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Abstract

v

Trypanosoma brucei is the causative agent of hu-
man African trypanosomiasis (sleeping sickness)
which is fatal if left untreated. This disease occurs
in 36 African countries, south of the Sahara,
where 60 million people are at risk of acquiring
infection. The current chemotherapy relies on on-
ly four drugs, three of which were developed
more than 60 years ago. These drugs have many
limitations, ranging from oral inabsorption, acute
toxicities, short duration of action and the emer-
gence of trypanosomal resistance. Despite de-
cades of use of most of the current trypanocides,
little is known about their mode of action. That

being said, African trypanosomes continue to be
among the most extensively studied parasitic
protists to date. Many of their intriguing biologi-
cal features have been well documented and can
be viewed as attractive targets for antitrypanoso-
mal chemotherapy. A considerable number of
natural products with diverse molecular struc
tures have revealed antiparasitic potency in the
laboratory and represent interesting lead com-
pounds for the development of new and urgently
needed antiparasitics. The major validated drug
targets in T. brucei are discussed with particular
emphasis on those known to be attacked by natu-
ral compounds.

Introduction

v

Human African trypanosomiasis (HAT) or sleep-
ing sickness is an infectious disease transmitted
to humans by the bite of tsetse flies of the genus
Glossina infected with trypanosomes. The para-
sites concerned are flagellated Protista belonging
to the order Kinetoplastida and the family Trypa-
nosomatidae. Two subspecies of Trypanosoma
brucei are the causative agents of HAT: T. brucei
gambiense endemic in western and central Africa,
responsible for more than 90% of the reported
cases of sleeping sickness and T. brucei rhode-
siense in eastern and southern Africa, represent-
ing less than 10% of the cases [1]. The occurrence
of HAT is restricted to the distribution of tsetse
flies which are exclusively found in sub-Saharan
Africa; more than 250 discrete active foci in 36
African countries are recognized, most of which
are in rural areas (© Fig. 1) [2]. Within this area,
sleeping sickness threatens over 60 million peo-
ple. Less than 10% of the at-risk population is cur-
rently under surveillance.

Three major epidemics have ravaged the conti-
nent in the past century [3]. The first one, which
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largely affected equatorial Africa, took place be-
tween 1896 and 1906, and killed an estimated
800000 people. A second major epidemic be-
tween 1920 and the late 1940s prompted the co-
lonial administrations, conscious of the negative
impact of the disease on its territories, to estab-
lish disease control programmes. Systematic
screening, treatment, and follow-up of millions
of individuals across the whole continent practi-
cally eradicated the disease in the early 1960s.
With the advent of independence in most coun-
tries where HAT was endemic, there was a col-
lapse of surveillance and control activities, often
exacerbated by civil conflicts. Over time the dis-
ease slowly returned, and some 30 years later,
outbreaks were observed throughout past en-
demic areas. In a 1997 resolution, the WHO
strongly advocated access to diagnosis and treat-
ment and the reinforcement of surveillance and
control activities, concurrently setting up a net-
work to strengthen coordination among all those
actively concerned with the problem [4]. In 2005,
through a heightened public health control effort
over a decade, the major endemic countries in
sub-Saharan Africa have made great strides in re-
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Fig.1 A map of countries with HAT infections. The chronic form of the
disease (T. b. ggmbiense) which is more widespread occurs west of the line,
while the acute form (T. b. rhodesiense) is found to the east.

ducing the number of cases of HAT from 300000-500000 to ap-
proximately 50000-70000, along with 17000 new cases occur-
ring annually [1].

T. brucei undergoes a life cycle in which it alternates between a
mammalian host and the tsetse fly (© Fig. 2) [5]. Metacyclic try-
panosomes are transmitted to humans by the bite of an infected
tsetse fly. Both male and female flies are blood-feeders and can
thus bring about transmission. Within the mammalian host, the
bloodstream forms show a polymorphism with dividing slender
forms which transform via an intermediate form into nonprolif-
erating stumpy forms. These latter are preadapted to survive
within a tsetse fly. During a blood meal on an infected host, the
fly ingests bloodstream-form trypanosomes which enter the di-
gestive tract. Long-slender bloodstream forms do not survive
while the short-stumpy trypanosomes differentiate into procy-
clic forms. During the following 3-5 weeks the trypanosomes
undergo several differentiation steps from dividing procyclics to
epimastigote forms, which migrate to the salivary glands, where
they develop into the human/mammalian-infective metacyclic
forms.

In the infected human, the disease develops from an early stage,
where the parasites are mainly confined to the blood and lymph
system, characterised by nonspecific symptoms, including fever,
headaches, joint pains and itching, into a later stage, where more
and more parasites manage to invade internal organs and also
cross the blood-brain barrier to establish a cerebral infection. At
the second stage, the patient suffers from torture of the central
nerve system. Severe headaches, changes in mood and in the
sleep cycle, mental disorientation and neurological disorders are
the outcome [1]. Sleep disorder is a leading symptom of the sec-
ond stage and is the one that gave the disease its name. If left un-
treated, sleeping sickness patients fall into a coma and succumb,
often by developing secondary bacterial infections due to immu-
nosuppression associated with sleeping sickness. The timed de-
velopment of symptoms and the life expectancy strongly depend
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Fig.2 The life cycle of Trypanosoma brucei. Parasites are transmitted to
man by the bite of an infected tsetse fly. In man, the dividing bloodstream
slender forms (a) transform via intermediate forms (b) into nondividing
stumpy forms. In the tsetse fly, the stumpy forms (c) transform into procy-
clic forms (d) that proliferate in the midgut, then to the migrating epimas-
tigote forms (e), which develop in the salivary gland to the infective meta-
cyclic forms (f).

on the T. brucei subspecies. Infections with T. b. rhodesiense lead
to an acute form of the disease, rapid in onset and that may last
only a few weeks or months, while infections with T. b. gambiense
give rise to a chronic infection slow in onset and its course may
last from a few months to several years.

