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Heme (iron protoporphyrin IX) is an important molecule involved in many biological reactions, including
oxygen transport, respiration, photosynthesis and drug detoxification. Trypanosoma cruzi parasites, the
etiological agent of Chagas’ disease, take up heme from the environment to supply their nutritional needs
because they do not synthesize this cofactor. However, the mechanisms involved in heme transport
across biological membranes are poorly understood. Indeed, in T. cruzi, no heme transporter has yet been
characterized. In the present work, we evaluate the heme uptake processes by T. cruzi epimastigotes

ﬁ?:;v eordS: using fluorescent heme-analogues. Heme uptake decreased significantly when cells were pretreated with
Trypanosoma cruzi different concentrations of SnPPIX, PAMPIX or ZnMPIX, this observed competition suggests that they are
Porphyrins taken up by the same transport system. We studied the growth behavior of epimastigotes using the same

heme-analogues and the treatments with SnPPIX or PAMPIX impaired cell growth but when heme was
added to the culture medium the observed inhibition was partially reversed. In addition, we tested how
the heme uptake processes are affected by the presence of different transporter inhibitors. When the
cells were treated with inhibitors and then incubated with heme, heme uptake decreased significantly
for all treatments. These results constitute a strong indication for the existence of a protein associated
with porphyrin transport in T. cruzi, possibly ATP-binding cassette transporters (ABC-transporter).

© 2011 Elsevier B.V. All rights reserved.

Heme transport

1. Introduction

Trypanosoma cruzi is a protozoan parasite that resides in the
blood and other tissues and causes American Trypanosomiasis, or
Chagas’ disease, which is recognized by the World Health Organiza-
tion (WHO) as one of thirteen major neglected diseases throughout
the world. Chagas’ disease is a significant problem in Latin America
(Hotez et al., 2007), where it is endemic, but other countries (con-
sidered non-endemic) are considerably affected as well because of
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the migration movements of the Latin American population (Coura
and Vifas, 2010). Currently, an estimated 10 million people are
infected worldwide, primarily in Latin America, and more than 25
million people are at risk of being infected (WHO, 2010). The treat-
ment is not very effective; the available medications have serious
side effects and little efficacy during the chronic stage of the dis-
ease. As there are currently no prospects for vaccines or satisfactory
medical treatments, the search for new therapies is a priority. This
disease is transmitted by triatomine vector insects while they feed
on a vertebrate host. These bloodsucking insects ingest 6-12 times
their original weight in blood (Wigglesworth, 1943). This blood is
continuously digested through a variety of proteinases, releasing
amino acids, peptides and heme. Usually, approximately 10 mM of
heme bound to hemoglobin is obtained in a single ingest (Graga-
Souza et al.,, 2006).

