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Abstract: Infections caused by protozoan parasites are one of the most important public health problems in developing 
countries. One approach to design new drugs for these parasitic diseases relies on metabolic and molecular features which 
are ideally absent in mammalian hosts. Out of them, nutrient transporters play an important role since they were subjected 
to millions of years of adaptation to parasitism, in which this protozoan replaced many biosynthetic routes for transport 
systems. Here we address the current knowledge of trypanosomatids transport systems and the molecules related to such 
processes, including a description of permeases involved in drug uptake, and also those responsible of drug resistance. 
The latter process produces, in many cases, the treatment failure due to the loss of the transporter function, as is the case 
of eflomithine, as well as by increasing the extrusion of drugs, in which usually ABC-type transporters are involved. All 
these aspects and the perspectives on this topic are briefly updated in this review. 
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1. INTRODUCTION 

Protozoan parasites from the family Trypanosomatidae 
include important pathogens of plants, cattle and humans. 
They belong to the taxonomical order Kinetoplastida, char
acterized by the presence of a unique mitochondrial DNA 
structure known as kinetoplast [ 1]. Trypanosoma brucei, 
Trypanosoma cruzi and Leishmania spp. are parasites from 
this group that produce human infection diseases which are 
major causes of mortality [2]. Taken together, these parasites 
affect approximately 25 million people in the endemic areas 
all over the world, with an estimated population in risk of 
acquiring the infection of more than 350 million people [2]. 

The control of these infections remains to be solved and 
represents a serious problem. There are currently no vaccines 
and the use of drugs is the principal way of intervention. 
Chemotherapy mainly depends on the developmental stage 
pathogen or nature of the infection and on the success of the 
treatment. Four drugs have been licensed so far to treat Afri
can trypanosomiasis, the aromatic diamidine, pentamidine; 
the polyanionic compound, suramin; the arsenic-based drug, 
melarsoprol; and the omithine analogue, eflomithine. Nifur
timox, a nitrofuran, is also recommended in some cases [3]. 
For the treatment of Leishmaniases pentavalent antimony 
(such as sodium stibogluconate and meglumine antimoniate), 
amphotericin B, pentamidine, miltefosine, sitamaquine and 
the aminoglycoside antibiotic paromomycin are employed 
[4]. In the case of American trypanosomiasis, only two drugs 
are clinically approved, nifurtimox and the nitroimidazole 
benznidazole (Table 1) [5]. The majority of these 
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chemotherapies were introduced more than 40 years ago and 
present several problems that include toxicity, drug efficacy, 
delivery and resistance emergency. Despite the vast efforts 
of numerous investigators, there are still no adequate thera
pies and consequently an urgent need to develop new che
motherapeutic or prophylactic treatments for these diseases. 
In this sense, some requirements should be kept in mind for 
new drug design; targets should be essential molecules and 
should be absent from mammalian hosts. 

Trypanosomatid organisms have an extended metabolic 
plasticity; they switch to different environments along its 
complex life cycle from the insect vector to the mammalian 
blood and host cell cytoplasm. The parasite must express 
nutrient uptake systems that compensate for these environ
ment alterations and may employ regulatory mechanisms to 
alter the quality and quantity of uptake according to the nu
trient availability. 

Transport systems comprise an essential feature of every 
living cell: they allow the entry of all essential nutrients into 
the cell and its compartments and regulate the intracellular 
concentrations of metabolites [6]. The capacity of a parasite 
to import critical nutrients is essential considering that after 
millions of years of adaptation to parasitism, it replaced bio
synthetic routes for transport systems. These metabolic dif
ferences between trypanosomatids and their hosts point out 
transporters as suitable targets for drug design [7]. 

In the past applying molecular genetic approaches as well 
as the completion of genome projects have allowed the iden
tification and functional characterization of a variety of 
transporters and their genes in these organisms which broad
ened our understanding about metabolite uptake systems in 
these parasites. Major attention was drawn on hexose-, 
purine- and amino acid- permeases which have been studied 
in well-established experimental systems. 