Current Chemotherapy and Drug Resistance in HAT

v

Few drugs are available to treat HAT and selection is based
mainly on the development stage of the disease and the subspe-
cies concerned [6,7]. Pentamidine is a water-soluble aromatic di-
amidine discovered in 1937 (© Fig. 3). It is the first drug of choice
for treatment of the early-stage disease caused by T. b. gambiense.
Pentamidine is generally well tolerated. When given by intra-
muscular injection, site pain and transient swelling, abdominal
pain and gastrointestinal problems and hypoglycaemia are the
most frequently reported adverse events. Its usage may, however,
be restricted due to cardiac dysrhythmias and hypotension or
acute deterioration of bone marrow, renal or pancreatic function
in immunodeficient patients or induction of abortion when used
in pregnany. Many studies have focused on the mechanism of ac-
tion of pentamidine; however, none appears to conclusively de-
fine the target [8]. Diamidine compounds belong to a class of
DNA minor groove binders. Complex formation of diamidines
with DNA may induce selective inhibition of DNA-dependent en-
zymes and/or may act through direct inhibition of transcription.
In Leishmania (another genus of parasites belonging to the Trypa-
nosomatidae family), fluorescent analogues of pentamidine ac-
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Fig.3 Chemical structures of pentamidine (a), suramin (b), melarsoprol
(c), melarsen oxide (d), eflornithine (e), nifurtimox (f), DB289 and DB75 (g).

cumulate selectively in the unique intercatenated network of cir-
cular DNA molecules termed the kinetoplast DNA, which make
up the mitochondrial genome of all kinetoplastids. This location
of the drug in the kinetoplast may be related to the higher ad-
enine and thymine base pair content as compared to nuclear
DNA. However, a dyskinetoplast strain (without kinetoplast
DNA) of bloodstream-form T. brucei can persist in the blood-
stream of mammals. Whether the localization correlates with ac-
tivity is thus not confirmed.

Suramin, a sulphonated naphthylamine discovered in 1916, is
used against early-stage sleeping sickness caused by T.b. rhode-
siense (© Fig. 3). It provokes certain undesirable effects in the uri-
nary tract as well as allergic reactions. Many hypotheses have
been proposed for suramin’s mode of action, but none proven.
All glycolytic enzymes have been shown to be inhibited by sura-
min, as well as 6-phosphogluconate dehydrogenase, an enzyme
of the pentose-phosphate pathway, thymidine kinase and dihy-
drofolate reductase. But, with six negative charges, the drug
binds, by electrostatic interaction, to positively charged areas of
many enzymes, and may thus exert its trypanocidal action
through multiple targets.

Melarsoprol, an arsenical-base drug developed by Friedheim, was
introduced in 1949 for treatment of sleeping sickness (© Fig. 3).
Until 1990, it was the only agent available for treatment of late-
stage disease, both of eastern and western African origin. It is still
the only effective drug for chemotherapy of second-stage T.b.
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rhodesiense sleeping sickness. Toxicity is an important concern
with melarsoprol. The most important reaction is an encephalo-
pathic syndrome that occurs in, on average, 4.7% of T.b. gam-
biense and 8.0% of T.b. rhodesiense patients, with a case fatality
rate of 44% and 57 %, respectively [7]. Cardiotoxicity and exfolia-
tive dermatitis are other severe and potentially life-threatening
side effects. Treatment courses are long and uniformly require
hospitalisation. In addition, melarsoprol-resistant parasites are
well described from an increasing number of countries. In several
foci, treatment failures have reached 30% of those treated.
Although the mechanism of action of melarsoprol has been ex-
tensively studied, it remains unclear. Melarsoprol is not stable in
plasma and is rapidly metabolised to melarsen oxide (© Fig. 3)
[9]. It has been proposed that trivalent arsenicals with two re-
placeable ligands have a high affinity for intracellular thiol and
other sulfhydryl-containing agents in the cell, including dihydro-
lipoate and the closely adjacent cysteine residues of many pro-
teins. Other studies showed an inhibition of several enzymes like
trypanothione reductase, 6-phosphogluconate dehydrogenase,
pyruvate kinase, phosphofructokinase and fructose 2,6-bisphos-
phatase. Whether these interactions underlie the rapid lysis ob-
served when trypanosomes are exposed to melarsoprol is not
known.

Eflornithine (a-difluoromethylornithine, DFMO, © Fig.3), ap-
proved in 1990, is the only new molecule for treatment of HAT
that has been registered in the past 60 years. It was initially de-
veloped as an anticancer agent by Merrell-Dow in the late 1970s,
but was also found to be effective against late-stage T.b. gam-
biense sleeping sickness in patients that were refractory to melar-
soprol treatment. Eflornithine is a rationally designed enzyme-
activated, irreversible inhibitor of ornithine decarboxylase
(ODC), the initial enzyme in the polyamine synthetic pathway
(©Fig.5) [10]. Inhibition of ODC results in the depletion of the
polyamines putrescine and spermidine and also causes a loss of
the unique antioxidant metabolite, trypanothione. It blocks cell
division and thus depends on a functional immune system to rid
the host of nondividing forms. The more rapid turnover rate of
mammalian and T.b. rhodesiense ODC however, makes eflorni-
thine ineffective as an anticancer drug and allows T. b. rhodesiense
parasites to survive under conditions where T. b. gambiense, with
a longer ODC half-life, cannot continue to proliferate. The major
drawback with respect to eflornithine is the strict and difficult
to apply regimen. Treatment lasts for two weeks, and because of
the short plasma half-life of the drug, four short injections per
day are necessary. The most frequent toxic reaction is bone mar-
row suppression leading to anaemia, leucopenia and thrombo-
cytopenia (25-50%) and gastrointestinal symptoms (10-39%).
Very recently (2009), NECT (nifurtimox-eflornithine combina-
tion therapy) has been made available to patients for treatment
of late-stage T.b. gambiense sleeping sickness. NECT consists of a
simplified coadministration of oral nifurtimox and intravenous
eflornithine [11]. Nifurtimox, a nitrofuran derivative, was devel-
oped in the 1960s by the Bayer Company (© Fig. 3). Its trypano-
cidal activity was empirically discovered and since 1967 it has
been used for the treatment of Chagas’ disease caused by Trypa-
nosoma cruzi in Latin America. NECT represents an improved
alternative over the current treatment for late-stage HAT: it is
less toxic and more efficacious than melarsoprol, and cheaper
and easier to administer than eflornithine monotherapy: only
two infusions a day are required during 10 days. The biological
basis for this therapy most likely lies in the ability of eflornithine
to reduce trypanothione levels and resistance to oxidative stress
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and the ability of nifurtimox to generate reactive oxygen species
in trypanosomes, although the mode of action of nifurtimox is
not clearly known.

