibitor series, thiazolidinones
and benzomorpholinones, which were validated as potent
hits for TONMT in the HAT drug discovery implementa-
tion (Spinks et al., 2015). More recently, high-throughput
screenings identified highly potent, selective, and CNS pen-
etrant TONMT inhibitors based on quinoline and indazole
scaffolds. Further research on these inhibitors is ongoing to
assess their potential as leads in drug development for treat-
ment of both stages of HAT (Harrison et al., 2018).

Metabolomics has also allowed to reveal resistance mech-
anisms. In the case of eflornithine, targeted metabolomics
showed that in a T. b. brucei resistant line, eflornithine levels
were significantly reduced. Genetic analysis of eflornithine
resistant subspecies showed an absence of the TDAAT6 gene,
which encodes an amino acid transporter. However, in this
study, no metabolic changes were found to be significant,
even for the polyamine synthesis pathway, contrary to what
had been expected (Vincent et al., 2010).

T. brucei is auxotrophic for a number of amino acids
which are needed, not only for functional protein synthe-
sis, but also across its different lifecycle stages for different
cellular functions (Marchese et al., 2018). During a trypa-
nosomal infection, aromatic amino acids (tryptophan, phe-
nylalanine and tyrosine) are depleted from the host plasma,
forcing the parasite to use exogenous sources to generate
the respective a-ketoacids from which these amino acids are
produced by transamination (Cockram et al., 2020). Given
the importance of amino acid uptake and metabolism for
T. brucei survival and virulence, amino acid metabolism
is an additional validated target for HAT treatment. Eflor-
nithine represents an established example of a non-natural
amino acid analogue that targets amino acid metabolism
by inhibiting ODC through covalent modification (Grishin
et al., 1999). Furthermore, some non-natural tryptophan ana-
logues have shown significant trypanocidal activity without
clearly identifiable targets, but with confirmed disruption
of transamination processes within the parasite (Cockram
et al., 2020). Future studies on amino acid metabolism and
functional processes can be used to help future new antit-
rypanosomal drugs development.

Products from plants and fungi with anti-trypanosome
activities have also been studied through metabolomics. Fun-
gal endophytes offer diverse and unique secondary metabo-
lites which form a source of interesting active compounds.
Extracts of the endophytic fungus Aspergillus flocculus
from the medicinal plant Markhamia platycalyx have been
reported as effective anti-trypanosome agents by Tawfike
et al. (Tawfike et al., 2019). The bioactivity-guided isolation
showed significantly enhanced antitrypanosomal activity of
3-hydroxymelin and diorcinol compared to other compounds
identified by MS, such as ergosterol, campesterol, kojic
acid, etc. This study revealed that antitrypanosomal activity

could be due to synergistic activity of several compounds.
Metabolomics was used to define the metabolites mediat-
ing the bioactivity of the fungal fermentation culture. A set
of metabolites with level 4 identification were found using
LC-MS. The combination of NMR and GC-MS allowed
the identification of 19 antitrypanosomal metabolites. This
example shows that metabolomics simplifies the active prin-
ciple’s identification process in natural extract components
(Tawfike et al., 2019).

Extracts of the endophyte Lasiodiplodia theobromae from
fresh healthy leaves of Vitex pinnata also showed significant
activity. Metabolomic analysis revealed that the following
metabolites were responsible for this activity: cladospirone
B, desmethyl-lasiodiplodine and R-(-)-melamine (Kamal
et al., 2017).

Likewise, non-targeted metabolomics confirmed polyam-
ine synthesis as a target of interest. The use of non-targeted
metabolomics permits to identify the metabolites modulated
by a compound with trypanocidal activity (Table 3).

4 Conclusions and future directions

Parasite metabolomics is a rapidly expanding field. In order
to have robust metabolomic information and cover the entire
metabolome, it is important to combine several analytical
techniques. LC-MS provides more information than NMR
but requires considerably longer sample preparation time.
Both techniques are generally presented as complementary
methods that allow to cover a broader range of metabolites.
An important consideration would be to standardize the
extraction and metabolomic analysis methods using inter-
nal standards which can be, as mentioned above, labelled
molecules. An analytical limitation to metabolomic analysis
of parasites relies on the lack of dedicated databases. To
date, “Trypanocyc” (http://www.metexplore.fr/trypanocyc/)
is the most extensive database dedicated to 7. brucei metab-
olism (Shameer et al., 2015). Nonetheless, metabolomic
analyses applied to trypanosomes have revealed potential
markers of pharmacological interest. This allowed the iden-
tification of therapeutic targets, such as the polyamine syn-
thesis pathway in addition to glycolysis, the most studied
metabolic process. More metabolomics research should be
performed on T. b. brucei as it has been the case for Plas-
modium and Leishmania in recent years. This would allow
new drug targets identification to address the resistance
problems shown by most drugs, as well as to confirm resist-
ance mechanisms identified in other studies, e.g. involving
genetics and proteomics. For instance, in Plasmodium fal-
ciparum, metabolomics has made it possible to highlight
important metabolomic pathways, such as the biosynthesis
of isoprenoids, fatty acids and folate (Allman et al., 2016).
In Leishmania, a large number of metabolites belonging to
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several metabolic pathways were found to be interesting for
the characterization of metabolic events (Atan et al., 2018;
Saunders et al., 2021). Bloodstream forms of trypanosomes
can be observed in two morphologically and metabolically
different forms: the long slender trypomastigote and short
stumpy trypomastigote, with the short stumpy trypomastig-
otes having more metabolic similarities, although still being
different, with the insect-stage procyclic form. It is therefore
important to define the appropriate parasite life cycle stage
when performing metabolomics studies. The combination of
metabolomics with fluxomics allows a better understanding
of the central carbon distribution within a metabolism, and
similarly, provides information on the production, levels and
turnover rates of the different 7. b. brucei metabolites.

To determine the mode of action of drugs or identify
therapeutic drugs targets, metabolomics has emerged as an
effective methodology. Nowadays, most existing treatments
available for T. brucei infections are complicated by several
resistance mechanisms and toxic side effects. Other mol-
ecules are under development and metabolomics is today
the most versatile and fastest method to study their efficacy
on trypanosomal metabolism. Metabolomics may also help
to rapidly identify the active molecules present in extracts
from plants with trypanocidal activity and obtain further
information on their targets/mode of action. Application
of metabolomics appears thus very promising in the fight
against parasitic diseases, including trypanosomiasis.

Funding Laura Schioppa is a Research Fellow of the Fonds de la
Recherche Scientifique — FNRS.

Declarations

Conflict of interest The authors declare no conflict of interest.

