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Trypanosoma cruzi strains, Tulahuen 2 and Y, besides the
difference in resistance to oxidative stress, display

differential glucose-6-phosphate and 6-phosphogluconate
dehydrogenases activities
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Abstract

The drugs currently available for Chagas’disease treatment are unsatisfactory due to limited efficacy and toxic side effects, making
the search for more specific pharmacological agents a priority. The components of the Trypanosoma cruzi trypanothione-dependent
antioxidant system have been pointed out as potential chemotherapeutic targets for the development of more specific drugs. To
work properly, this system must have a current supply of NADPH, provided by glucose-6-phosphate dehydrogenase (G6PD) and
6-phosphogluconate dehydrogenase (6PGD). Here, we compare two T. cruzi strains, Tulahuen 2 and Y, regarding growth rate,
cytosolic tryparedoxin peroxidase (TcCPX) concentration and pentose phosphate pathway dehydrogenases activities. Tulahuen 2

cells show higher values as compared to the Y strain when the following parameters are compared: TcCPX concentration, resistance
to H2O2, growth index and G6PD activity. Different patterns of G6PD and 6PGD activities were observed among strains along the
growth curve and when cells were challenged with H2O2. These data reinforce the heterogeneity within T. cruzi populations and
also the importance of G6PD in protecting the parasite against reactive oxygen species.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Living organisms are continuously subjected to
reactive oxygen species (ROS) produced in oxida-
tive metabolism, detoxification of xenobiotics or by
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the action of ultraviolet radiation. Organisms have
developed different antioxidant defense systems to
cope with ROS, which include antioxidant enzymes
and low molecular weight antioxidants (Halliwell,
1999). Trypanosoma cruzi is the etiologic agent of
Chagas’disease. The parasite trypanothione system, as

compared to mammalian antioxidant mechanisms, has
unique and peculiar features enabling to assign several
proteins as potential selective drug targets (Flohé et al.,
1999). Antioxidant enzymes work sequentially in dif-
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erent sub-cellular compartments of T. cruzi to promote
ydroperoxide detoxification. All pathways converge to
rypanothione that is reduced to T(SH)2 by trypanoth-
one reductase using NADPH (Shames et al., 1986). The
ux of reducing equivalents from T(SH)2 can go either

o tryparedoxin or glutathione, which in turn can transfer
lectrons to peroxidases. Distinct peroxidases have been
dentified in T. cruzi: two peroxiredoxins, located in the
ytosol (cytosolic tryparedoxin peroxidase—TcCPX)
nd in the mitochondria (mitochondrial tryparedoxin
eroxidase—TcMPX), respectively, which efficiently
etoxify H2O2 and small-chain organic hydroperoxides
Wilkinson et al., 2000); two glutathione-dependent
eroxidases that detoxify fatty acid and phospholipid
ydroperoxides, but not H2O2 (Wilkinson et al.,
002a), and an ascorbate-dependent hemoperoxidase
Wilkinson et al., 2002b). In spite of their complexity,
he antioxidant pathways of T. cruzi render parasites
ess resistant to oxidative stress when compared to
he mammalian host (Krauth-Siegel and Coombs,
999).

To work properly, the trypanothione-dependent
ystem must have a current supply of NADPH, provided
y glucose-6-phosphate dehydrogenase (G6PD) and
-phosphogluconate dehydrogenase (6-PGD), enzymes
f the pentose phosphate pathway (PPP) (Barrett,
997). G6PD is essential to mammalian cell survival
hen damage is produced by ROS. Targeted disruption
f the housekeeping gene encoding G6PD in these
ells revealed that G6PD is dispensable for pentose
ynthesis, but essential for defense against oxidative
tress (Pandolfi et al., 1995). The PPP is operative
n living epimastigotes and its activity increases
n the presence of methylene blue, which oxidizes
ADPH, a situation that mimics oxidative stress.
ubstantial levels of the PPP enzymes were found in
mastigotes and trypomastigotes (cell cultured-derived
rypomastigotes and metacyclic forms) that could be
elated to a possible higher exposure to oxidative stress
nside the mammalian host (Maugeri and Cazzulo,
004).