© 2014 Bentham Science Publishers 
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(Table 1) contd .... 
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Aquaglyceroporine ( 11); LmPOTI: L. major Polyamine Transporter (44); LdMT/LdRos3: L. donovani Miltefosine Transporter, and its subunit Ros3 (49); and electrostatic interac
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2. INVOLVEMENT OF TRANSPORTERS IN DRUG 
UPTAKE 

Trypanosomes bear a number of transporters at the cell 
surface, many of them in the "flagellar pocket". This struc
ture represents an invagination of the pellicular membrane 
where endocytosis and exocytosis take place, and it is also 
responsible for nutrient uptake. Since many transporters are 
located in the flagellar pocket, therapeutic drugs can also 
enter cells through this region. Currently, there is an im
proved understanding of drug uptake by parasites due to new 
studies on the mechanisms of drug resistance in trypano
somes, as is explained in the next section. Early in the 50 's, 
arsenical-diamidine resistant strain was reported in T. brucei 
[8]. Such cross-resistance is explained by the findings that 
the melamine-based arsenical melarsoprol and the diamidine 
pentamidine are imported into trypanosomes by the same 
transporter whose physiological substrates are adenine and 
adenosine, both of which compete with melarsoprol for up
take and protect trypanosomes from lysis [9]. Moreover, 
other transporters, including the aquaporine AQP2, were 
associated to the same resistant phenotype. Aquaporins fa
cilitate the transport of water and small neutral solutes across 
membranes in organisms and are involved in osmoregula
tion. Recent evidence suggests that this transporter also par
ticipates in the import of both drugs [10]. 

In L. major, the aquaporin LmAQP l mediates the uptake 
of trivalent antimony, the active metabolite of sodium stibo
gluconate. Overexpression of the LmAQPl gene induces 

increased sens1t1v1ty to antimony- and arsenic-containing 
compounds, and the deletion of one copy of this gene confers 
a decreased sensitivity to these drugs [ 11 ]. 

Hexose transporters have been tested to be inhibited by 
different D-glucose and D-fructose analogues (bro
moacetamide-containing analogues). However, these com
pounds seem to block the T. brucei transporter being not 
translocated into the cells by permeases [1 2]. Additionally, 
T. cruzi glucose uptake is participating in benznidazole resis
tance since recent studies demonstrated that this transport 
activity dramatically decreases in benznidazole resistant 
strains obtained in vitro. These results suggest, that TcHTl 
might be involved in this drug uptake [1 3]. 

Finally, new trypanocidal drugs such as furamidine and 
its derivatives, recently evaluated in clinical trials for the 
treatment of African trypanosomiasis, are actively accumu
lated by T. brucei, being the aminopurine TbATl (P2) per
mease the main transport route [1 4]. 

3. TRANSPORTERS, DRUG RESISTANCE AND DE
VELOPMENT OF NEW DRUGS 

As was previously introduced, the understanding in drug 
uptake by parasites took place once resistant phenotypes 
were observed. Thus, some examples explained above are 
also reviewed in this section. One of the first molecular iden
tification of a transporter associated with drug resistance in 
trypanosomes was in 1993 by Carter et al. [9] , when they 
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discovered that melarsoprol-resistant trypanosomes lack the 
P2 adenosine transporter, suggesting that resistance to these 
arsenicals is due to loss of uptake. The trypanocidal effect of 
melarsoprol could be abolished by adenine, adenosine and 
dipyridamole, which all compete for the uptake by an adeno
sine transporter. T. brucei has two high-affinity adenosine 
transport systems; the Pl type, which also transports inosine; 
and the P2 type, which is capable to transport adenine and 
melarsoprol. 

Eflomithine, an omithine analogue, is used as a first line 
treatment for human African trypanosomiasis. Eflomithine 
resistance was studied by in vitro and in vivo analyzes [ 15]. 
Interestingly, neither the target of the drug, omithine decar
boxylase, nor the intermediates of the polyamine biosyn
thetic pathway were altered in resistant cells. However the 
intracellular concentration of eflomithine was shown to be 
diminished in resistant lines. An amino acid transporter gene, 
TbAAT6 (Tb927.8.5450), was found to be deleted in the 
resistant parasites. Additionally, RNAi silencing of such 
gene was sufficient to facilitate resistance [15]. These results 
led easily to the identification of resistant parasites in the 
field by PCR tests, enabling more appropriate treatment. 
Strikingly, the orthologs of TbAAT6 in Leishmania spp. and 
T. cruzi do not transport omithine but proline/alanine or 
pro line respectively [ 16-18]. 