References

Ajoko, C., & Steverding, D. (2015). A cultivation method for growing
bloodstream forms of Trypanosoma brucei to higher cell density
and for longer time. Parasitology Research, 114, 1611-1612.
https://doi.org/10.1007/s00436-015-4346-x

Ali, J. A. M., Creek, D. J., Burgess, K., Allison, H. C., Field, M. C.,
Miser, P., & De Koning, H. P. (2013). Pyrimidine salvage in
Trypanosoma brucei bloodstream forms and the trypanocidal
action of halogenated pyrimidiness. Molecular Pharmacology,
83, 439-453. https://doi.org/10.1124/mol.112.082321

Alkhaldi, A. A. M., Creek, D. J., Ibrahim, H., Kim, D.-H., Quashie, N.
B., Burgess, K. E., Changtam, C., Barrett, M. P., Suksamrarn, A.,
& de Koning, H. P. (2015). Potent trypanocidal curcumin analogs
bearing a monoenone linker motif act on Trypanosoma brucei by
forming an adduct with trypanothione. Molecular Pharmacol-
ogy, 87,451-464. https://doi.org/10.1124/mol.114.096016

Allman, E. L., Painter, H. J., Samra, J., Carrasquilla, M., & Llinas,
M. (2016). Metabolomic profiling of the malaria box reveals

@ Springer

antimalarial target pathways. Antimicrobial Agents and Chemo-
therapy, 60, 6635-6649. https://doi.org/10.1128/AAC.01224-16

Alsford, S., Eckert, S., Baker, N., Glover, L., Sanchez-Flores, A.,
Leung, K. F.,, Turner, D. J., Field, M. C., Berriman, M., & Horn,
D. (2012). High-throughput decoding of antitrypanosomal drug
efficacy and resistance. Nature, 482, 232-236. https://doi.org/
10.1038/nature10771

Aslett, M., Aurrecoechea, C., Berriman, M., Brestelli, J., Brunk, B.
P., Carrington, M., Depledge, D. P., Fischer, S., Gajria, B., Gao,
X., Gardner, M. J., Gingle, A., Grant, G., Harb, O. S., Heiges,
M., Hertz-Fowler, C., Houston, R., Innamorato, F., Iodice, J., ...
Wang, H. (2010). Drug resistance in African trypanosomiasis:
The melarsoprol and pentamidine story. Trends Parasitology, 29,
110-118.

Atan, N. A. D., Koushki, M., Ahmadi, N. A., & Rezaei-Tavirani, M.
(2018). Metabolomics-based studies in the field of Leishmania/
leishmaniasis. Alex. J. Med., 54, 383-390. https://doi.org/10.
1016/j.ajme.2018.06.002

Baker, N., de Koning, H. P., Miser, P., & Horn, D. (2013). Drug resist-
ance in African trypanosomiasis: the melarsoprol and pentami-
dine story. Trends in Parasitology, 29(3), 110-118. https://doi.
org/10.1016/j.pt.2012.12.005

Bakker, B. M., Michels, P. A. M., Opperdoes, F. R., & Westerhoff, H.
V. (1999). What controls glycolysis in bloodstream form Trypa-
nosoma brucei? Journal of Biological Chemistry, 274, 14551—
14559. https://doi.org/10.1074/jbc.274.21.14551

Barrett, M. P., Bakker, B. M., & Breitling, R. (2010). Metabolomic
systems biology of trypanosomes. Parasitology, 137, 1285-1290.
https://doi.org/10.1017/S003118201000017X

Begolo, D., Vincent, I. M., Giordani, F., Pohner, 1., Witty, M. J.,
Rowan, T. G., Bengaly, Z., Gillingwater, K., Freund, Y., Wade,
R. C., Barrett, M. P., & Clayton, C. (2018). The trypanocidal
benzoxaborole AN7973 inhibits trypanosome mRNA processing.
PLoS Pathogens, 14,e1007315. https://doi.org/10.1371/journal.
ppat.1007315

Berninger, M., Schmidt, 1., Ponte-Sucre, A., & Holzgrabe, U. (2017).
Novel lead compounds in pre-clinical development against Afri-
can sleeping sickness. MedChemComm, 8, 1872—1890. https://
doi.org/10.1039/c7md00280g

Besteiro, S., Biran, M., Biteau, N., Coustou, V., Baltz, T., Canioni,
P., & Bringaud, F. (2002). Succinate secreted by Trypanosoma
brucei Is produced by a novel and unique glycosomal enzyme,
NADH-dependent fumarate reductase. Journal of Biological
Chemistry, 277, 38001-38012. https://doi.org/10.1074/jbc.
M201759200

Bringaud, F., Biran, M., Millerioux, Y., Wargnies, M., Allmann, S.,
& Mazet, M. (2015). Combining reverse genetics and nuclear
magnetic resonance-based metabolomics unravels trypanosome-
specific metabolic pathways. Molecular Microbiology, 96, 917—
926. https://doi.org/10.1111/mmi.12990

Burgess, K., Creek, D., Dewsbury, P., Cook, K., & Barrett, M. P.
(2011). Semi-targeted analysis of metabolites using capillary-
flow ion chromatography coupled to high-resolution mass spec-
trometry. Rapid Communications in Mass Spectrometry : RCM,
25(22), 3447-3452. https://doi.org/10.1002/rcm.5247

Chaleckis, R., Meister, 1., Zhang, P., & Wheelock, C. E. (2019). Chal-
lenges, progress and promises of metabolite annotation for LC—
MS-based metabolomics. Current Opinion Biotechnology, 55,
44-50. https://doi.org/10.1016/j.copbio.2018.07.010

Chong, J., Soufan, O., Li, C., Caraus, I, Li, S., Bourque, G., Wishart,
D. S., & Xia, J. (2018). MetaboAnalyst 4.0: Towards more trans-
parent and integrative metabolomics analysis. Nucleic Acids
Research, 46, W486—W494. https://doi.org/10.1093/nar/gky310

Cockram, P. E., Dickie, E. A., Barrett, M. P., & Smith, T. K. (2020).
Halogenated tryptophan derivatives disrupt essential transami-
nation mechanisms in bloodstream form Trypanosoma brucei.


https://doi.org/10.1007/s00436-015-4346-x
https://doi.org/10.1124/mol.112.082321
https://doi.org/10.1124/mol.114.096016
https://doi.org/10.1128/AAC.01224-16
https://doi.org/10.1038/nature10771
https://doi.org/10.1038/nature10771
https://doi.org/10.1016/j.ajme.2018.06.002
https://doi.org/10.1016/j.ajme.2018.06.002
https://doi.org/10.1016/j.pt.2012.12.005
https://doi.org/10.1016/j.pt.2012.12.005
https://doi.org/10.1074/jbc.274.21.14551
https://doi.org/10.1017/S003118201000017X
https://doi.org/10.1371/journal.ppat.1007315
https://doi.org/10.1371/journal.ppat.1007315
https://doi.org/10.1039/c7md00280g
https://doi.org/10.1039/c7md00280g
https://doi.org/10.1074/jbc.M201759200
https://doi.org/10.1074/jbc.M201759200
https://doi.org/10.1111/mmi.12990
https://doi.org/10.1002/rcm.5247
https://doi.org/10.1016/j.copbio.2018.07.010
https://doi.org/10.1093/nar/gky310