In recent years, one new compound, pafuramidine maleate
(DB289) (©Fig. 3), a synthetic analogue of pentamidine, has re-
ceived serious clinical evaluation against HAT. This diamidoxime
prodrug is orally absorbed and then converted into the active di-
amidine furamidine (DB75) (©Fig.3) in the bloodstream. The
prodrug showed good efficacy in patients with first-stage T.b.
rhodesiense infection and progressed to phase III trials. Unfortu-
nately, in February 2008, development was discontinued due to
renal toxicity [12]. The non-profit Drugs for Neglected Diseases
initiative (DNDi) in collaboration with Sanofi-Aventis is currently
recruiting participants for the phase I clinical development of
fexinidazole (5-nitroimidazole). In animal models of both T.b.
gambiense and T.b. rhodesiense infections, fexinidazole shows
highly promising efficacy. It is orally active and passes the
blood-brain barrier, which means that it could be effective
against both stages of sleeping sickness [13].

The current antitrypanosomal therapies are far from ideal. Be-
sides the sometimes severe toxicity problems, the drugs have
other drawbacks. Presently, they are all administered intramus-
cularly (pentamidine) or intravenously (suramin, melarsoprol
and eflornithine), which makes the treatment impossible in areas
where no medical facilities exist. The supply of these drugs has
not always been guaranteed as drug companies periodically
abandon production because of lack of profitability. At the mo-
ment, Sanofi-Aventis and Bayer, which currently produce all of
the licensed anti-HAT drugs, donate them free of charge to the
WHO which distributes them in Africa. The situation is further
aggravated by the alarming incidence of treatment failures in
several sleeping sickness foci, especially with melarsoprol, indi-
cating the occurrence of drug-resistant trypanosomes. Most par-
asites selected for resistance to melarsoprol in the laboratory and
several parasites isolated from relapsed cases in the field have
lost the P2 aminopurine transporter. Pentamidine and melarso-
prol are mostly internalised through this transporter, primarily
responsible for the transport of adenosine and adenine, encoded
by the tbat1 (T. brucei adenosine transporter 1) gene. Pentami-
dine can also be internalised by the high-affinity pentamidine
transporter 1 (HAPT1) and the low-affinity pentamidine trans-
porter 1 (LAPT1). Surprisingly, trypanosomes from which the
that1 gene has been removed are only marginally less sensitive
to melarsoprol than the wild-type cells. High levels of melarso-
prol resistance were observed when both transporters, P2 and
HAPT1, were lost [14]. Another drug resistance mechanism for
melarsoprol involves the overexpression of the efflux pump
TbMRAP, localised in the plasma membrane of the parasites
[15]. It belongs to the subfamily of multidrug resistance-associ-
ated proteins (MRPs) characterised by the need of ATP and thiols
to transport molecules against a concentration gradient. Evi-
dence for resistance to suramin and pentamidine from the field
is rare and not considered as a problem in the treatment of sleep-
ing sickness today. Treatment failures are believed to be largely
due to misdiagnosed late-stage infections for which both drugs
are not effective [16]. This lack of resistance is remarkable, as the
drugs have been in use for more than 70 years and induction of
resistant strains in the laboratory appears straightforward. No
other drugs are available to treat the late-stage T.b. rhodesiense
trypanosomiasis if strains were to develop resistance to melarso-
prol. Added to the unacceptable side effect of encephalopathy;, it
shows the urgent need for new trypanocidal agents.

The prospects to develop a vaccine against the parasites are poor
[17]. The human immune system cannot eradicate T. brucei be-
cause the parasite has developed an apparently insurmountable
capacity for antigenic variation. The surface of the trypanosome
is covered by a variant surface glycoprotein (VSG) that is the main
antigenic determinant to the human immune system. The ge-
nome contains an estimated 1000 genes capable of coding for
VSGs. One VSG gene is expressed at the time, but in a trypano-
some population switching to the expression of a different VSG
gene occurs semi-randomly at each generation at a relatively
high frequency. Thereby, the antibodies generated no longer rec-
ognise the surface antigen of the parasite and its progeny with a
new VSG coat, enabling the parasite always to be one step ahead
of the host’s immune defence mechanisms. This immune evasion
mechanism makes it unlikely that a vaccine could be developed
for HAT.

Vector control can block transmission and was successfully em-
ployed in the 1990s to eradicate trypanosomiasis from Zanzibar
[18]. This was achieved by using extensive trapping, by the de-
ployment of insecticide impregnated screens in some of the for-
ested areas, followed by sequential releases of gamma-irradiation
sterilized male flies twice a week along specific flight lines sepa-
rated by a distance of 1-2 km during 30 months. Although very
efficient, the implementation of such tsetse control measures in
a coordinated fashion on the African continent has been proven
very difficult.

This shows the strong need for research for new molecules
against sleeping sickness which are safe, effective against both
forms of the disease, at both disease stages, that do not require
any particular skill or care to administer and are affordable.

Natural Products as a Source of New Drugs against HAT
v

Nature is a potential source of such new drugs since it contains a
countless quantity of molecules with a great variety of structures
and pharmacological activities. The potential of natural products
in the treatment of diseases can be seen in traditional medicines.
For thousands of years, natural products have played an impor-
tant role throughout the world in treating and preventing human
diseases. The first records, written on clays tablets in cuneiform,
are from Mesopotamia and date from about 2600 BC [19]. The
WHO estimates that two thirds of the world’s inhabitants contin-
ue to rely mainly on traditional medicine systems for their health
care. Natural product medicines have come from many types of
organisms ranging from bacteria, fungi and plants to protists,
sponges and other invertebrates found in diverse environments
such as deep seas, rain forests and hot springs. In an extensive re-
view of new drugs introduced between 1981 and 2006, 28% of
the 1184 new chemical entities were natural products or derived
from natural products, with another 24% created around a phar-
macophore from a natural product [20].