ATP-binding cassette (ABC) transporters constitute the 
biggest family of membrane proteins involved in drug resis
tance and other biological activities. Drug resistance repre
sents a major problem in different treatments. In the specific 
case of Malaria, recent identifications highlighted the impor
tance of mutations in transporter molecules for being major 
contributors to drug resistance in the human malaria parasite 
Plasmodium falciparum. Three transporters are of particular 
importance in drug resistance, the "chloroquine resistance 
transporter" (PfCRT) [19], the "multi-drug resistance trans
porter l" (PfMDRl) [20], and the "multi-drug resistance
associated protein" (PfMRP) [21 , 22]. In a similar way, in 
trypanosomatids multidrug resistance is related to the P
glycoprotein (Pgp ), an energy dependent efflux pump that 
extrudes drugs and metabolites across the membrane. The 
genes TcPGPl and TcPGP2 have been described in T. cruzi, 
although the function of these genes has not been fully eluci
dated. In vitro induced cell lines resistant to thiosemicarba
zones and benznidazole have a higher Pgp activity, and Pgp 
inhibitors could abolish the resistance suggesting that 
multidrug resistance is a consequence of an increased drug 
efflux [23]. These results are particularly relevant since ben
znidazole is the main drug in therapy of Chagas' disease. 

As occurs in T. cruzi, resistance of Leishmania spp. to 
therapeutic drugs increases in developing countries and in 
many instances it is due to over-expressed ABC efflux 
pumps. Cell lines resistant to the drug camptothecin (CPT) 
are characterized by an overexpression of an ABC trans
porter called ABCG6 [24]. Transfection and overexpression 
of LdABCG6 in wild type parasites, visualized the trans
porter primarily in the plasma membrane and the flagellar 
pocket region, where most of the permeases are also located 
[25, 26]. Similar to other organisms, overexpression of 
LdABCG6 confers CPT resistance to the parasites mediated 
by rapid drug efflux. 
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In this paragraph we address not only a variety of trans
porters that might be effective candidates for drug targeting, 
but also other functions of permeases such as transporting 
modified drugs as well as novel high-throughput drug 
screening methods. 

Nucleoside transporters have been used to deliver toxic 
agents to trypanosomes; in addition, glucose and amino acid 
transporters have been evaluated to carry modified drugs into 
the cell cytoplasm. While there are a variety of metabolite 
permeases that can be studied as potential therapeutic targets, 
in this paragraph we will focus on three main groups com
posed by transporters of nucleoside, amino acids and poly
ammes. 

One clear example of the transport of modified drugs is 
the case of the melarsoprol and pentamidine that can enter 
via an aminopurine transporter. However, other toxic com
pounds have also been designed to enter via this route [27]. 
Recently it has been reported that addition of melamine
based P2-targeting motifs to three different compound 
classes fluoroquinolones, difluoromethylomithine and arte
sunate derivatives, improved the trypanocidal activity 
through increased selective uptake [28]. 

The first multigenic family of amino acid transporter 
from T. cruzi (TcAAAP) was identified by Bouvier et al. 
[16]. A couple of years ago, few members of this family 
have been characterized in trypanosomatids, including an 
arginine, lysine and praline/alanine permeases [25, 26, 29, 
30]. One interesting feature of this permease family is the 
absence of orthologs in mammalian genomes emphasizing 
that these molecules could serve as putative targets for novel 
trypanocidal drugs [16, 18, 31]. 

In T. cruzi, arginine is an essential amino acid and a key 
substrate for several metabolic pathways which is scavenged 
from the host via different transport systems or by intracellu
lar proteolysis [32-34]. Arginine participates in the cell en
ergy management through an arginine kinase, which is ab
sent in mammalian tissues [33, 35]. Recently it has been re
ported an arginine pennease (TcAAP3) which activity regu
lates the downstream processes of the arginine metabolism, 
such as arginine kinase activity. This regulation mechanism 
involves the ATP homeostasis since an increase in arginine 
transport dramatically decreases the intracellular ATP level 
thus affecting the parasites' viability [26]. These evidences 
suggest that modulating the TcAAP3 activity by a drug, 
would affect the survival of T. cruzi. 