T. cruzi displays a remarkably high degree of
oth structural and functional intraspecific hetero-
eneity (Dvorak et al., 1988; Brisse et al., 1998),
hich could modulate pathogenicity, survival and

daptability (Brisse et al., 1998; Engel et al., 1990).
ariations were observed within the T. cruzi strains

egarding oxidative metabolism (Engel et al., 1990),

ate of glucose catabolism via PPP (Mancilla and
aquira, 1964) and isoenzyme patterns (Goldberg

nd Pereira, 1983). In addition, differences in the
articipation of alternative pathways of carbohydrate
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metabolism were suggested to have some relationship
to pathogenicity since in a more pathogenic strain
(Tulahuen), PPP operates in a higher extent than in a
less pathogenic one (Peruvian) (Mancilla and Naquira,
1964).

Herein, two strains with different resistance to
the H2O2-generated oxidative stress were studied (Y
and Tulahuen 2 strains). It has been found that par-
asites with a higher resistance to oxidative stress
have a higher TcCPX content and G6PD activity,
two enzymes that directly or indirectly participate in
the trypanothione-dependent antioxidant system. The
results also reemphasize the heterogeneity among T.
cruzi strains and the relationship between resistance to
oxidative stress and G6PD activity.

2. Materials and methods

2.1. Cell cultures

T. cruzi epimastigotes (Y and Tulahuen 2 strains) were
grown in LIT medium, containing 20 mg l−1 hemin and
10% fetal bovine serum, as described (Castellani et al.,
1967). After 5 days (early stationary phase), the cells
were harvested by centrifugation (1000 × g at 4 ◦C) and
washed once with phosphate buffered saline (PBS), pH
7.2. The number of cells ml−1 was determined using a
Neubauer chamber.

2.2. Western blot

Epimastigote polypeptides, collected in the early sta-
tionary growth phase, were resolved by SDS-PAGE
(90 �g protein/lane, determined by the biuret assay)
(Gornall et al., 1949) and electroblotted to nitrocel-
lulose membrane using the XcellTM mini cell system
(NovexTM). The blots were blocked with 3% non-fat
milk and incubated with polyclonal antibodies raised
against TcCPX from Crithidia fasciculata (dil. 1:100,
overnight at 4 ◦C) (Luo et al., 2006). After washing,
the membrane was incubated with the secondary anti-
body conjugated to phosphatase (1:2500 anti-mouse
IgG, Sigma) and the reaction was detected by BCIP
(5-bromo-4-chloro-3-indolyl phosphate) and NBT (nitro
blue tetrazolium).

2.3. Determination of hydrogen peroxide
concentration
H2O2 solutions were prepared daily assuming
an extinction coefficient of 81 M−1 cm−1 at 230 nm
(Carnieri et al., 1993).
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2.4. Determination of IC50

Parasites in early stationary phase (5.2 × 106 cells/
ml) were incubated in the presence of different con-
centrations of H2O2 in PBS. After 30 min, cells were
collected by centrifugation, resuspended in culture
medium and the cell density determined after 5 days of
growth, as described above. The H2O2 concentration
(�M) that inhibited parasite growth by 50% (IC50)
was established as described previously (Kelly et al.,
1993).

2.5. Glucose-6-phosphate and 6-phosphogluconate
dehydrogenases assays

On the days specified, cells were collected by
centrifugation, resuspended in PBS in the presence
of a protease inhibitor cocktail (Cocktail Set III, Cal-
biochem). The amount of the cocktail inhibitor employed
was calculated based on its leupeptin content and consid-
ering that 80 �M leupeptin inhibits Cys-proteases from
4 × 108 cells. The combined activities of G6PD and
6PGD were measured by the addition of 1 × 106 cells/ml
to the reaction mixture (50 mM Tris–HCl, pH 7.6,
50 mM KCl, 0.1% Triton X-100, 250 �M NADP+,
2 mM MgCl2, 1 mM 6-phosphogluconate and 1 mM
glucose-6-phosphate) and the course of NADP+ reduc-
tion followed at 340 nm (Cronin et al., 1989). G6PD
activity was obtained by subtracting the activity of 6PGD

measured from the combined activities of 6PGD and
G6PD. The same protocol was employed for the deter-
mination of 6PGD and G6PD activities after incubation
with H2O2.