Several well-established human antiprotist drugs have their ori-
gins in nature, such as quinine and artemisinin used to treat ma-
laria. The isolation of quinine from the bark of Cinchona species
was reported in 1820 by the French pharmacists, Caventou and
Pelletier. The bark had long been used by indigenous groups in
the Amazon region for the treatment of fevers, and was first in-
troduced into Europe in the early 1600s for the treatment of ma-
laria [19]. In the early days, quinine was the curative agent for
malaria and subsequently synthetic derivatives (chloroquine,
amodiaquine, primaquine and mefloquine) have been developed.
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Despite its long history of use as a plant preparation or as a pure
compound, quinine is still an important drug for treatment of
malaria, in particular cerebral malaria. The discovery in 1969 of
the antimalarial properties in extracts of Artemisia annua, anoth-
er plant long used in treatment of fevers in Chinese traditional
medicine, and the subsequent isolation of artemisinin one year
later by Zhenxing Wei, a Professor of Traditional Medicine at the
Research Institute of Shandong (China), represented one of the
major breakthroughs of the past decades in the fight against
parasitic diseases. Currently, several semisynthetic derivatives of
artemisinin have been registered (artemether, artesunate and di-
hydroartemisinin). Artemisinin derivatives are the only antima-
larial drugs for which no resistance of Plasmodium strains has so
far been characterised in the field and are considered as the most
effective drugs against malaria [21]. However, unmistakable
signs of malaria parasites becoming resistant to artemisinin have
very recently been reported from the border region between
Thailand and Cambodia [22].

In Africa, plants have been used traditionally for centuries and
are still widely employed to treat sleeping sickness [23]. Howev-
er, little is known about the treatment of HAT with plant-derived
drugs [24,25] and no trypanocidal drug molecule from natural
origin is currently used against T. brucei infections. Although the
literature contains relatively few studies reporting the activity of
natural products on HAT compared to other diseases caused by
protists such as malaria, or even leishmaniasis and Chagas’ dis-
ease caused by other trypanosomatid parasites, the variety of
compounds isolated from natural sources with anti-T. brucei ac-
tivities is wide. This is illustrated in several recent reviews [21,
26-29]. Several compounds isolated from a natural source have
been shown to inhibit the growth of trypanosomes in vitro with
ECsq values in the submicromolar range and for some of these
products this activity seems to be quite selective. However, only
a few of them have been evaluated for in vivo activity in infected
animal models and none of them have proceeded to clinical stud-
ies or are projected to reach clinical application in the near fu-
ture.

Compounds Screening against T. brucei

v

The data in the literature are often difficult to compare due to the
different assay procedures used in the various laboratories. The
reliability of the results may also be a major problem: there are
many examples of poorly conducted trials with inadequate con-
trols, often involving no measure of cytotoxicity and no positive
control compound. Without measure of selective toxicity against
the parasite, there is a high probability that many of the products
that have been classified as “active” against T. brucei in vitro are
likely to be general toxins, and quite unsuitable for development
as an antiparasitic product.

As far as possible, new molecules should be evaluated in defined,
controlled and validated assays as an essential first step to deter-
mine if real intrinsic activity exists. Such a defined system is im-
portant to compare compounds from different studies, to com-
pare them with known active drugs and to evaluate the level of
toxicity for the host. This should enable rational decisions to be
made on the potential of a new compound for further develop-
ment. A manual with standardised drug screening methodolo-
gies for kinetoplastid-caused diseases (HAT and leishmaniasis)
has been produced by the Pan-Asian Network for Drugs for Ne-
glected Diseases (PAN4ND) in April 2009. The PAN4ND serves to
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encourage research collaboration between member institutions
from across the world (primarily in Asia) to maximise the poten-
tial for drug development from natural products for neglected
diseases. This network is coordinated by the Drugs for Neglected
Diseases Initiative (DNDi), a not-for-profit drug research and de-
velopment organisation founded in 2003, that is developing new
treatments for malaria, visceral leishmaniasis, sleeping sickness
and Chagas’ disease in partnership with industry, academia and
NGOs. This guide provides recommendations and detailed proto-
cols for screening natural products in vitro (cultured whole cells)
and in vivo (in animals) against pathogens responsible for sleep-
ing sickness and leishmanaisis, but also the principles of good
practice related to the preparation, realisation and processing of
these assays and the data. An electronic version is available at the
following URL: www.pan4nd.org. Screening natural products
provides the chance to discover new molecules of unique struc-
ture with high activity and selectivity which can be further opti-
mised by semisynthetic or fully synthetic procedures. It is impor-
tant that methodologies and protocols of screening assays are
harmonised to enable comparison of results obtained in different
laboratories and facilitating collaboration and understanding
among groups.

Following an initiative by the WHO/TDR in 2000, there is now the
opportunity for scientists from academia and industry to evalu-
ate free of charge their compounds in validated antiparasite and
toxicity tests in screening centres [30]. Two centres are dedicated
to screens for African trypanosomiasis: the Swiss Tropical Insti-
tute (STI) in Basel (Switzerland), which provides in vitro and in
vivo tests and the Laboratory for Microbiology, Parasitology and
Hygiene at the University of Antwerp (LMPH) (Belgium), which
provides in vitro screens.

Target Determination

v

Most studies on antitrypanosomal activities of natural products
have been focused on testing the compounds for their ability to
inhibit parasite growth in vitro or in vivo rather than on the opti-
misation of existing lead natural products. Moreover, even when
a natural product is found to exhibit biological activity, its cellular
target and mode of action are almost never thoroughly studied;
very often, only possible mechanisms are suggested.

However, T. brucei is a popular organism for biological research. It
can easily be grown in culture and laboratory animals. Its biology
and biochemistry have been extensively studied since it repre-
sents a branch of organisms that evolved separately from other
branches - including the one comprising the well-studied verte-
brates and fungi - derived from the last common ancestor of the
eukaryotes and exhibits a large number of unusual features. This
has led to the identification of a variety of putative drug targets
that are unique to the parasite or that differ significantly from
those present in its mammalian host. In 2005, its genome se-
quence was published, allowing comparative analyses to be car-
ried out in a direct mode, towards a better understanding of bio-
logical, genetic and evolutionary aspects [31]. Such analyses
make possible the identification of gene products related to
pathogenesis, as well as proteins involved in crucial metabolic
pathways that may lead to drug discovery and development.
Moreover, T. brucei is amenable to drug target validation through
genetic means [32,33]. One such technique is RNA interference
(RNAI), a method in which expression of a double-stranded RNA
(dsRNA) in trypanosomes causes selective degradation of the
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cognate mRNA. RNAi has proven to be a powerful experimental
tool to address the biological function of proteins [34]. This tech-
nique has, however, some weaknesses: it is often difficult to rule
out “off-target” effects attributed to unintentional silencing, tar-
get knock-down by RNAi does not permit independent analysis
of bifunctional enzymes and insufficient expression of dsRNA
might fail to knock down target expression to the levels required
for revealing a phenotype [35].