The heme molecule is an important cofactor that is involved in
several essential biological processes in aerobic organisms, such as
oxygen transport (hemoglobin and myoglobin), cellular respiration
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(cytochrome c, cytochrome c oxidase, and cytochrome c reduc-
tase), drug detoxification (enzyme P450) and enzymes involved
in antioxidant defense (catalases and peroxidases) (Ponka, 1999).
Heme is a highly toxic molecule due to its pro-oxidant properties
(Ryter and Tyrrel, 2000; Deterding et al., 2004), its biosynthesis
and degradation are tightly regulated in accordance with cellu-
lar requirements. The heme biosynthetic pathway is conserved
throughout evolution, in non-photosynthetic eukaryotic cells, it
starts and finishes in the mitochondria, while still involving sev-
eral cytosolic steps (Severance and Hamza, 2009). There are some
organisms that depend on essential heme-proteins but lack in
part or in total a heme biosynthetic pathway. Trypanosomatids are
included in this group (revisited by Koreny et al., 2010; Tripodi
et al., 2011). Biochemical studies have demonstrated the void of a
complete heme biosynthesis pathway in T. cruzi (Lombardo et al.,
2003), and this was later corroborated by the absence of conserved
enzymes in its genomic sequence (El-Sayed et al., 2005).As heme
is an essential cofactor for trypanosomatids, the processes of heme
binding, transport and intracellular distribution must involve criti-
cal pathways in these organisms. Heme uptake in trypanosomatids
is a topic of actual debate and, specifically for T. cruzi, there is lim-
ited information concerning transporters or carriers and there is
no biochemical characterization of the process itself. Our group has
demonstrated that in T. cruzi epimastigotes, heme and hemoglobin
internalization proceed through different routes and/or mech-
anisms (Lara et al., 2007). We have observed by fluorescence
microscopy using fluorescent heme analogues that heme uptake
might involve the activity of a P-glycoprotein (Pgp) homologue, an
ABC transporter. Latter, the protein TbHpHbR was described as a
receptor for the complex haptohemoglobin-hemoglobin (Hp-Hb)
(Vanhollebeke et al., 2008). The authors demonstrated that TbH-
pHDbR s a bloodstream stage-specific protein, but it is not expressed
in the procyclic form. TbHpHDbR is present in Trypanosoma bru-
cei subsp. gambiense and Trypanosoma brucei subsp. rhodesiense but
absent from the related kinetoplastids T. cruzi and Leishmania. This
protein directs the internalization of heme carried by the Hp-Hb
complex into hemoproteins in order to optimize growth of blood-
stream forms. Recently, it was demonstrated that an ATP-binding
cassette protein was involved in intracellular heme trafficking in
Leishmania (Campos-Salinas et al., 2011). The protein LABCG5 was
associated with the internal distribution of hemoglobin-bound
heme to the mitochondria, but LABCG5 was not involved in the
internal trafficking of free heme. Currently, the mechanisms by
which heme is transported through the plasma membrane and
targeted to heme proteins in the intracellular medium remain
unknown for all the trypanosomatids.

Considering the implications of new discoveries in the transport
of porphyrins in T. cruzi, it becomes great importance, especially
from the standpoint of chemotherapy, to elucidate the mechanisms
for heme transport. In this study, we investigate the effects of heme
transport blockage by heme analogues and specific transporters
inhibitors and, consequently, the disruption of the life-cycle of T.
cruzi.

2. Materials and methods
2.1. Reagents

BHI (brain-heart infusion medium) was obtained from
DIFCO (Sparks, MD, USA). Cyclosporin A (CsA) was pur-
chased from Novartis Pharma S.A.S. (Huningue, France). Fetal
calf serum (FCS) was purchased from CULTLAB (Sdo Paulo,
Brazil). Heme (Fe-protoporphyrin IX), Sn-protoporphyrin IX
(SnPPIX), Pd-mesoporphyrin IX (PAMPIX) and Zn-mesoporphyrin
IX (ZnMPIX) were obtained from Frontier Scientific

(Logan, UT, USA). Indomethacin (1-[p-chlorobenzoyl]-5-
methoxy-2-methylindole-3-acetic acid) was obtained from
SIGMA-ALDRICH CHEME (Steinheim, Germany). Pyridine was
purchased from MERCK (Darmstadt, Germany). Verapamil
(5-[N-(3,4-dimethoxyphenylethyl)methylamino]-2-(3,4-
dimethoxyphenyl)-2-isopropylvaleronitrile hydrochloride)
was also purchased from SIGMA-ALDRICH CHEME (Steinheim,
Germany). All other reagents used were of analytical grade.

2.2. Parasites

T. cruzi epimastigotes, strain Dm28c, were grown at 28 °C for
seven days in BHI supplemented with 10% FCS and in the absence
or presence of 30 uM heme. The growth was monitored by cell
counting in a Neubauer chamber.

2.3. Porphyrins

Fe—protoporphyrin IX stock (20 mM) was prepared by dissolv-
ing in 0.1 N NaOH, and after it was buffered using PBS (100 mM
sodium phosphate buffer and 150 mM NaCl at pH 7.4). The stock
was diluted immediately before use to 10 mM in the same PBS
buffer. Stocks of Sn-protoporphyrin [X, Pd-mesoporphyrin IX and
Zn-mesoporphyrin IX (heme analogues) were prepared in 0.1 N
NaOH and buffered in PBS in the same way as the heme and then
used in the experiments.