Trypanosoma brucei: Metabolomics for analysis of cellular metabolism and drug discovery

Page150f18 20

PLoS Neglected Tropical Diseases, 14, €0008928. https://doi.
org/10.1371/journal.pntd.0008928

Creek, D. I., Mazet, M., Achcar, F., Anderson, J., Kim, D.-H., Kamour,
R., Morand, P., Millerioux, Y., Biran, M., Kerkhoven, E. J.,
Chokkathukalam, A., Weidt, S. K., Burgess, K. E. V., Breitling,
R., Watson, D. G., Bringaud, F., & Barrett, M. P. (2015). Probing
the metabolic network in bloodstream-form Trypanosoma bru-
cei using untargeted metabolomics with stable isotope labelled
glucose. PLoS Pathogens, 11,e1004689. https://doi.org/10.1371/
journal.ppat.1004689

Creek, D. J., Nijagal, B., Kim, D.-H., Rojas, F., Matthews, K. R., &
Barrett, M. P. (2013). Metabolomics guides rational development
of a simplified cell culture medium for drug screening against
Trypanosoma brucei. Antimicrobial Agents and Chemotherapy,
57,2768-2779. https://doi.org/10.1128/ AAC.00044-13

Crilly, N. P., & Mugnier, M. R. (2021). Thinking outside the blood:
Perspectives on tissue-resident Trypanosoma brucei. PLoS
Pathogens, 17, €1009866. https://doi.org/10.1371/journal.ppat.
1009866

Das, A., Biswas, N., Chakrabarti, S., 2020. Leish-ExP: a data-
base of exclusive proteins from Leishmania parasite. bioRxiv
2020.05.04.076851; doi: https://doi.org/10.1101/2020.05.04.
076851

De Koning, H. (2020). The Drugs of Sleeping Sickness: Their Mecha-
nisms of Action and Resistance, and a Brief History. Tropical
Medicine Infectious Disease. https://doi.org/10.3390/tropicalme
d5010014

Deeks, E. D. (2019). Fexinidazole: First global approval. Drugs, 79,
215-220. https://doi.org/10.1007/s40265-019-1051-6

Dickie, E. A., Giordani, F., Gould, M. K., Miser, P., Burri, C., Mot-
tram, J. C., Rao, S. P. S., & Barrett, M. P. (2020). New drugs for
human African Trypanosomiasis: A twenty first century success
story. Tropical Medicine Infectious Disease, 5, 29. https://doi.
org/10.3390/tropicalmed5010029

Dona, A. C., Kyriakides, M., Scott, F., Shephard, E. A., Varshavi, D.,
Veselkov, K., & Everett, J. R. (2016). A guide to the identifica-
tion of metabolites in NMR-based metabonomics/metabolomics
experiments. Computational and Structural Biotechnology Jour-
nal, 14, 135-153. https://doi.org/10.1016/j.csbj.2016.02.005

Doyle, M. A., MacRae, J. I., De Souza, D. P., Saunders, E. C., McCo-
nville, M. J., & Liki¢, V. A. (2009). LeishCyc: A biochemical
pathways database for Leishmania major. BMC Systems Biology,
3, 57. https://doi.org/10.1186/1752-0509-3-57

Dunn, W. B., Erban, A., Weber, R. J. M., Creek, D. J., Brown, M., Brei-
tling, R., Hankemeier, T., Goodacre, R., Neumann, S., Kopka, J.,
& Viant, M. R. (2013). Mass appeal: Metabolite identification in
mass spectrometry-focused untargeted metabolomics. Metabo-
lomics, 9, 44—66. https://doi.org/10.1007/s11306-012-0434-4

Fairlamb, A. H., & Horn, D. (2018). Melarsoprol resistance in African
trypanosomiasis. Trends in Parasitology, 34, 481-492. https://
doi.org/10.1016/j.pt.2018.04.002

Fatarova, M., Bellvert, F., Cahoreau, E., Bringaud, F., & Portais, J.-C.
(2016). Methods to Investigate Metabolic Systems in Trypano-
soma. Comprehensive Analysis of Parasite Biology: From Metab-
olism to Drug Discovery (pp. 295-320). US: John Wiley & Sons.

Fiehn, O. (2016). Metabolomics by Gas Chromatography-Mass Spec-
trometry: the combination of targeted and untargeted profiling.
Current Protocols in Molecular Biology, 114, 3041-30432.

Fiehn, O., Robertson, D., Griffin, J., van der Werf, M., Nikolau, B.,
Morrison, N., Sumner, L. W., Hardy, N. W., Taylor, C., Lindon, J.
C., Sansone, S. A., & Sansone, S. A. (2007). The metabolomics
standards initiative (MSI). Metabolomics, 3(3), 175-178.

Franco, J., Scarone, L., & Comini, M. A. (2018). Chapter Three - Drugs
and Drug Resistance in African and American Trypanosomia-
sis. In M. Botta (Ed.), Annual Reports in Medicinal Chemistry,

Neglected Diseases: Extensive Space for Modern Drug Discov-
ery (pp. 97-133). US: Academic Press.

Frearson, J. A., Brand, S., McElroy, S. P., Cleghorn, L. A. T., Smid,
0., Stojanovski, L., Price, H. P., Guther, M. L. S., Torrie, L.
S., Robinson, D. A., Hallyburton, 1., Mpamhanga, C. P., Bran-
nigan, J. A., Wilkinson, A. J., Hodgkinson, M., Hui, R., Qiu,
W., Raimi, O. G., van Aalten, D. M. F., ... Wyatt, P. G. (2010).
N-Myristoyltransferase inhibitors as new leads to treat sleep-
ing sickness. Nature, 464, 728-732. https://doi.org/10.1038/
nature08893

Fridberg, A., Olson, C. L., Nakayasu, E. S., Tyler, K. M., Almeida, 1.
C., & Engman, D. M. (2008). Sphingolipid synthesis is neces-
sary for kinetoplast segregation and cytokinesis in Trypanosoma
brucei. Journal of Cell Science, 121, 522-535. https://doi.org/
10.1242/jcs.016741