On the other hand, it is well established that L-proline 
has several roles in the biology of trypanosomatids. In T. 
cruzi, this amino acid is involved in energy metabolism, dif
ferentiation processes and resistance to osmotic stress [36, 
37]. Recently, the use of the praline analogue L-thiazolidine-
4-carboxylic acid (T4C) was analyzed. It was demonstrated 
that T4C significantly diminished parasite survival in combi
nation with nutrient starvation and oxidative stress condi
tions. These data suggest that T4C could be used in combina
tion with compounds that produce oxidative stress an inter
esting therapeutic drug [38]. 

In trypanosomes, polyamines are involved in crucial cel
lular processes including the synthesis of the antioxidant 
trypanothione (bis-glutathionylspermidine) which has been 
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found exclusively in trypanosomatids [39]. Polyamines 
could be obtained by the de nova synthesis from ornithine, 
arginine, or transported from extracellular sources. In con
trast to other protozoa, T. cruzi is the only trypanosomatid 
which is auxotroph for polyamines because of its inability to 
synthesize putrescine due to the lack of both, arginine decar
boxylase (ADC) and ornithine decarboxylase (ODC) [ 40, 
41]. Therefore, the intracellular availability of polyamines in 
T. cruzi depends exclusively on transport processes. Because 
the essentiality and differences in the metabolic pathway in 
comparison to the host, polyamine transport and metabolism 
constitute an appropriate target for chemotherapeutic strate
gies against parasitic diseases [ 42], since blocking ornithine 
decarboxylase activity by eflornithine is a validated treat
ment for African trypanosomiasis [43]. Recently, a high
affinity polyamine permease from L. major was cloned and 
functionally characterized [ 44]. This was the first report of a 
eukaryotic polyamine permease at the molecular level. Once 
the L. major POTl was published we were able to identify a 
T cruzi polyamine permease [ 45] which has previously been 
described as a member of the TcAAAP family [16]. Despite 
the intensive use as antiparasitic drug little is known about 
the effect of pentamidine in T. cruzi. Recent studies demon
strated that pentamidine blocks a polyamine transporter pre
sent in L. major [44] ; consequently, it might also block these 
transporters in T. cruzi. 

New antimetabolites have been tested as trypanocidal 
drugs. The accumulation of such compounds inside the cell 
strongly depends on nutrient transporters [27]. Some exam
ples of them are: acivicin, 6-diazo-5-oxo-L-norleucine, 
azaserine (glutamine analogues), tryptophan benzyl ester, 
dihydroxitryptamine (tryptophan analogues), buthioninesul
foximine (methionine analogue), and hydroxydopamine (ty
rosine analogue). In addition to a wide variety of analogues, 
new high-throughput techniques have been applied to dis
cover new drug targets. Recently, five different drugs used 
for the treatment of African trypanosomiasis were assayed in 
a genome-wide .RNA Interference Iarget sequencing (RIT
seq) screening in T brucei. Obtained results reveal that 
transporters and other unrelated mechanisms facilitate the 
trypanocidal drug activity. In terms of drug uptake, RIT-seq 
profiling identified a bloodstream stage-specific invariant 
surface glycoprotein (ISG75) family which mediates suramin 
uptake and aquaglyceroporins involved in pentamidine and 
melarsoprol cross-resistance. These results provide unprece
dented molecular insights into the mode of action of antitry
panosomal drugs [ 46]. 

4. PERSPECTIVES 

Although there are many therapies against trypanosomi
ases, none of them is totally satisfactory. Some drugs have 
limited efficacy, resistance is an increasing problem, dosage 
regimes can be complex and drug administration requires 
medical supervision. Thus the development of new drugs is 
urgently required. One of the limitations towards the discov
ery of new transporter-targeted drugs is the lack of an effi
cient high throughput screening method. Due to the lipo
philic nature of the trans membrane domains of the per
meases they are hardly to be recombinantly expressed and 
subsequently employed in drug screening assays. Therefore 
automated screening techniques should be developed in the 
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future deploying more complex systems such as transporters 
incorporated in liposomes or high throughput drug selection 
of auxotrophic yeast complemented with the target per
mease. In addition, membrane transporters can be used for 
selected targeting of trypanocidal compounds into the para
sites. The potency of various well-known trypanocidal drugs 
can be enhanced by chemical modifications mimicking the 
natural substrate and thereby increasing uptake capacity [28]. 
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