2.4. ABC transporter inhibitors (cyclosporin A, indomethacin and
verapamil)

The inhibitor stock solutions were prepared as follows: the
5mM cyclosporin A and 10 mM verapamil stock solutions were
prepared in water, and the 10 mM indomethacin stock solution was
prepared in 0.1 N NaOH and PBS.

2.5. The effect of SnPPIX, PAMPIX, and ZnMPIX on T. cruzi
epimastigote heme uptake

The parasites were maintained in BHI supplemented with 10%
FCS for 7 days. After 7 days, the cells were washed twice with PBS.
After washing, the cells were suspended with PBS and incubated
for 10 min with different concentrations of the heme analogues
(SnPPIX, PAMPIX, and ZnMPIX). After incubation, they were washed
twice with PBS, suspended with PBS and then incubated with
10 wM heme for 10 min. After this incubation, the cells were col-
lected, washed twice with PBS and lysed through repeated freezing
and thawing. Heme uptake was measured in epimastigote lysates
with the alkaline pyridine method (Falk, 1964) using a GBC UV/VIS
920 absorption spectrometer with the following volume modifi-
cations: 500 pL of sample was combined in a 1 mL cuvette with
500 L of stock solution containing 0.2 N NaOH and 48% pyridine.
The oxidized and reduced (via the addition of DTH) spectra were
recorded between 500 nm and 600 nm. The 557 and 541 nm peaks
were identified in the differential reduced minus oxidized spectra.
The heme concentration was estimated using the molar extinction
coefficient 20.7 mM~! cm~1. As controls we recorded the reduced
minus oxidized spectra of heme alone and heme plus different
amounts of SnPPIX and we did not observe any difference in the
reduced minus oxidized spectra, indicating that these analogues
did not show interference in this test.

2.6. Analysis of ZnMPIX uptake by T. cruzi epimastigotes
measured via direct fluorescence from total cell extracts

The T. cruzi epimastigotes were maintained in BHI supple-
mented with 10% FCS and 30 wM hemin at 28 °C. Parasites in the
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stationary phase were used to study the ZnMPIX-uptake processes.
The cells were collected by centrifugation and washed twice with
PBS. The cells were then suspended in PBS, and the assays were
performed in PBS buffer at 28 °C using 2 x 107 parasites per assay,
volume of 100 p.L. The epimastigotes were incubated for 5 min with
10 uM ZnMPIX at different concentrations of hemin (0-100 M)
added to epismatigotes to complete a volume of 200 p.L. After incu-
bation, the reaction was stopped by the addition of 800 w.L of cold
PBS with 1 mM hemin. Then the cells were collected and washed
3 times with cold PBS (we tested that the last washing buffer does
not contain hemin nor ZnMPIX). The cells were then suspended in
lysis buffer (0.5% Triton X-100 in PBS) and disrupted by repeated
freezing and thawing. The lysates were clarified by centrifugation,
and the supernatant was used to measure the ZnMPIX fluorescence
intensity in the total cell extracts using a Varian Eclipse fluorometer
(Aex =405nm and Aem =578 nm). The fluorescence intensity mea-
sured is directly proportional to the ZnMPIX concentration. Every
data point is the average of 3 independent assays, and the uptake
experiments were reproduced at least 3 times. The same experi-
ments were carried out in stationary phase and we observed the
same effects on ZnMPIX uptake.

2.7. The effects of SnPPIX, PAMPIX, and ZnMPIX on T. cruzi
epimastigote growth

Parasites were maintained at 28 °C for a week in BHI containing
both 10% FCS and 30 wM heme, and then epimastigotes in the sta-
tionary phase were collected by centrifugation and washed three
times with BHI without FCS. The cells were suspended in BHI with
10% FCS. The heme analogues (SnPPIX, PAMPIX, and ZnMPIX) were
added to cells suspensions at different concentrations and were
incubated for 10 min. Then 30 wM heme was added to the medium.
The cells were then maintained for 12 days in culture. Cell growth
was monitored by cell counting in a Neubauer chamber.