Giacomoni, F., Le Corguillé, G., Monsoor, M., Landi, M., Pericard,
P., Pétéra, M., Duperier, C., Tremblay-Franco, M., Martin, J.-F.,
Jacob, D., Goulitquer, S., Thévenot, E. A., & Caron, C. (2015).
Workflow4Metabolomics: A collaborative research infrastructure
for computational metabolomics. Bioinformatics, 31, 1493-1495.
https://doi.org/10.1093/bioinformatics/btu813

Grapov, D., Wanichthanarak, K., & Fiehn, O. (2015). MetaMapR: Path-
way independent metabolomic network analysis incorporating
unknowns. Bioinforma. Oxf. Engl., 31, 2757-2760. https://doi.
org/10.1093/bioinformatics/btv194

Grishin, N. V., Osterman, A. L., Brooks, H. B., Phillips, M. A., &
Goldsmith, E. J. (1999). X-ray structure of ornithine decarbox-
ylase from Trypanosoma brucei: The native structure and the
structure in complex with alpha-difluoromethylornithine. Bio-
chemistry, 38, 15174-15184. https://doi.org/10.1021/bi9915115

Gu, X., Reid, D., Higham, D. J., & Gilbert, D. (2013). Mathematical
modelling of polyamine metabolism in bloodstream-form Trypa-
nosoma brucei: An application to drug target identification. PLoS
ONE. https://doi.org/10.1371/journal.pone.0053734

Gualdréon-Lépez, M., Brennand, A., Hannaert, V., Quifiones, W.,
Céceres, A. J., Bringaud, F., Concepcién, J. L., & Michels, P. A.
M. (2012). When, how and why glycolysis became compartmen-
talised in the Kinetoplastea. A new look at an ancient organelle.
International Journal for Parasitology, 42, 1-20. https://doi.org/
10.1016/j.ijpara.2011.10.007

Hannaert, V. (2011). Sleeping sickness pathogen (Trypanosoma brucei)
and natural products: Therapeutic targets and screening systems.
Planta Medica, 77, 586-597. https://doi.org/10.1055/s-0030-
1250411

Harrison, J. R., Brand, S., Smith, V., Robinson, D. A., Thompson, S.,
Smith, A., Davies, K., Mok, N., Torrie, L. S., Collie, 1., Hallybur-
ton, I., Norval, S., Simeons, F. R. C., Stojanovski, L., Frearson, J.
A., Brenk, R., Wyatt, P. G., Gilbert, I. H., & Read, K. D. (2018).
A molecular hybridization approach for the design of potent,
highly selective, and brain-penetrant N-Myristoyltransferase
inhibitors. Journal of Medicinal Chemistry, 61, 8374-8389.
https://doi.org/10.1021/acs.jmedchem.8b00884

Heby, O., Persson, L., & Rentala, M. (2007). Targeting the polyamine
biosynthetic enzymes: A promising approach to therapy of Afri-
can sleeping sickness, Chagas’ disease, and leishmaniasis. Amino
Acids, 33, 359-366. https://doi.org/10.1007/s00726-007-0537-9

Hendriks, E., van Deursen, F. J., Wilson, J., Sarkar, M., Timms, M.,
& Matthews, K. R. (2000). Life-cycle differentiation in Trypa-
nosoma brucei: Molecules and mutants. Biochemical Society
Transactions, 28, 531-536. https://doi.org/10.1042/bst0280531

Hirumi, H., Doyle, J. J., & Hirumi, K. (1977). Cultivation of blood-
stream Trypanosoma brucei. Bulletin of the World Health Organ-
ization, 55, 405—409.

Jacobs, R. T., Nare, B., Wring, S. A., Orr, M. D., Chen, D., Sligar,
J. M., Jenks, M. X., Noe, R. A., Bowling, T. S., Mercer, L. T.,
Rewerts, C., Gaukel, E., Owens, J., Parham, R., Randolph, R.,

@ Springer


https://doi.org/10.1371/journal.pntd.0008928
https://doi.org/10.1371/journal.pntd.0008928
https://doi.org/10.1371/journal.ppat.1004689
https://doi.org/10.1371/journal.ppat.1004689
https://doi.org/10.1128/AAC.00044-13
https://doi.org/10.1371/journal.ppat.1009866
https://doi.org/10.1371/journal.ppat.1009866
https://doi.org/10.1101/2020.05.04.076851
https://doi.org/10.1101/2020.05.04.076851
https://doi.org/10.3390/tropicalmed5010014
https://doi.org/10.3390/tropicalmed5010014
https://doi.org/10.1007/s40265-019-1051-6
https://doi.org/10.3390/tropicalmed5010029
https://doi.org/10.3390/tropicalmed5010029
https://doi.org/10.1016/j.csbj.2016.02.005
https://doi.org/10.1186/1752-0509-3-57
https://doi.org/10.1007/s11306-012-0434-4
https://doi.org/10.1016/j.pt.2018.04.002
https://doi.org/10.1016/j.pt.2018.04.002
https://doi.org/10.1038/nature08893
https://doi.org/10.1038/nature08893
https://doi.org/10.1242/jcs.016741
https://doi.org/10.1242/jcs.016741
https://doi.org/10.1093/bioinformatics/btu813
https://doi.org/10.1093/bioinformatics/btv194
https://doi.org/10.1093/bioinformatics/btv194
https://doi.org/10.1021/bi9915115
https://doi.org/10.1371/journal.pone.0053734
https://doi.org/10.1016/j.ijpara.2011.10.007
https://doi.org/10.1016/j.ijpara.2011.10.007
https://doi.org/10.1055/s-0030-1250411
https://doi.org/10.1055/s-0030-1250411
https://doi.org/10.1021/acs.jmedchem.8b00884
https://doi.org/10.1007/s00726-007-0537-9
https://doi.org/10.1042/bst0280531

20 Page 16 of 18

F.Fall et al.

Beaudet, B., Bacchi, C. J., Yarlett, N., Plattner, J. J., ... Don,
R. (2011). SCYX-7158, an orally-active Benzoxaborole for the
treatment of stage 2 human African trypanosomiasis. PLoS
Neglected Tropical Diseases, 5, e1151. https://doi.org/10.1371/
journal.pntd.0001151

Jager, T., Koch, O., & Flohé, L. (2013). Trypanosomatid Diseases:
Molecular Routes to Drug Discovery. US: John Wiley & Sons.