Fig. 1. Western blotting analysis of tryparedoxin peroxidase in T. cruzi cell ex
in Section 2. (A) Lane 1: Y cell extract and lane 2: Tulahuen 2 cell extract. (B)
Data from Western blotting were analyzed by the ImageMaster® Total Lab p
of four independent experiments is shown.
Tropica 101 (2007) 54–60

2.6. Statistical analyses

Statistical analyses were performed using the one-
way ANOVA combined with Tukey post-test (p < 0.05
were considered significant).

3. Results and discussion

Previous studies from our laboratory have pointed
out the importance of cytosolic tryparedoxin peroxidase
on T. cruzi protection against fluctuating levels of ROS
generated during physiological processes (Finzi et al.,
2004). In order to continue our studies regarding T. cruzi
oxidative stress, two strains with different resistance to
oxidative stress were compared. The hydrogen peroxide
concentration found to inhibit 50% of growth (IC50) was
98.5 ± 1.7 �M for the Y strain and 133.1 ± 2.1 �M for
the Tulahuen 2 strain. No significant differences could
be established among strains regarding the number of
cells and protein concentration (data not shown).

To characterize these cells regarding their ability to
detoxify peroxides, TcCPX levels in protein extracts
from both strains were determined by Western blot. As
shown in Fig. 1, the Tulahuen 2 strain has a higher pro-
tein level when compared to the Y strain. Despite these
differences, the ability to detoxify low concentrations of
exogenous H2O2 (20 �M) detected by the phenol red
method, was similar for both strains in the presence or
absence of glucose (data not shown).
Based on the differences in resistance to the oxida-
tive stress generated by H2O2 and due to the fact that
NADPH is one of the components of the trypanothione-
dependent antioxidant system, the NADPH production

tracts. Cell lysates and Western blotting were performed as described
Percentage of band intensity as compared to the absorbance of lane 1.

rogram 1.0 version (Amersham Pharmacia Biotech). A representative
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Fig. 2. G6PD and 6PGD activities along the growth curve of T. cruzi. Cells (5.2 × 106/ml) were incubated in culture medium and, on the days
specified, the number of cells (�) was determined using a Neubauer chamber and PPP dehydrogenases activities, G6PD (empty bars) and 6PGD
(black bars), were determined in 106 cells/ml as described in Section 2. Statistical analyses for enzyme activity—Y strain: G6PD on day 1 compared
t and thir
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o all days, p < 0.001. 6PGD on day 1 compared to the others, p > 0.05
ulahuen 2 strain: G6PD and 6PGD on day 1 compared to all days, p <
, 5 and 7, p > 0.05. Under the experimental conditions employed, no
-phosphogluconate. The means of six duplicate experiments perform

y G6PD and 6GPD was measured along the growth
urve of the parasite, corresponding to lag (day 1), log
day 3), early (day 5) and late stationary (day 7) phases
Fig. 2). Both strains reached the stationary phase after

days of incubation in the experimental conditions
mployed, although with a higher cell density in the case
f Tulahuen 2 strain, since doubling time for Tulahuen
and Y strains were estimated as 29.99 ± 2.52 h and

8.40 ± 2.56 h, respectively (Toma et al., 2000). Growth
ndices were found to be 12.97 ± 1.06 and 7.97 ± 0.92
or Tulahuen 2 and Y strains, respectively (Martı́nez-
iaz et al., 2001).
G6PD activity varied along the growth curve in both

trains (Fig. 2). In the Y strain, G6PD and 6PGD had
imilar activities in the lag phase. In the following phases
decrease in G6PD was observed: 58% (log phase) and
6% (early and late stationary phases), as compared to
alues in the lag phase. 6PGD activity remained almost

he same along the growth curve (Table 1).