2.8. The effect of cyclosporin A, indomethacin and verapamil on
epimastigotes heme uptake

Parasites were maintained in BHI supplemented with 10% FCS.
The cells were washed twice with PBS and then treated with dif-
ferent ABC-transporter modulators (300 M indomethacin, 10 uM
cyclosporin A or 2 wM verapamil) for 30 min. Then 10 wM heme
was added to the medium, and the samples were incubated for
another 10 min. After this incubation, the cells were lysed through
a freeze/thaw process. The heme uptake was measured from the T.
cruzi lysates as previously described in Section 2.5.

2.9. Evaluation of the effect of cyclosporin A on the proliferation
of T. cruzi epimastigotes

The cells were maintained at 28° for a week in BHI contain-
ing both 10% FCS and 30 .M heme. During the stationary phase,
they were collected by centrifugation and washed three times with
BHI without FCS. The cells were suspended in BHI with 10% of
FCS. The epimastigotes were pre-treated with increasing doses of
cyclosporin A (1-20 M) for 30 min, and then 10 wM heme was
added to the cells. The cells were maintained for 7 days in this cul-
ture. Cell growth was monitored by cell counting in a Neubauer
chamber.

2.10. Evaluation of the effect of cyclosporin A on the heme uptake
in T. cruzi epimastigotes

Parasites were maintained in BHI supplemented with 10% FCS
and 30 uM heme at 28° for one week. Then, the cells in the sta-
tionary phase were collected by centrifugation and washed three

times with BHI without FCS. After washing, the epimastigotes were
suspended in BHI with 10% FCS and pre-treated with 10 uM of
cyclosporin A for 30 min. After 30 min, 300 .M heme was added
to the medium, and the cells were maintained for 7 days in culture.
After 7 days, the cells were collected, washed twice with PBS, lysed
as described above and the heme uptake was measure as described
previously in Section 2.5.

2.11. Statistical analysis

Statistical analyses were conducted using GraphPad Prism 5
software (GraphPad Software, Inc., San Diego, CA). The data are pre-
sented as the mean 4 SD. The experimental data were analyzed by
one-way analysis of variance (ANOVA), and differences between
groups were assessed using Tukey’s post-test. The level of signifi-
cance was set at p <0.05, and all experiments were repeated at least
three times.

3. Results

3.1. The effect of the heme analogues (SnPPIX, PAMPIX and
ZnMPIX) on heme uptake and cell proliferation in T. cruzi
epimastigotes

The heme analogues used in this work have a similar chemical
structure to heme. The mesoporphyrin derivatives have replaced
the two vinylene groups of the original structure of protoporphyrin
IX by two ethyl groups besides, they contain Pd(Il) and Zn(II) as cen-
tral ion (PdAMPIX and ZnMPIX, respectively). The SnPPIX analogue
have replaced only central metal ion but conserve the protopor-
phyrin ring structure. All three molecules are good fluorophores,
and several have been used to study heme uptake by fluores-
cence microscopy and heme trafficking in different tissue types and
organisms (Worthington et al., 2001; Lara et al., 2005; Rao et al.,
2005; Sartonello et al., 2010), including our previous work where
PdMPIX was used to follow by fluorescence microscopy heme inter-
nalization in T. cruzi epimastigotes (Lara et al., 2007).