Johnston, K., Kim, D.-H., Kerkhoven, E. J., Burchmore, R., Barrett, M.
P., & Achcar, F. (2019). Mapping the metabolism of five amino
acids in bloodstream form Trypanosoma brucei using U-13C-la-
belled substrates and LC-MS. Bioscience Reports. https://doi.
org/10.1042/BSR20181601

Kamal, N., Viegelmann, C. V., Clements, C. J., & Edrada-Ebel, R.
(2017). Metabolomics-guided isolation of anti-trypanoso-
mal metabolites from the endophytic fungus Lasiodiplodia
theobromae. Planta Medica, 83, 565-573. https://doi.org/10.
1055/5-0042-118601

Kamleh, M. A., Hobani, Y., Dow, J. A., & Watson, D. G. (2008).
Metabolomic profiling of Drosophila using liquid chromatogra-
phy Fourier transform mass spectrometry. FEBS Letters, 582(19),
2916-2922. https://doi.org/10.1016/j.febslet.2008.07.029

Kanehisa, M., & Goto, S. (2000). KEGG: Kyoto encyclopedia of genes
and genomes. Nucleic Acids Research, 28, 27-30.

Kerkhoven, E. J., Achcar, F., Alibu, V. P., Burchmore, R. J., Gilbert,
I. H., Trybito, M., Driessen, N. N., Gilbert, D., Breitling, R.,
Bakker, B. M., & Barrett, M. P. (2013). Handling uncertainty in
dynamic models: The pentose phosphate pathway in Trypano-
soma brucei. PLoS Computational Biology, 9, €1003371. https://
doi.org/10.1371/journal.pcbi.1003371

Kim, D.-H., Achcar, F., Breitling, R., Burgess, K. E., & Barrett,
M. P. (2015). LC-MS-based absolute metabolite quantifica-
tion: Application to metabolic flux measurement in trypano-
somes. Metabolomics, 11, 1721-1732. https://doi.org/10.1007/
s11306-015-0827-2

Kovarova, J., Nagar, R., Faria, J., Ferguson, M. A. J,, Barrett, M. P., &
Horn, D. (2018). Gluconeogenesis using glycerol as a substrate in
bloodstream-form Trypanosoma brucei. PLoS Pathogens. https://
doi.org/10.1371/journal.ppat.1007475

Kubata, B. K., Duszenko, M., Kabututu, Z., Rawer, M., Szallies, A.,
Fujimori, K., Inui, T., Nozaki, T., Yamashita, K., Horii, T.,
Urade, Y., & Hayaishi, O. (2000). Identification of a novel pros-
taglandin f(2alpha) synthase in Trypanosoma brucei. Journal
of Experimental Medicine, 192, 1327-1338. https://doi.org/10.
1084/jem.192.9.1327

Lamour, N., Riviere, L., Coustou, V., Coombs, G. H., Barrett, M. P.,
& Bringaud, F. (2005). Proline metabolism in procyclic Trypa-
nosoma brucei is down-regulated in the presence of glucose. J
Biol Chem, 280, 11902-11910.

Leroux, A. E., & Krauth-Siegel, R. L. (2016). Thiol redox biology of
trypanosomatids and potential targets for chemotherapy. Molecu-
lar and Biochemical Parasitology, 206, 67-74. https://doi.org/10.
1016/j.molbiopara.2015.11.003

Li, S., Park, Y., Duraisingham, S., Strobel, F. H., Khan, N., Soltow,
Q. A., Jones, D. P., & Pulendran, B. (2013). Predicting network
activity from high throughput metabolomics. PLoS Computa-
tional Biology, 9, €1003123. https://doi.org/10.1371/journal.
pcbi. 1003123

Linstead, D. J., Klein, R. A., & Cross, G. A. (1977). Threonine catabo-
lism in Trypanosoma brucei. Journal of General Microbiology,
101, 243-251. https://doi.org/10.1099/00221287-101-2-243

Little, J. L., Williams, A. J., Pshenichnov, A., & Tkachenko, V.
(2012). Identification of “known unknowns” utilizing accurate
mass data and ChemSpider. Journal of the American Society
for Mass Spectrometry, 23, 179-185. https://doi.org/10.1007/
s13361-011-0265-y

@ Springer

Long, C. P, & Antoniewicz, M. R. (2019). High-resolution 13C meta-
bolic flux analysis. Nature Protocols, 14,2856-2877. https://doi.
org/10.1038/s41596-019-0204-0

Madji Hounoum, B., Blasco, H., Emond, P., & Mavel, S. (2016). Lig-
uid chromatography-high-resolution mass spectrometry-based
cell metabolomics: Experimental design, recommendations, and
applications. TrAC, Trends in Analytical Chemistry, 75, 118—128.
https://doi.org/10.1016/j.trac.2015.08.003

Mantilla, B. S., Marchese, L., Casas-Sanchez, A., Dyer, N. A., Ejeh,
N., Biran, M., Bringaud, F., Lehane, M. J., Acosta-Serrano,
A., & Silber, A. M. (2017). Proline metabolism is essential for
Trypanosoma brucei brucei survival in the tsetse vector. PLoS
Pathogens, 13, €1006158. https://doi.org/10.1371/journal.ppat.
1006158

Marchese, L., de Nascimento, J. F., Damasceno, F. S., Bringaud,
F., Michels, P. A. M., & Silber, A. M. (2018). The uptake and
metabolism of amino acids, and their unique role in the biology
of pathogenic trypanosomatids. Pathogens, 7, 36.

Matthews, K. R. (2005). The developmental cell biology of Trypano-
soma brucei. Journal of Cell Science, 118, 283-290. https://doi.
org/10.1242/jcs.01649

Mazet, M., Morand, P., Biran, M., Bouyssou, G., Courtois, P., Dau-
louede, S., Millerioux, Y., Franconi, J.-M., Vincendeau, P.,
Moreau, P., & Bringaud, F. (2013). Revisiting the central metab-
olism of the bloodstream forms of Trypanosoma brucei: Pro-
duction of acetate in the mitochondrion is essential for parasite
viability. PLoS Neglected Tropical Diseases, 7, €2587. https://
doi.org/10.1371/journal.pntd.0002587

Michels, P. A. M., Villafraz, O., Pineda, E., Alencar, M. B., Caceres, A.
J., Silber, A. M., & Bringaud, F. (2021). Carbohydrate metabo-
lism in trypanosomatids: New insights revealing novel complex-
ity, diversity and species-unique features. Experimental Para-
sitology, 224, 108102. https://doi.org/10.1016/j.exppara.2021.
108102

Millerioux, Y., Ebikeme, C., Biran, M., Morand, P., Bouyssou, G., Vin-
cent, I. M., Mazet, M., Riviere, L., Franconi, J.-M., Burchmore,
R.J. S., Moreau, P., Barrett, M. P., & Bringaud, F. (2013). The
threonine degradation pathway of the Trypanosoma brucei pro-
cyclic form: The main carbon source for lipid biosynthesis is
under metabolic control. Molecular Microbiology, 90, 114—129.
https://doi.org/10.1111/mmi.12351