Tulahuen 2 strain showed a different pattern of PPP
ehydrogenases activities. In the log phase, G6PD activ-
ty was 50% higher than the activity observed in the lag

able 1
ADPH production (�mol NADPH produced/min/106 cells) by G6PD and 6

ay Y strain

G6PD 6PGD Total

0.50 ± 0.05* 0.56 ± 0.07 1.06 ± 0.11
0.21 ± 0.03 0.59 ± 0.03* 0.80 ± 0.05
0.32 ± 0.02 0.50 ± 0.03 0.81 ± 0.06
0.32 ± 0.05 0.52 ± 0.04 0.84 ± 0.09

ells (5.2 × 106 per ml) were inoculated in culture medium and on the days
escribed in Section 2.5. Statistical analyses: significant differences were ob
ctivities obtained during the growth curve; 6PGD when compared to stationa
ther phases; G6PD on log phase compared to the others.
d day compared to 5 and 7 days, p < 0.001 and p < 0.01, respectively);
G6PD on fifth day compared to seventh day, p > 0.05. 6PGD on days
production was detected in the absence of glucose-6-phosphate and

ifferent days are shown.

phase, reaching a value approximately five times higher
than the other strain for the same period. Different from
Y parasites, a drastic decrease in 6PGD activity (74%)
was observed from log to stationary phase, but G6PD
activity remained higher than 6PGD along the growth
curve. In Tulahuen 2 strain, except for the lag phase,
6PGD activity was about 18-38% of G6PD activity. This
lower 6PGD activity could lead to the accumulation of 6-
glucono-�-lactone-6-phosphate or 6-phosphogluconate
(6PG). Accumulation of the first product is apparently
not toxic to cells (Duffieux et al., 2000) and is less prob-
able to occur due to its transformation to 6PG either
spontaneously or by enzymatic reactions. Apparently,
accumulation of 6PG is toxic for eukaryotic cells (Lobo
and Maitra, 1982). Since Tulahuen 2 cells continue to
grow despite the large difference between G6PD and
6PGD in the log phase, it is reasonable to suppose that
the concentration of 6PG in that specific situation is not

toxic for the cells.

These different patterns of enzyme activity observed
among strains can be a result of variations between
strains in kinetic parameters such as Km and Vmax, as

PGD during proliferation of T. cruzi epimastigotes

Tulahuen 2 strain

G6PD 6PGD Total

0.64 ± 0.07* 0.69 ± 0.07* 1.30 ± 0.12
0.98 ± 0.06* 0.18 ± 0.03 1.14 ± 0.12
0.45 ± 0.07 0.15 ± 0.02 0.56 ± 0.06
0.39 ± 0.01 0.15 ± 0.02 0.54 ± 0.04

specified G6PD and 6PGD activities were determined essentially as
served only in (*p < 0.05): Y strain—G6PD activity compared to all
ry phase; Tulahuen 2 strain: G6PD and 6PGD activities compared to
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Fig. 3. G6PD and 6PGD activity in T. cruzi after incubation in the presence of different H2O2 concentrations—Cells (5.2 × 106/ml) were incubated
collect

d in 106

PD con
for 30 min, with different concentrations of H2O2, in PBS. Cells were
inhibitor cocktail. G6PD (�) and 6PGD (�) activities were determine
no significant differences were observed. Tulahuen 2 strain (B)—G6
6PGD control compared to all treated groups (p > 0.05).

reported for Leishmania brasiliensis where the G6PD
Km for NADP+ and glucose-6-phosphate is twice that
observed in L. donovani (Berens et al., 1980). Lupiañez
et al. also demonstrated that in T. cruzi metacyclic forms,
G6PD Km for glucose-6-phosphate is 4.6 higher than
in the epimastigote forms (1.06 and 0.23 mM, respec-
tively). The epimastigote stage, where cell division takes
place in the invertebrate host, has a higher G6PD activ-
ity than metacyclic parasites, conceivably to provide
cells with NADPH and nucleotides for biosynthetic pur-
poses, an activity less pronounced in the metacyclic stage
(Lupiañez et al., 1987).