For several natural products, the targets in T. brucei have been
formally identified. Often, these targets appeared to be enzymes
involved in important metabolic processes which are sufficiently
different from corresponding proteins in the mammalian host -
or they are absent in the host - to avoid a too high toxicity. The
various examples will be discussed in the next section of this re-
view.

Carbohydrate metabolism and alternative oxidase
Energy metabolism, notably glycolysis, is considered to be a good
drug target in T. brucei because, when living in the bloodstream
of its mammalian host, the parasite is entirely dependent on the
conversion of glucose, present in the blood and body fluids, into
pyruvate for its ATP supply. Moreover, trypanosomatid glycolysis
is unique in that it is compartmentalised, and many of its en-
zymes display unique structural and kinetic features [36]. The
seven glycolytic enzymes converting glucose into 3-phosphoglyc-
erate are localised within specialised peroxisome-like organelles
called glycosomes, in contrast to the situation in other organisms
where the glycolytic enzymes are cytosolic (© Fig.4). The last
three enzymes of the pathway are present in the cytosol. Most
of the glycolytic enzymes have been validated by RNAi as good
drug targets [37,38]. Even their partial depletion leading to the
reduction of the glycolytic flux to approximately 50% of wild-
type levels is already sufficient to kill trypanosomes in culture.
The glycosomal NADH produced from the reaction catalysed by
glyceraldehyde 3-phosphate dehydrogenase is re-oxidised inside
the organelle followed by the transfer of the electrons to O; via a
mitochondrial glycerol 3-phosphate oxidase (GPO). This process
involves a glycosomal NADH-dependent glycerol 3-phosphate
dehydrogenase, a putative transporter in the glycosomal mem-
brane that exchanges glycerol 3-phosphate for dihydroxyacetone
phosphate, and the mitochondrial GPO. The GPO is a system com-
prising an FAD-linked glycerol 3-phosphate dehydrogenase,
ubiquinone and a terminal oxidase, known as the trypanosome
alternative oxidase (TAO) present in the inner mitochondrial
membrane. Because, in mammalian cells, TAO does not occur,
this essential re-oxidation system of T. brucei has attracted atten-
tion as a target for trypanocidals. When TAO is inhibited by sali-
cylhydroxamic acid (SHAM), the glycerol 3-phosphate is then
converted into glycerol via the reverse action of a glycosomal
glycerol kinase thermodynamically unfavourable and only feasi-
ble by mass action at high glycerol 3-phosphate concentration
and a high ADP/ATP ratio. It has been demonstrated that, in com-
bination with glycerol which suppresses the glycerol-producing
pathway, inhibitors of the TAO become trypanocidal due to a to-
tal block of the energy production of bloodstream forms [39].
Two natural compounds have been demonstrated to inhibit spe-
cifically the TAO: ascofuranone, a prenylated phenol antibiotic
produced by the phytopathogenic fungus Ascochyta visiae and
azaanthraquinone isolated from the leaf of Mitracarpus scaber.
They are potently trypanocidal in vitro for bloodstream forms on-
ly when combined with glycerol. Azaanthraquinone kills 50% of
the parasites within 10 min at 250 uM, but the ECsq is reduced
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zymes are: 1, hexokinase; 2, glucose-6-phosphate isomerase; 3, phospho-
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to 25uM in the presence of 4 mM glycerol [40]. This result and
the observation of an immediate cessation of flagellum move-
ment after incubation with azaanthraquinone allowed the au-
thors to conclude that the TAO was the target. For ascofuranone,
the ECygp is 250 1M in the absence of glycerol and 0.03 pM in the
presence of 4 mM glycerol [41]. This latter compound was able to
cure mice from an infection with T. brucei when administered in
combination with glycerol or alone if higher doses and a longer
treatment were applied [42,43]. The inhibition of the respiratory
chain by ascofuranone, a host-mediated antitumour agent, had
already been demonstrated in eukaryotic cells [44].

Tubercidin is an adenosine analogue isolated from the bacterium
Streptomyces tubercidicus with antibiotic and potential antineo-
plastic activity. It is also known to kill trypanosomatid parasites
with an ECsq of 0.84 pM. In mammalian cells, it is the substrate of
adenosine kinase and is incorporated into DNA and RNA, thereby
inhibiting their replication. An RNAi library was used to study the
mechanism of toxicity of this compound to procyclic (insect
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stage) T. brucei [45]. In the drug-resistant cell lines isolated, it was
found that the hexose transporters had been silenced. The link
between tubercidin and glucose metabolism was further con-
firmed when it was shown that depletion of hexokinase by RNAi
or adaptation to grow in a glucose-depleted medium conferred
resistance to the compound and that the glycolytic intermediate,
1,3-bisphosphoglycerate, accumulated in parasites treated with
tubercidin. In contrast to bloodstream form trypanosomes, pro-
cyclic forms can utilise several pathways, including glycolysis for
energy supply and therefore cells not capable of glycolysis are re-
sistant to tubercidin. Such a possibility for developing resistance
may thus be excluded for bloodstream form trypanosomes.

Polycarpol isolated from Piptostigma preussi exhibits antitrypa-
nosomal activity with an ECsg value of 5.11 uM on T. brucei cells.
It appeared to be a potential inhibitor of the T. brucei glycolytic
enzyme phosphofructokinase with an ECsg value of 180 uM [46].