Mochizuki, K., Inaoka, D. K., Mazet, M., Shiba, T., Fukuda, K., Kura-
sawa, H., Millerioux, Y., Boshart, M., Balogun, E. O., Harada, S.,
Hirayama, K., Bringaud, F., & Kita, K. (2020). The ASCT/SCS
cycle fuels mitochondrial ATP and acetate production in Trypa-
nosoma brucei. Biochimica Et Biophysica Acta, Bioenergetics,
1861, 148283. https://doi.org/10.1016/j.bbabio.2020.148283

Nok, A. J. (2003). Arsenicals (melarsoprol), pentamidine and suramin
in the treatment of human African trypanosomiasis. Parasitology
Research, 90, 71-79. https://doi.org/10.1007/500436-002-0799-9

Nolan, D. P., Rolin, S., Rodriguez, J. R., Abbeele, J. V. D., & Pays,
E. (2000). Slender and stumpy bloodstream forms of Trypano-
soma brucei display a differential response to extracellular acidic
and proteolytic stress. European Journal of Biochemistry, 267,
18-27. https://doi.org/10.1046/j.1432-1327.2000.00935.x

Pineda, E., Thonnus, M., Mazet, M., Mourier, A., Cahoreau, E., Kulyk,
H., Dupuy, J.-W., Biran, M., Masante, C., Allmann, S., Riviére,
L., Rotureau, B., Portais, J.-C., & Bringaud, F. (2018). Glycerol
supports growth of the Trypanosoma brucei bloodstream forms
in the absence of glucose: Analysis of metabolic adaptations on
glycerol-rich conditions. PLoS Pathogens, 14, €1007412. https://
doi.org/10.1371/journal.ppat. 1007412

Pinu, F. R., Villas-Boas, S. G., & Aggio, R. (2017). Analysis of intra-
cellular metabolites from microorganisms: Quenching and
extraction protocols. Metabolites. https://doi.org/10.3390/metab
07040053


https://doi.org/10.1371/journal.pntd.0001151
https://doi.org/10.1371/journal.pntd.0001151
https://doi.org/10.1042/BSR20181601
https://doi.org/10.1042/BSR20181601
https://doi.org/10.1055/s-0042-118601
https://doi.org/10.1055/s-0042-118601
https://doi.org/10.1016/j.febslet.2008.07.029
https://doi.org/10.1371/journal.pcbi.1003371
https://doi.org/10.1371/journal.pcbi.1003371
https://doi.org/10.1007/s11306-015-0827-2
https://doi.org/10.1007/s11306-015-0827-2
https://doi.org/10.1371/journal.ppat.1007475
https://doi.org/10.1371/journal.ppat.1007475
https://doi.org/10.1084/jem.192.9.1327
https://doi.org/10.1084/jem.192.9.1327
https://doi.org/10.1016/j.molbiopara.2015.11.003
https://doi.org/10.1016/j.molbiopara.2015.11.003
https://doi.org/10.1371/journal.pcbi.1003123
https://doi.org/10.1371/journal.pcbi.1003123
https://doi.org/10.1099/00221287-101-2-243
https://doi.org/10.1007/s13361-011-0265-y
https://doi.org/10.1007/s13361-011-0265-y
https://doi.org/10.1038/s41596-019-0204-0
https://doi.org/10.1038/s41596-019-0204-0
https://doi.org/10.1016/j.trac.2015.08.003
https://doi.org/10.1371/journal.ppat.1006158
https://doi.org/10.1371/journal.ppat.1006158
https://doi.org/10.1242/jcs.01649
https://doi.org/10.1242/jcs.01649
https://doi.org/10.1371/journal.pntd.0002587
https://doi.org/10.1371/journal.pntd.0002587
https://doi.org/10.1016/j.exppara.2021.108102
https://doi.org/10.1016/j.exppara.2021.108102
https://doi.org/10.1111/mmi.12351
https://doi.org/10.1016/j.bbabio.2020.148283
https://doi.org/10.1007/s00436-002-0799-9
https://doi.org/10.1046/j.1432-1327.2000.00935.x
https://doi.org/10.1371/journal.ppat.1007412
https://doi.org/10.1371/journal.ppat.1007412
https://doi.org/10.3390/metabo7040053
https://doi.org/10.3390/metabo7040053

Trypanosoma brucei: Metabolomics for analysis of cellular metabolism and drug discovery

Page170f18 20

Podolec, P., Szab6, A. H., Blasko, J., Kubinec, R., Gérova, R.,
Vistovsky, J., Gnipova, A., Horvéth, A., Bierhanzl, V., HloZek,
T., & Cabala, R. (2014). Direct silylation of Trypanosoma brucei
metabolites in aqueous samples and their GC-MS/MS analysis.
Journal of Chromatograpgy, 967, 134—138. https://doi.org/10.
1016/j.jchromb.2014.07.023

Price, H. P,, Menon, M. R., Panethymitaki, C., Goulding, D., McKean,
P. G., & Smith, D. F. (2003). Myristoyl-CoA:Protein N-myris-
toyltransferase, an essential enzyme and potential drug target in
kinetoplastid parasites. Journal of Biological Chemistry, 278,
7206-7214. https://doi.org/10.1074/jbc.M211391200

Richmond, G. S., Gibellini, F., Young, S. A., Major, L., Denton, H.,
Lilley, A., & Smith, T. K. (2010). Lipidomic analysis of blood-
stream and procyclic form Trypanosoma brucei. Parasitology,
137, 1357-1392. https://doi.org/10.1017/S0031182010000715

Rico, E., Rojas, F., Mony, B. M., Szoor, B., MacGregor, P., & Mat-
thews, K. R. (2013). Bloodstream form pre-adaptation to the
tsetse fly in Trypanosoma brucei. Front Cell Infect Microbiol-
ogy. https://doi.org/10.3389/fcimb.2013.00078

Saunders, E. C., Sernee, M. F., Ralton, J. E., & McConville, M. J.
(2021). Metabolic stringent response in intracellular stages of
Leishmania. Current Opinion in Microbiology, 63, 126—132.
https://doi.org/10.1016/j.mib.2021.07.007

Shameer, S., Logan-Klumpler, F. J., Vinson, F., Cottret, L., Merlet, B.,
Achcar, F., Boshart, M., Berriman, M., Breitling, R., Bringaud,
F., Biitikofer, P., Cattanach, A. M., Bannerman-Chukualim, B.,
Creek, D. J., Crouch, K., de Koning, H. P., Denise, H., Ebikeme,
C., Fairlamb, A. H., ... Jourdan, F. (2015). TrypanoCyc: A com-
munity-led biochemical pathways database for Trypanosoma
brucei. Nucleic Acids Research, 43, D637-644. https://doi.org/
10.1093/nar/gku944