As a first approach to try to elucidate the process of heme
transportin T. cruzi epimastigotes, we designed and optimized con-
ditions to evaluate heme uptake in the presence of the fluorescent
heme analogues SnPPIX, PAMPIX and ZnMPIX. The intracellular
heme concentration was determined using hemochrome pyridine
methods (Falk, 1964), as described in Section 2. We observed that
epimastigotes in the stationary phase can accumulate approxi-
mately 10-15 nmol of heme per 108 cells when they are incubated
with 10 wM heme for 10 min after being depleted of heme, as shown
in Fig. 1 (panels A, B and C; the concentration O represent cells with-
out treatment with heme analogues). When the cells were treated
with different concentrations of heme analogues, we observed a
decrease in the intracellular heme concentration. This reduction is
proportional to the analogue concentration, as shown in Fig. 1(A-C).
In particular, we followed ZnMPIX uptake by spectrofluorometry,
as described in Section 2. The fluorescence intensity (IF) of ZnMPIX,
which was measured from total cell extracts treated with different
heme concentrations, is presented in Fig. 2. We observed lower
ZnMPIX IF values as the heme concentration increased. This reduc-
tion in ZnMP uptake is in agreement with the previous results
presented in Fig. 1, when we followed the intracellular heme uptake
in parasites treated with different concentrations of analogues. A
similar effect was observed when different T. cruzi strains were
subject of the same treatment, such as CL-Brener and CL 14 (data
not shown). These results indicate that heme analogues (PPIX or
MPIX) might be imported into cells through the same system used
to uptake heme.
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Fig. 1. The heme analogues (SnPPIX, PAMPIX and ZnMPIX) prevents heme uptake by T. cruzi epimastigotes. Trypanosoma cruzi Dm28c were maintained in BHI supplemented
with 10% FBS at 28 °C for 7 days. The epimastigotes were washed with PBS and treated with different concentrations of SnPPIX (A), PAMPIX (B) and ZnMPIX (C) for 10 min
and then incubated with 10 wM heme for 10 min. The negative control (0) did not receive any treatment, whereas the positive control (0 heme analogue) was treated with
10 wM heme for 10 min. Heme uptake in T. cruzi was measured in lysed epimastigotes using the alkaline pyridine method. All data are presented as the means + SD, *p <0.05
in relation to the heme treatment, as determined using Tukey’s test. This result is representative of 3 experiments.

We also evaluated the effect of these heme analogues on the
proliferation of T. cruzi epimastigotes, as described in Section 2.
Briefly, we treated the epimastigotes with heme and various con-
centrations of SnPPIX, PAMPIX or ZnMPIX. The parasites were kept
in culture for 12 days, and cell growth was monitored by count-
ing in a Neubauer chamber. We observed a marked inhibition in
parasite growth when the parasites were treated with heme ana-
logues (Fig. 3). However, the addition of heme after treatment with
SnPPIX and PAMPIX partially alleviated this inhibitory effect (Fig. 3A
and B). Interestingly, the inhibitory effect observed after treatment
with ZnMPIX did not revert in the presence of heme (Fig. 3C), sug-
gesting that under these experimental conditions the effect of this
compound might be more deleterious or that ZnMPIX cannot be
displaced by heme after being imported by the cells. However, we
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Fig. 2. The presence of increased heme concentration affects the ZnMPIX uptake in
T. cruzi epimastigotes. T. cruzi Dm28c epimastigotes were maintained in BHI sup-
plemented with 10% FCS and 30 wM heme at 28 °C for 7 days. The cells were washed
twice with PBS and suspended in the same buffer at 2 x 108 cells/ml. The cells were
incubated with ZnMPIX and different concentrations of heme for 5 min before the
reaction was stopped by the addition of a cold PBS solution containing 1 mM heme.
The amount of uptake was measured in lysed epimastigotes, after several steps of
centrifugation and pellet suspension in cold PBS buffer, by determining fluorescence
intensity in a spectrofluorometer (Aex =405 nm and Agvmax =577 nm). All data are
presented as the means + SD. This result is representative of 3 experiments.

cannot exclude other factors related with the experimental condi-
tions and/or related to any specific strain. We performed several
controls to evaluated ZnMPIX toxicity in CL-14 and Cl Brener epi-
mastigotes and these assays did not show the deleterious effect of
ZnMPIX. In those cases the cells were treated during 10 min with
(or without) 50 wM ZnMPIX in PBS buffer, then they were washed
and cultured in BHI with 10% FCS (plus 30 wM heme) and we did not
observe differences between the treated and non-treated cells (data
not show). More experiments are necessary to distinguish between
these hypotheses about ZnMPIX behavior compared to the others
heme analogues. Besides, all the heme analogues showed a dele-
terious effect when they replaced heme in the culture media. This
result confirms that heme is an essential cofactor for T. cruzi epi-
mastigotes and these analogues may compete with heme for the
same carrier in the parasite cell.