Thiol metabolism

During their life cycle, T. brucei cells are exposed to various reac-
tive oxygen intermediates, but they lack catalase and the classical
selenium-containing glutathione peroxidases, two major hydro-
peroxide-eliminating enzymes generally found in other eukary-
otes. Detoxification of hydroperoxides in trypanosomes is medi-
ated by a series of linked redox pathways that are dependent on
the parasite-specific thiol trypanothione for reducing equivalents
(©Fig. 5) [47]. This is unique because in nearly all organisms (in-
cluding their mammalian host), maintenance of an intracellular
reducing milieu is possible by means of high concentrations of
glutathione (GSH). Trypanothione is a conjugate of two gluta-
thione molecules with one spermidine. In T. brucei, as in other or-
ganisms, glutathione is synthesised by the consecutive activity of
the enzymes a-glutamylcysteine synthetase and glutathione syn-
thetase. The polyamine spermidine is synthesised from ornithine
and methionine via a ubiquitous pathway consisting of four enzy-
matic steps. The synthesis of trypanothione starts with the for-
mation of glutathionylspermidine catalysed by glutathionylsper-
midine synthetase, followed by insertion of a second glutathione
molecule catalysed by trypanothione synthetase. This dithiol is
involved in a number of critical biological functions including de-
oxyribonucleotide synthesis, defence against oxidative stress,
conjugation and export of metals and drugs [48]. These cellular
processes consume reducing equivalents derived from dihydro-
trypanothione [T(SH);], the reduced form of trypanothione, and
produce trypanothione disulphide (TS,) which is recycled back
to T(SH), by trypanothione reductase, an NADPH-dependent di-
sulphide oxidoreductase. Although T(SH), is a potent direct re-
ducing agent, enzymatic pathways link T(SH), to hydroperoxide
reduction in order to accelerate many reactions [49]. They consist
in the concerted action of two proteins, a tryparedoxin and a try-
paredoxin peroxidase. Tryparedoxins are trypanothione-depen-
dent oxidoreductases reduced by T(SH),. Depending on their
subcellular compartmentalisation, tryparedoxins react with dif-
ferent tryparedoxin peroxidases. Two major families of peroxi-
dases have been identified in T. brucei: 2-cysteine peroxiredoxin
peroxidases present in the cytosol and mitochondrion and non-
selenium glutathione peroxidases found in the cytosol, in the
mitochondrion and in the glycosomes.

Trypanothione participation in numerous physiological path-
ways renders this thiol crucial for T. brucei survival and its ab-
sence from the mammalian host metabolism makes it an attrac-
tive drug target. This has been unequivocally demonstrated using
genetic techniques such as classical gene knockout and RNAI. Try-
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panothione-dependent enzymes that have been validated as po-
tential drug targets using these methodologies include S-adeno-
sylmethionine decarboxylase [50], trypanothione synthetase
[51], trypanothione reductase [52], tryparedoxin [53] and try-
paredoxin peroxidases [53].

The polyamine biosynthetic pathway is the target of the only clin-
ically proven antitrypanosomal drug with a known mechanism
of action: eflornithine inhibits the biosynthesis of spermidine, a
constituent of trypanothione [54]. Polyamines are generally es-
sential for cell growth and even more in T. brucei because their
biosynthetic pathway is uniquely linked to trypanothione bio-
synthesis.

The S-adenosylmethionine (AdoMet) analogue sinefungin is a
natural product antibiotic isolated from cultures of Streptomyces
incarnatus and S. griseolus that inhibits nucleic acid methyltrans-
ferases and arrests the growth of unicellular eukaryotes and vi-
ruses. This compound has been reported to display antiparasitic
activity against Plasmodium, Trypanosoma and Leishmania spe-
cies. Sinefungin blocks the in vitro growth of a drug-susceptible
laboratory T. brucei strain with an ECsg of 0.4 nM and a multiple
drug-resistant strain from the field with an ECsq of 7uM with
high selectivity [55]. The compound had no effect on mice in-
fected with the drug-resistant strain but had the potential to cure
mice when other strains where tested. Unfortunately, experi-
ments have shown that sinefungin is severely nephrotoxic in
goats [56]. When trypanosomes are incubated for 6 h with sine-
fungin, the intracellular concentration of AdoMet reaches nearly
20 times control levels because, contrary to the situation in mam-
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malian cells, the S-adenosylmethionine synthetase is not inhibi-
tied by its product (© Fig. 5). At this time, intracellular cysteine
levels decreased by 70% due to transmethylation inhibition [57].
Gallic acid, a naturally abundant plant phenolic compound, and
an ester derivative, n-propyl gallate, were reported to have trypa-
nocidal activity against bloodstream forms of T. brucei (ECsq=
15.6 and 1.5 uM, respectively) [58]. The superoxide anion (O,")
generated during the autoxidation of gallic acid suggests that it
might act as a pro-oxidant, while its ester derivative shows an in-
creased activity in the presence of 4 mM glycerol, suggesting an
inhibition of respiration [59].

Topoisomerases and kinetoplast DNA

DNA topoisomerases are ubiquitous enzymes that catalyse topo-
logical changes in DNA molecules during replication, transcrip-
tion, recombination and repair. They are classified into two types,
based on the number of DNA strands cleaved: type I enzymes
cleave one strand, while type Il enzymes cleave both strands in
reactions requiring ATP. On the basis of primary structure and re-
action mechanism, type I topoisomerases are further subdivided
into type IA and type IB [60]. T. brucei has at least six catalytically
active topoisomerases located in the nucleus and the mitochon-
drion. These parasites have a single mitochondrion with a unique
mitochondrial DNA, known as kinetoplast DNA (KDNA), a topo-
logically complex network that contains thousands of interlock-
ing circular DNAs, termed minicircles (each approximately 1 kb)
and 20-50 maxicircles (each approximately 23 kb). Maxicircles
encode ribosomal RNA and a handful of proteins, which are
mostly subunits of respiratory complexes, but they cannot be
translated until they are edited by the insertion or deletion of
uridylates at specific internal sites. Small guide RNA templates,
which are mostly encoded by minicircles, determine editing
specificity [61]. The kinetoplast network is highly sensitive to
drugs that intercalate into DNA or that interfere with kDNA rep-
lication.