Another interesting fact is that along the growth curve
of the strain with higher proliferation rate and less sus-
ceptibility to H2O2, i.e., Tulahuen 2, G6PD activity was
higher than in the Y strain, especially in the log phase.
We have also observed that cells overexpressing TcCPX
had both higher G6PD activity and growth rate when
compared to wild type cells (Finzi et al., 2004). In other
eukaryotic cells, G6PD is important for proliferation
since it provides NADPH for redox regulation (Berens

et al., 1980) and this could also be the case of T. cruzi.
Moreover, yeast mutants for G6PD were sensitive to
H2O2, implying that PPP plays a special role in resis-
tance to oxidative stress (Juhnke et al., 1996). Supporting

Table 2
G6PD and 6PGD activities in T. cruzi (Y strain) after different incubation tim

Time (min) G6PD

Control H2O2 treatme

30 0.37 ± 0.05 0.39 ± 0.04
90 0.38 ± 0.05 0.42 ± 0.06

150 0.33 ± 0.07 0.33 ± 0.05

Cells (5.2 × 106/ml) were incubated in PBS for different times in the presenc
as described in Section 2. Statistical analyses: controls compared to all p > 0.0
ed by centrifugation and resuspended in PBS containing the protease
cells/ml as described in Section 2. Y strain (A)—statistical analyses:
trol compared to 40 and 50 �M H2O2 treated groups (**p < 0.001).

this idea, G6PD null cells (mouse embryonic stem cells)
are viable but have a reduced growth rate especially as
cell density increases and are more sensitive to oxidative
stress than the wild type (Pandolfi et al., 1995).

Since an increase in PPP activity was observed when
cells were in a situation that mimics oxidative stress
(Maugeri and Cazzulo, 2004), cells were challenged with
H2O2 and the activities of G6PD and 6PGD were mea-
sured (Fig. 3). The H2O2 concentrations tested were
those at half of IC50 or lower. For the Y strain (Fig. 3A)
no significant differences were observed in G6PD and
6PGD activities, for all H2O2 concentrations tested
(20–50 �M). An opposite behavior was observed in
Tulahuen 2 cells submitted to the same treatment. G6PD
activity was stimulated and had higher values than 6PGD
(Fig. 3B).

In human cells exposed to H2O2 both G6PD activ-
ity and mRNA are rapidly and transiently enhanced
suggesting that G6PD could be part of an inducible
mechanism to protect cells against oxidative damage
(Ursini et al., 1997). To test if this could occur with T.

cruzi cells, the H2O2 incubation time was extended. As
observed in 30 min, no changes in both PPP dehydroge-
nases were observed in Y cells increasing the incubation
period (Table 2). On the other hand, in Tulahuen 2 cells,

es in the presence of H2O2

6PGD

nt Control H2O2 treatment

0.40 ± 0.07 0.43 ± 0.05
0.51 ± 0.10 0.35 ± 0.05
0.46 ± 0.06 0.49 ± 0.04

e of 50 �M H2O2. Enzyme activities were determined in 106 cells/ml
5.
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Table 3
G6PD activity in T. cruzi (Tulahuen 2 strain) after different incubation times in the presence of H2O2

Time (min) G6PD 6PGD

Control H2O2 treatment Control H2O2 treatment

30 0.64 ± 0.06 1.04 ± 0.1* 0.14 ± 0.03 0.17 ± 0.04
90 0.73 ± 0.125 1.04 ± 0.16** 0.18 ± 0.04 0.15 ± 0.02

150 0.77 ± 0.155 0.94 ± 0.11 0.18 ± 0.01 0.17 ± 0.03

Cells (5.2 × 106/ml) were incubated in PBS for different times in the absence or in the presence of 50 �M H2O2. G6PD and 6PGD activities were
d ses: G6
* atistical
d

n
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B

B

B

C

C

C

etermined in 106 cells/ml as described in Section 2. Statistical analy
p < 0.001 and **p < 0.01, respectively. For 150 min, there were no st
ifferences were observed.

o significant differences were observed in 6PGD, but
6PD activity in cells exposed to H2O2, was higher

han control cells upon 30 and 90 min after addition of
2O2 (Table 3). After 150 min no significant differences

mong control and treated cells were observed (Table 3).
The results depicted herein reveal that G6PD can be

odulated, as it occurs with TcCPX (Finzi et al., 2004)
pon exposure to H2O2-generated oxidative stress. As
hown, the cells with a higher resistance to oxidative
tress have a higher G6PD activity and a higher TcCPx
ontent, two enzymes that directly or indirectly partici-
ate in the trypanothione-dependent antioxidant system.
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