3.2. The effect of ABC transporter inhibitors on heme uptake and
cell proliferation in T. cruzi epimastigotes

Previously, we observed that the internalization of PAMPIX by
epimastigotes, as measured by fluorescence microscopy, decreased
in the presence of ABC transporter inhibitors (Lara et al., 2007).
In addition, preliminary results obtained by Cricco and colleagues
show that heme uptake by epimastigotes are dependent on ATP
(personal communication, data not shown). These results sug-
gest that heme uptake is mediated by an active transport system
and that an ABC transporter is involved in this process. To elu-
cidate what types of transporters or carriers are associated with
heme transport in epimastigotes, we evaluated the changes in
intracellular heme levels when parasites were treated with dif-
ferent transporter inhibitors. We measured the intracellular heme
level spectrophotometrically, as described before, to evaluate the
effect produced by the ABC transporter inhibitors cyclosporin A,
indomethacin and verapamil at concentrations of 10 wM, 300 uM
and 2 pM, respectively. The chosen inhibitors and concentrations
were based on our previous results (Lara et al., 2007). We observed
that when parasites are treated with the inhibitors and then incu-
bated with heme, less heme was incorporated than in the untreated
cells. The heme level decreased approximately 50% in all cases,
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Fig. 3. The heme analogues (SnPPIX, PAMPIX and ZnMPIX) negatively affect the growth kinetics of T. cruzi epimastigotes. Trypanosoma cruzi Dm28c strain were maintained
at 28°C in BHI supplemented with 10% FBS and 30 wM heme. Epimastigotes in the stationary phase were washed with PBS and incubated in BHI supplemented with 10%
FBS. The epimastigotes were then treated with different concentrations of SnPPIX (A), PAMPIX (B) and ZnMPIX (C) for 10 min before incubation with 30 wM heme. All data
are presented as the means & SD, *p <0.05 in relation to the heme treatment by Tukey’s test. The results are representative of three independent experiments.

shown in Fig. 4. This result supports our hypothesis that an ABC
transporter could be involved in the translocation of heme through
the lipid bilayer in T. cruzi. To evaluate the effect of these inhibitors
on the parasite proliferation, we treated them with increasing doses
of cyclosporin A (1-20 wM). It was observed that doses smaller
than 5 wM do not interfere with proliferation. At concentration of
10 .M CsA we observed a small reduction on parasite proliferation.
However, at cyclosporin A concentrations greater than 10 wM, the
proliferation induced by heme incubation is prevented, as shown
in Fig. 5. Finally, we decided to evaluated how increasing doses

of heme (10-300 wM) modulate the effect of 10 wM cyclosporin A
treatment as shown in Fig. 6, our results demonstrate that heme
does not reverse the inhibitory effects of cyclosporin A, suggesting
that CsA, at this concentration, is affecting other processes in addi-
tion to heme uptake. To further investigate this point, we evaluated
the intracellular heme level in the presence of CsA.

Parasites were treated with 10 wM cyclosporin A for 30 min and
then incubated with or without heme in culture for 7 days, as
detailed in Section 2. These results are shown in Fig. 7. We observed
that CsA treatment prevents heme uptake when the parasites are
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Fig. 4. The treatment with ABC transporter inhibitor affects the heme uptake in
T. cruzi epimastigotes. Trypanosoma cruzi Dm28c were maintained in BHI supple-
mented with 10% FBS at 28 °C for 7 days. The epimastigotes were washed with PBS
and treated with 10 wM CsA, 300 wM indomethacin or 2 wM verapamil for 30 min
and then incubated with 10 wM heme for an additional 10 min. The control did not
receive any treatment. Heme uptake in T. cruzi was measured in lysed epimastig-
otes using the alkaline pyridine method. All data are presented as the means +SD
of three independent experiments, *p <0.05 in relation to the heme treatment, as
measured by Tukey’s test.