T. brucei has three type IA topoisomerases, one of which, topoiso-
merase IAmt located exclusively in the mitochondrion, has no ob-
vious orthologue in humans. When the expression of this en-
zyme is silenced by RNAI, there is a subsequent loss of KDNA net-
works and halt in cell growth [62]. The single topoisomerase IB of
T. brucei is an enzyme singularly distinct from its mammalian
counterpart. While all other described type IB topoisomerases
are monomeric, the enzyme from kinetoplastids is heteromulti-
meric, composed of two distinct proteins encoded by two inde-
pendent genes. RNAI studies have revealed that this enzyme is
essential for T. brucei [63]. Two genes for type Il topoisomerases
in T. brucei have been identified. One enzyme localises to the nu-
cleus and its depletion by RNAi leads to pleomorphic nuclear (but
not kDNA) abnormalities and early growth arrest [64]. The sec-
ond enzyme is located in the mitochondrion and RNAi silencing
leads to a progressive loss of kDNA networks without a detect-
able effect on nuclear DNA [65].

DNA topoisomerase inhibitors represent a major group of anti-
cancer drugs [66]. Some of these antitumour drugs also inhibit
selectively trypanosomal topoisomerases. Camptothecin is a
well-characterised inhibitor of DNA topoisomerase IB from eu-
karyotes and is selectively toxic for tumour cells. This pentacyclic
alkaloid is produced in many plants belonging to unrelated or-
ders of angiosperms, but is usually supplied for pharmaceutical
use as an extract from Camptotheca acuminata and Nothapodytes
foetida. When tested on T. brucei, it was shown to be cytotoxic
with an ECsg value of 1.5 pM and to form adducts with both kDNA
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and nuclear DNA, indicating action against nuclear and mito-
chondrial isoforms [67]. Camptothecin affected cell morphology
(larger cells) and led to an increase in the relative numbers of G2
cells [68]. Diospyrin is similar to camptothecin with respect to in-
hibition of catalytic activity of DNA eukaryotic polymerase IB.
This plant-derived compound inhibits the cell proliferation of T.
brucei with an ECsq value of 50 uM [69]. Three major aporphine
alkaloids (actinodaphine, cassythine and dicentrine) isolated
from Cassytha filiformis (Lauraceae), a plant often used in African
folk medicine to treat cancer, HAT and other diseases, were active
on T. brucei cultured in vitro (ECsg=3-15uM) [70]. The identifi-
cation of dicentrine as a strong topoisomerase II catalytic inhibi-
tor and a DNA intercalating agent in mammalian cells led the re-
searchers to investigate the mechanism of action of these com-
pounds. The results indicated that these molecules bind to DNA
and also interfere with the catalytic activity of topoisomerases.
Two anthracycline antibiotics, aclarubicin isolated from Strepto-
myces galilaeus and doxorubicin isolated from Streptomyces peu-
cetius are topoisomerase inhibitors. These approved anticancer
drugs exhibited antitrypanosomal activity with ECsy values of
3.3 and 27 nM, respectively [71]. Berberine, isolated from many
Berberis spp. and sanguinarine, purified from many genera of
the Papaveraceae, have shown in vitro activity against T. brucei
(ECso of 0.53uM and 1.9 uM, respectively) [72]. They are both
DNA intercalators [73,74].

Farnesyltransferase

Protein prenylation is an essential post-translational modifica-
tion that occurs in most, if not all, eukaryotic cells [75]. [soprenyl
lipids covalently attached to proteins are either farnesyl (15-car-
bon) or geranylgeranyl (20-carbon) products of the mevalonate
pathway. Depending on substrate specificity, the enzymes cata-
lysing the attachment of the prenyl groups are designated as ei-
ther farnesyltransferases (FT) or geranylgeranyltransferases I or II
(GGTI, GGTII). This type of modification creates a hydrophobic
tail that facilitates membrane association as well as protein-pro-
tein interactions. Prenylated proteins play a role in cell signal
transduction, vesicle trafficking and cell cycle progression. Inhib-
itors of protein farnesyltransferase (PFT) have been developed as
anticancer chemotherapeutic agents because the farnesylation of
the ras oncogene product is required for its proper localisation
and function. T. brucei PFT is, like the mammalian enzyme, a het-
erodimer but the subunits are larger due to numerous peptide
segment insertions. The geranylgeranyltransferase type I seems
to be absent in T. brucei, perhaps explaining the extreme sensitiv-
ity of these organisms to PFT inhibitors compared with mamma-
lian cells. In mammalian cells, when PFT is inhibited, proteins
that are normally farnesylated can be geranylgeranylated by
PGGT-1[76].

Manumycin A, another antibiotic produced by Streptomyces, is a
competitive inhibitor of mammalian FT showing antitumor activ-
ity. It inhibits growth of bloodstream form T. brucei in vitro with
an ECsq of 1.5 pM, but is unable to cure trypanosomiasis in mice
when given intraperitoneally. Manumycin specifically targets the
farnesylation of proteins, but a swollen mitochondrion is also ob-
served by immunofluorescence suggesting an additional site of
action [77]. Because very little is known about the identities of
prenylated proteins in T. brucei, the mechanism of FT inhibitors
remains unclear.
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Tubulin

Tubulin is a heterodimeric protein consisting of a and f subunits
which polymerise to form microtubules. These microtubules
have functions in important processes such as chromosome seg-
regation, motility and maintenance of cellular morphology. Both
shape and motility, provided by the single flagellum, play impor-
tant roles in the complex life cycle of trypanosomes. Tubulin is an
established target in the chemotherapy of many diseases, as
drugs interacting with tubulin are available for treatment of can-
cer and helminth infections [78]. It has recently been demon-
strated to be a possible target for antitrypanosomatid drug dis-
covery [79].

Two natural products, colicin and vinblastine, are able to inhibit
parasite growth in vitro [80]. Colicin is a type of bacteriocin pro-
duced by and toxic to some strains of Escherichia coli. Vinblastine
is a Vinca alkaloid isolated from the Catharanthus (Madagascar
periwinkle) plant used as a component in a number of chemo-
therapy regimens against cancers of white blood cells. The au-
thors have shown that the inhibition of trypanosome growth
was unequivocally due to the interaction of the molecules with
tubulin.