Smith, C. A., O’Maille, G., Want, E. J., Qin, C., Trauger, S. A., Bran-
don, T. R., Custodio, D. E., Abagyan, R., & Siuzdak, G. (2005).
METLIN: A metabolite mass spectral database. Therapeutic
Drug Monitoring, 27, 747-751. https://doi.org/10.1097/01.ftd.
0000179845.53213.39

Smith, T. K., & Biitikofer, P. (2010). Lipid metabolism in Trypanosoma
brucei. Molecular and Biochemical Parasitology, 172, 66-79.
https://doi.org/10.1016/j.molbiopara.2010.04.001

Spinks, D., Smith, V., Thompson, S., Robinson, D. A., Luksch, T.,
Smith, A., Torrie, L. S., McElroy, S., Stojanovski, L., Norval,
S., Collie, I. T., Hallyburton, I., Rao, B., Brand, S., Brenk, R.,
Frearson, J. A., Read, K. D., Wyatt, P. G., & Gilbert, I. H. (2015).
Development of Small-Molecule Trypanosoma brucei N-Myris-
toyltransferase Inhibitors: Discovery and Optimisation of a Novel
Binding Mode. ChemMedChem, 10, 1821-1836. https://doi.org/
10.1002/cmdc.201500301

Steketee, P. C., Vincent, I. M., Achcar, F., Giordani, F., Kim, D. H.,
Creek, D.J., Freund, Y., Jacobs, R., Rattigan, K., Horn, D., Field,
M. C., MacLeod, A., & Barrett, M. P. (2018). Benzoxaborole
treatment perturbs S-adenosyl-L-methionine metabolism in
Trypanosoma brucei. PLoS Neglected Tropical Diseases, 12(5),
e0006450. https://doi.org/10.1371/journal.pntd.0006450

Stijlemans, B., De Baetselier, P., Caljon, G., Van Den Abbeele, J., Van
Ginderachter, J. A., & Magez, S. (2017). Nanobodies as tools to
understand, diagnose, and treat African trypanosomiasis. Fron-
tiers in Immunology. https://doi.org/10.3389/fimmu.2017.00724

Stoessel, D., Nowell, C. J., Jones, A. J., Ferrins, L., Ellis, K. M., Riley,
J., Rahmani, R., Read, K. D., McConville, M. J., Avery, V. M.,
Baell, J. B., & Creek, D. J. (2016). Metabolomics and lipidomics
reveal perturbation of sphingolipid metabolism by a novel anti-
trypanosomal 3-(oxazolo[4,5-b]pyridine-2-yl)anilide. Metabo-
lomics, 12, 126. https://doi.org/10.1007/s11306-016-1062-1

Sumner, L. W., Amberg, A., Barrett, D., Beale, M. H., Beger, R.,
Daykin, C. A., Fan, T. W., Fiehn, O., Goodacre, R., Griffin, J.
L., Hankemeier, T., Hardy, N., Harnly, J., Higashi, R., Kopka,

J., Lane, A. N., Lindon, J. C., Marriott, P., & Viant, M. R.
(2007). Proposed minimum reporting standards for chemical
analysis Chemical Analysis Working Group (CAWG) Metab-
olomics Standards Initiative (MSI). Metabolomics : Official
Journal of the Metabolomic Society, 3(3), 211-221. https://
doi.org/10.1007/s11306-007-0082-2

Tarral, A., Blesson, S., Mordt, O. V., Torreele, E., Sassella, D., Bray,
M. A., Hovsepian, L., Eveéne, E., Gualano, V., Felices, M., &
Strub-Wourgaft, N. (2014). Determination of an optimal dosing
regimen for fexinidazole, a novel oral drug for the treatment of
human African trypanosomiasis: First-in-human studies. Clini-
cal Pharmacokinetics, 53, 565-580. https://doi.org/10.1007/
$40262-014-0136-3

Tawfike, A. F., Romli, M., Clements, C., Abbott, G., Young, L.,
Schumacher, M., Diederich, M., Farag, M., & Edrada-Ebel, R.
(2019). Isolation of anticancer and anti-trypanosome secondary
metabolites from the endophytic fungus Aspergillus flocculus
via bioactivity guided isolation and MS based metabolomics.
Journal of Chromatography, 1106—1107, 71-83. https://doi.
org/10.1016/j.jchromb.2018.12.032

Torreele, E., Bourdin Trunz, B., Tweats, D., Kaiser, M., Brun, R.,
Mazué, G., Bray, M. A., & Pécoul, B. (2010). Fexinidazole
— A new oral nitroimidazole drug candidate entering clini-
cal development for the treatment of sleeping sickness. PLoS
Neglected Tropical Diseases. https://doi.org/10.1371/journal.
pntd.0000923

Trindade, S., Rijo-Ferreira, F., Carvalho, T., Pinto-Neves, D., Guegan,
F., Aresta-Branco, F., Bento, F., Young, S. A., Pinto, A., Van Den
Abbeele, J., Ribeiro, R. M., Dias, S., Smith, T. K., & Figueiredo,
L. M. (2016). Trypanosoma brucei parasites occupy and func-
tionally adapt to the adipose tissue in mice. Cell Host & Microbe,
19, 837-848. https://doi.org/10.1016/j.chom.2016.05.002

Uppal, K., Soltow, Q. A., Promislow, D. E. L., Wachtman, L. M.,
Quyyumi, A. A., & Jones, D. P. (2015). MetabNet: An R pack-
age for metabolic association analysis of high-resolution metabo-
lomics data. Front Bioengineer Biotechnology, 3, 87. https://doi.
org/10.3389/fbioe.2015.00087

van Hellemond, J. J., & Tielens, A. G. M. (2006). Adaptations in the
lipid metabolism of the protozoan parasite Trypanosoma brucei.
FEBS Letters, 580, 5552-5558. https://doi.org/10.1016/j.febslet.
2006.07.056

Vansterkenburg, E. L., Coppens, 1., Wilting, J., Bos, O. J., Fischer,
M. J., Janssen, L. H., & Opperdoes, F. R. (1993). The uptake of
the trypanocidal drug suramin in combination with low-density
lipoproteins by Trypanosoma brucei and its possible mode of
action. Acta Tropica, 54, 237-250. https://doi.org/10.1016/0001-
706x(93)90096-t

Viant, M. R., Kurland, 1. J., Jones, M. R., & Dunn, W. B. (2017). How
close are we to complete annotation of metabolomes? Current
Opinion in Chemical Biology, 36, 64—69. https://doi.org/10.
1016/j.cbpa.2017.01.001