incubated with 300 .M heme. However, a basal level of heme was
maintained in the cells, this amount was presumably sufficient to
allow the parasite regular proliferation. In addition, the results pre-
sented in Figs. 6 and 7 allowed us consider that at 10 WM CsA the
parasite proliferation might be affected because extra heme import
is prevented, inhibiting at least in part, the heme uptake processes

4. Discussion

The study of heme acquisition by T. cruzi is critical for under-
standing the following aspects of T. cruzi infection: (i) the biology
of the parasite, (ii) heme uptake in T. cruzi, and (iii) the interac-
tion between the parasite and the vector. Advancing knowledge
regarding the transporters used by parasites is necessary because
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Fig. 5. The dose-effect of CsA on the proliferation of T. cruzi epimastigotes grown
in the presence of heme. Trypanosoma cruzi Dm28c were maintained at 28 °C in BHI
supplemented with 10% FBS and 30 .M heme. Epimastigotes in the stationary phase
were washed with PBS and treated with different concentrations of cyclosporin A
(CsA) for 30 min. The parasites were then incubated with 10 wM heme for 7 days.
All data are presented as the means + SD of two independent experiments, *p <0.05
in relation to the heme treatment, as determined using Tukey’s test.

blocking heme transport may interrupt the relationship between T.
cruzi and the vector or host. In this work, we developed a method
to evaluate the heme uptake processes in T. cruzi epimastigotes.
We used the fluorescent heme analogues SnPPIX, ZnMPIX and
PdMPIX to evaluate heme uptake. We observed that the presence of
these compounds decreased intracellular heme levels and affected
parasite proliferation, suggesting a competition between the por-
phyrins and heme for the same transport machinery. The presence
of common porphyrin-transporter in T. cruzi agrees with the results
presented by Campos-Salinas et al. (2011) where they study the
heme transport by Leishmania donovani promastigotes using MgP-
PIX as heme analogue by flow citometry. Our results indicate that T.
cruzi proliferation is mediated almost exclusively by heme through
unknown mechanisms. We observed that treatment with SnPPIX,
ZnMPIX and PdAMPIX inhibited parasite proliferation, and this inhi-
bition is reverted by the presence of heme, although the case of
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Fig. 6. The dose-effect of heme on the proliferation of T. cruzi epimastigotes grown in the presence of CsA. Trypanosoma cruzi Dm28c were maintained in BHI supplemented
with 10% FBS and 30 wM heme at 28 °C. Epimastigotes in the stationary phase were washed with PBS and treated with 10 wM cyclosporin A (CsA) for 30 min. The cells were
then incubated with different concentrations of heme for 7 days. All data are presented as the means + SD of two independent experiments. *p <0.05 in relation to the cells
grown with 30 wuM heme, and *p <0.05 in relation to the cells grown with 300 wuM heme, as determined using Tukey’s test.
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Fig. 7. The effect of cyclosporin A on heme uptake in T. cruzi epimastigotes. Try-
panosoma cruzi Dm28c were maintained at 28 °C in BHI supplemented with 10%
FBS and 30 wM heme. Epimastigotes in the stationary phase were washed with PBS
and treated with 10 wM cyclosporin A (CsA) for 30 min. The cells were then incu-
bated with 300 wM heme for 7 days. Heme uptake in T. cruzi was measured in lysed
epimastigotes using the alkaline pyridine method. All data are presented as the
means £ SD with *p<0.05 in relation to the heme treatment, as determined using
Tukey’s test. This result is representative of two independent experiments.

ZnMPIX is controversial and more studies will be necessary to
address it behavior.