Validated drug targets whose inhibition

by natural products has not been reported as yet

There are many other validated drug targets in T. brucei for which
inhibition by natural products has not yet been described. Very
recently, Frearson et al. [81] showed that protein N-myristoyla-
tion is an attractive target. This process refers to the covalent at-
tachment of the fatty acid myristic acid to the N-terminal glycine
of a small subset of cellular proteins. N-Myristoylation often plays
arole in targeting proteins to membrane locations and can addi-
tionally be involved in mediating protein-protein interactions
and stabilising protein structure. In T. brucei, the enzyme myris-
toyl-CoA-protein N-myristoyltransferase (NMT) catalysing this
reaction is encoded by a single gene which has been shown to
be essential for parasite growth using RNAi. High affinity inhibi-
tors of this target cause rapid killing of trypanosomes both in vi-
tro and in vivo and cure trypanosomiasis in mice. The effects of
NMT inhibition on T. brucei are probably complex as more than
60 proteins are predicted to be N-myristoylated in this organism.
The purine salvage pathway is a well-known target because, un-
like its mammalian host, T. brucei lacks the pathways for de novo
purine biosynthesis and relies on the salvage pathways to meet
its purine demands [82]. Fatty acid synthesis occurs also in a
unique way in T. brucei: it uses endoplasmic reticulum-associated
elongases to synthesise fatty acids de novo, whereas other cells
use elongases only to make long-chain fatty acids even longer
[83]. Protein kinases, key mediators of growth and cell signalling,
are one of the major drug target families being tackled by the
pharmaceutical industry. The T. brucei genome encodes 176 pu-
tative protein kinases and several have been shown to be essen-
tial for proliferation and/or viability of parasites [84].

Other targets

It is almost impossible to cover all of the validated metabolic
pathways or proteins currently investigated as possible antitry-
panosomatid targets. Further information may be obtained on
the TDR targets database (http://tdrtargets.org). It is an open ac-
cess website where researchers can look for information of spe-
cific interest. The aim of this website is to capture, collate and
make publicly available expert knowledge on potential drug tar-
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gets against parasitic diseases. In addition, it proposes a tool to
exploit the availability of diverse datasets to facilitate the identi-
fication and prioritisation of drug targets in pathogens causing
neglected diseases [85].

In the literature, reports of T. brucei growth inhibition assays can
be found for a number of natural products with known specific
action sites in other kinds of cells. This concerns particular com-
pounds active on proteins playing a role in cell proliferation (e.g.,
macromolecular synthesis, energy metabolism) because rapidly
dividing cells such as proliferative tumours, but also some para-
sites, tend to be selectively inhibited. Any trypanocidal activity
for these compounds has been assumed to indicate that the spe-
cific targets were the same in trypanosomes. Very often, the
mechanism of action has thus merely been suggested, only occa-
sionally has it been investigated. There are very few examples in
the literature where the mode of action of an inhibitor was exper-
imentally determined. Kubata et al. [86] purified a proanthocya-
nidin from a Kola acuminata nut showing anti-T. brucei activity in
vitro and in mice. By electron microscopy they observed ultra-
structural alterations caused by rupture of plasma membranes
and release of cell contents. Cordycepin, a metabolite from the
fungus Cordyceps spp., was selected as the best candidate drug
from a direct parasite viability screening of a 2200 nucleoside
analogues library. It is used in combination with deoxycoformy-
cin, an adenosine deaminase inhibitor that prevents the degrada-
tion of cordycepin in vivo, for the treatment of certain malignant
tumours in humans [87]. The same coadministration of com-
pounds was effective for treatment of late-stage experimental in-
fections with T.b. rhodesiense and T.b. gambiense in mice. The
mechanisms accounting for the trypanocidal effect were investi-
gated. The authors found that codycepin induces progammed cell
death of the parasites followed by secondary necrosis by measur-
ing DNA degradation with propidium iodide and the transloca-
tion of phosphatidylserine from the inner to the outer leaflet of
the plasma membrane [88]. The same observations were made
for quercetin, one the most common polyphenolic flavonoids
present in plants such as onions, Ginkgo biloba and tea. This com-
pound Kkills T. b. gambiense by apoptosis with an EC5g of 10 mM
[89]. A chemical proteomics approach has also been applied to
isolate and identify the cellular target of a compound. To this
end, the inhibitor or derivatives have been immobilised on a col-
umn and these affinity matrices subsequently have been used to
pull down potential targets. This methodology was used to
identify the putative targets of 4-[5-(4-phenoxyphenyl)-2H-pyr-
azol-3-yllmorpholine (a synthetic inhibitor of T.b. rhodesiense
growth) and cymelarsan (an arsenical drug used in the treatment
of veterinary trypanosomiasis) [90,91]. Adenosine kinase and
glycerol 3-phosphate dehydrogenase were found as the respec-
tive targets.

The understanding of the molecular mode of action should al-
ways be attempted because it may help to more easily develop
derivatives with increased activity and/or lower toxicity. But it is
clear that it cannot always be achieved and an inability to conclu-
sively identify a target or demonstrate a mechanism of action
should not necessarily terminate the development of an other-
wise promising drug candidate. After all, all but one of the cur-
rently drugs for HAT were discovered via screening for activity
against whole cells and their cellular targets remain unknown.
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Natural products form a promising source of novel lead struc-
tures to address the lack of safe and effective drugs for the treat-
ment of sleeping sickness. Many compounds with a wide variety
of structures have been demonstrated to possess high trypanoci-
dal activity and moderate cytotoxicity values towards mammali-
an cells in vitro. Unfortunately, many of these potential leads have
not been investigated further: tests in animal disease models are
often lacking and studies focusing on the discovery of the cellular
targets and the modes of action of natural products towards try-
panosomes are rare. These studies might, however, be of great
importance to advance the development of potential new drugs.
Once the structure-activity relationships are better understood,
derivatives of the lead compound may be developed in order to
increase the trypanocidal activity and/or reduce toxic side ef-
fects. A network between different disciplines such as biology,
medical chemistry and pharmacokinetics is required to move for-
ward in the lead optimisation and avoid that potentially interest-
ing compounds remain in the lab drawers. The discovery of new
validated drugs targets and the recent technical progress in the
field of natural product chemistry should facilitate this process.
Moreover, with the creation of the DNDi, ensuring the coordina-
tion of research and development projects between private and
public partners, and the new funding opportunities from organ-
isations such as the Gates Foundation, there are more incentives
to develop and strengthen natural product based projects related
to HAT.
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