Villafraz, O., Biran, M., Pineda, E., Plazolles, N., Cahoreau, E., Souza,
R. O. O., Thonnus, M., Allmann, S., Tetaud, E., Riviere, L.,
Silber, A. M., Barrett, M. P., Zikova, A., Boshart, M., Portais,
J.-C., & Bringaud, F. (2021). Procyclic trypanosomes recycle
glucose catabolites and TCA cycle intermediates to stimulate
growth in the presence of physiological amounts of proline. PLoS
Pathogens, 17, €1009204. https://doi.org/10.1371/journal.ppat.
1009204

Vincent, I. M., & Barrett, M. P. (2015). Metabolomic-Based Strate-
gies for Anti-Parasite Drug Discovery. Journal of Biomolecu-
lar Screening, 20, 44-55. https://doi.org/10.1177/1087057114
551519

Vincent, I. M., Creek, D. J., Burgess, K., Woods, D. J., Burchmore, R.
J. S., & Barrett, M. P. (2012). Untargeted metabolomics reveals
a lack Of synergy between nifurtimox and eflornithine against

@ Springer


https://doi.org/10.1016/j.jchromb.2014.07.023
https://doi.org/10.1016/j.jchromb.2014.07.023
https://doi.org/10.1074/jbc.M211391200
https://doi.org/10.1017/S0031182010000715
https://doi.org/10.3389/fcimb.2013.00078
https://doi.org/10.1016/j.mib.2021.07.007
https://doi.org/10.1093/nar/gku944
https://doi.org/10.1093/nar/gku944
https://doi.org/10.1097/01.ftd.0000179845.53213.39
https://doi.org/10.1097/01.ftd.0000179845.53213.39
https://doi.org/10.1016/j.molbiopara.2010.04.001
https://doi.org/10.1002/cmdc.201500301
https://doi.org/10.1002/cmdc.201500301
https://doi.org/10.1371/journal.pntd.0006450
https://doi.org/10.3389/fimmu.2017.00724
https://doi.org/10.1007/s11306-016-1062-1
https://doi.org/10.1007/s11306-007-0082-2
https://doi.org/10.1007/s11306-007-0082-2
https://doi.org/10.1007/s40262-014-0136-3
https://doi.org/10.1007/s40262-014-0136-3
https://doi.org/10.1016/j.jchromb.2018.12.032
https://doi.org/10.1016/j.jchromb.2018.12.032
https://doi.org/10.1371/journal.pntd.0000923
https://doi.org/10.1371/journal.pntd.0000923
https://doi.org/10.1016/j.chom.2016.05.002
https://doi.org/10.3389/fbioe.2015.00087
https://doi.org/10.3389/fbioe.2015.00087
https://doi.org/10.1016/j.febslet.2006.07.056
https://doi.org/10.1016/j.febslet.2006.07.056
https://doi.org/10.1016/0001-706x(93)90096-t
https://doi.org/10.1016/0001-706x(93)90096-t
https://doi.org/10.1016/j.cbpa.2017.01.001
https://doi.org/10.1016/j.cbpa.2017.01.001
https://doi.org/10.1371/journal.ppat.1009204
https://doi.org/10.1371/journal.ppat.1009204
https://doi.org/10.1177/1087057114551519
https://doi.org/10.1177/1087057114551519

20 Page 18 of 18

F.Fall et al.

Trypanosoma brucei. PLoS Neglected Tropical Diseases. https://
doi.org/10.1371/journal.pntd.0001618

Vincent, I. M., Creek, D., Watson, D. G., Kamleh, M. A., Woods, D.
J., Wong, P. E., Burchmore, R. J. S., & Barrett, M. P. (2010).
A molecular mechanism for Eflornithine resistance in African
trypanosomes. PLoS Pathogens. https://doi.org/10.1371/journ
al.ppat.1001204

Weelden SWH van, Hellemond JJ van, Opperdoes FR, Tielens AGM,
(2005) New Functions for Parts of the Krebs Cycle in Procyclic
Trypanosoma brucei a Cycle Not Operating as a Cycle. Journal
of Biological Chemistry 280: 1245112460

WHO | Human African trypanosomiasis [WWW Document], n.d. .
WHO. URL http://www.who.int/trypanosomiasis_african/en/
(accessed 6.30.20).

Wiedemar, N., Hauser, D. A., & Miser, P. (2020). 100 Years of
Suramin. Antimicrobial Agents and Chemotherapy. https://doi.
org/10.1128/AAC.01168-19

Willson, M., Callens, M., Kuntz, D. A., Perié, J., & Opperdoes, F. R.
(1993). Synthesis and activity of inhibitors highly specific for
the glycolytic enzymes from Trypanosoma brucei. Molecular

@ Springer

and Biochemical Parasitology, 59, 201-210. https://doi.org/10.
1016/0166-6851(93)90218-m

Wishart, D. S., Tzur, D., Knox, C., Eisner, R., Guo, A. C., Young, N.,
Cheng, D., Jewell, K., Arndt, D., Sawhney, S., Fung, C., Nikolai,
L., Lewis, M., Coutouly, M.-A., Forsythe, 1., Tang, P., Shrivas-
tava, S., Jeroncic, K., Stothard, P., ... Querengesser, L. (2007).
HMDB: The Human Metabolome Database. Nucleic Acids
Research, 35, D521-526. https://doi.org/10.1093/nar/gk1923

Zoltner, M., Campagnaro, G. D., Taleva, G., Burrell, A., Cerone, M.,
Leung, K.-F., Achcar, F., Horn, D., Vaughan, S., Gadelha, C.,
Zikova, A., Barrett, M. P., de Koning, H. P., & Field, M. C.
(2020). Suramin exposure alters cellular metabolism and mito-
chondrial energy production in African trypanosomes. Journal of
Biological Chemistry. https://doi.org/10.1074/jbc.RA120.012355

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1371/journal.pntd.0001618
https://doi.org/10.1371/journal.pntd.0001618
https://doi.org/10.1371/journal.ppat.1001204
https://doi.org/10.1371/journal.ppat.1001204
http://www.who.int/trypanosomiasis_african/en/
https://doi.org/10.1128/AAC.01168-19
https://doi.org/10.1128/AAC.01168-19
https://doi.org/10.1016/0166-6851(93)90218-m
https://doi.org/10.1016/0166-6851(93)90218-m
https://doi.org/10.1093/nar/gkl923
https://doi.org/10.1074/jbc.RA120.012355

	Trypanosoma brucei: Metabolomics for analysis of cellular metabolism and drug discovery
	Abstract
	Background 
	Aim of review 
	Key scientific concepts of review 

	1 Introduction
	2 Methodology for targeted and untargeted metabolomics of T. BRUCEI
	3 Metabolomic applications
	3.1 Parasite biology analysis
	3.2 Target identification for drugs and potential active compounds

	4 Conclusions and future directions
	References