ABC transporters are responsible for moving a variety of
molecules through the lipid membrane of cells and organelles,
mostly against a concentration gradient at the expense of ATP
hydrolysis. These carriers are remarkably variable with regards to
their physiological functions, their substrates and the direction of
transport, alternating between import and export (Higgins, 1992).
Klokouzas et al. (2003) identified approximately 30 members of the
ABC family in the main protozoan parasites. Sauvage et al. (2009)
presented a review on ABC proteins that have been identified in the
main protozoan parasites, including Leishmania, Trypanosoma, Plas-
modium, Toxoplasma, Cryptosporidium and Entamoeba. It has also
been observed that the activity of ABC transporters is a basic bio-
logical strategy to defend living cells against cytotoxic attack by
xenobiotics, but ABC transporters also play an important role in
other cellular functions that have yet to be characterized in proto-
zoan parasites. In the present research work, we studied the effects
of specific ABC transporter inhibitors (cyclosporin A, verapamil and
indomethacin) to investigate the possibility for the involvement
of a protein of this family in the translocation of heme across the
plasma membrane of T. cruzi epimastigotes. We showed that heme
uptake by the parasite decrease approximately 50% in the presence
of these inhibitors. In subsequent analyses, we evaluated the effect
of cyclosporin A on parasite proliferation and heme accumulation.
It was possible to observe a reduction in cell proliferation concomi-
tantly to a reduction on heme accumulation. These results allow us
to hypothesize that interference with heme transport will interrupt
the trypanosome life cycle. The inhibition of T. cruzi cell prolifera-
tion by cyclosporin A was also observed by Bua et al. (2008). The
authors reported inhibitory effects of cyclosporin A on the prolif-
eration of epimastigotes, the internalization of trypomastigotes,
the development of intracellular amastigotes, and infection by T.
cruzi in vivo. They associate the inhibitory effect of CsA with a role
of a Pgp protein, but this was unrelated to the transport of heme
and/or porphyrins. The involvement of ABC transporters in heme
transport has been observed in other studies. Krishnamurthy et al.
(2006) published a study demonstrating the involvement of an ABC
transporter in the translocation of coproporphyrinogen III (CPIII),

a precursor of heme, from the cytoplasm into the mitochondria in
mammalian cells by linking the expression of this transporter with
heme synthesis. Other studies in mammals have shown that ABCG2
(Krishnamurthy et al., 2004) has a potential heme export activity
during the development of erythroid cells. Yet another example can
be seen in the recent study by Desuzinges-Mandon et al. (2010),
which demonstrates the ability of the membrane protein ABCG2 to
transfer the heme molecule to human serum albumin. Recently, an
ABC protein was shown to be involved in internal heme trafficking
in L. donovani (Campos-Salinas et al., 2011). This protein is utilized
for hemoglobin-bound heme trafficking to the mitochondria but
not in the movement of free heme. This protein is conserved in
other trypanosomatids. Other studies presented by Vanhollebeke
et al. (2008) demonstrated that TbHpHbR is a bloodstream stage-
specific protein and directs the internalization of heme carried by
the Hp—Hb complex into hemoproteins in order to optimize growth
of bloodstream forms. TbHpHbR is present in T. brucei subsp. gam-
biense and T. brucei subsp. rhodesiense but absent from the related
kinetoplastids T. cruzi and Leishmania. It is important to note that
although only 3 ABC genes have been characterized in T. cruzi, 28
have been identified in the genome of this parasite; the functions
of the remaining 25 are still unknown (Sauvage et al., 2009).

In summary, our results indicate that a common porphyrin
transporter may be involved in the entry of amphipathic por-
phyrins, as suggested by the observation that different heme
analogues compete with heme for cellular uptake. We present evi-
dence indicating that heme/porphyrins translocation in T. cruzi
epimsatigote is mediated by a transporter protein and possibly
a member of the ABC transporter family; however, a molecular
approach for identifying the transporter is required. The answer
to this question in T. cruzi will be of great importance because
heme transport is essential for parasite survival. The identification
of this essential transporter might allow for the development of
chemotherapy targets for the treatment of Chagas’ disease.
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