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Abstract

Chagas disease, caused by Trypanosoma cruzi, is a wide spread infection in Latin America. Currently,
only 2 partially effective and highly toxic drugs, i.e., benznidazole and nifurtimox, are available for
the treatment of this disease and several efforts are underway in the search for better chemotherapeutic
agents. Here, we have determined the trypanocidal activity of 2,3-diphenyl-1,4-naphthoquinone
(DPNQ), a novel quinone derivative. In vitro, DPNQ was highly cytotoxic at a low, micromolar
concentration (LDsg = 2.5 uM) against epimastigote, cell-derived trypomastigote, and intracellular
amastigote forms of T. cruzi, but not against mammalian cells (LDgg = 130 uM). In vivo studies on
the murine model of Chagas disease revealed that DPNQ-treated animals (3 doses of 10 mg/kg/day)
showed a significant delay in parasitemia peak and higher (up to 60%) survival rate 70 days post-
infection, when compared to control group (infected, untreated). We also observed a 2-fold decrease
in the parasitemia between the control group (infected, untreated) and the treated group (infected,
treated). No apparent drug toxicity effects were noticed in the control group (uninfected, treated). In
addition, we determined that DPNQ is the first competitive inhibitor of T. cruzi lipoamide
dehydrogenase (TcLipDH) thus far described. Our results indicate that DPNQ is a promising
chemotherapeutic agent against T. cruzi.

Chagas disease, or American trypanosomiasis, caused by the protozoan parasite Trypanosoma
cruzi, is one of the most deadly infectious diseases in Latin America (Dias et al., 2002). Recent
reports suggest that Chagas disease is a potentially emergent public health concern in the United
States due to the increased immigration from Latin American countries where the disease is
endemic (Leiby et al., 1999, 2002; Andrade et al., 2004; Diaz, 2007; Kirchhoff and Pearson,
2007; Young et al., 2007). The only commercially available drug, benznidazole, is effective
in the acute or early chronic phase of the infection (de Andrade et al., 1996; Andrade et al.,
2004), but shows a much decreased performance among infected individuals during the late
chronic phase and can cause severe side effects (Urbina and Docampo, 2003). Recently, the
emergence of T. cruzi strains resistant to benznidazole has also been reported (Murta and
Romanha, 1998). Moreover, thus far, no vaccine is available to prevent or treat Chagas disease
(Minoprio, 2001; Martin and Tarleton, 2004; Garg and Bhatia, 2005). These facts clearly
emphasize the urgent need of new therapeutic approaches against this parasite.

Quinones and their derivatives possess anticancer, antibacterial, antimalarial, and antifungal
activities (Kim et al., 2004; Tasdemir et al., 2006; Verma, 2006; Brondani et al., 2007; Ui et
al., 2007). Their biological activity is related to the acceptance of 1 and/or 2 electrons to form
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the corresponding radical anion or dianion species as well as the acid-base properties of the
compounds (O’Brien, 1991). Studies performed by Salmon-Chemin et al. (2001) showed the
anti-trypanosomal activity of 1,4-naphthoquinone (NQ) derivatives with alkylamine side
chains at the C2- and C3- positions. The present study revealed that the most potent
trypanocidal NQs acted as subversive substrates for T. cruzi lipoamide dehydrogenase
(TcLipDH). We recently synthesized a novel quinone, derivative 2,3-diphenyl-1,4-
naphthoquinone (DPNQ), and tested it for trypanocidal activity and toxicity for mammalian
cells. Here, we report on the anti-trypanosomal action of DPNQ against epimastigote, cell-
derived trypomastigote, and intracellular amastigote forms of T. cruzi in vitro and in vivo.

MATERIALS AND METHODS

Reagents and compounds

DPNQ was synthesized according to the method previously described (Montoya et al., 2005;
Shanmagasundarama et al., 2005). The compound was dissolved in dimethyl sulfoxide
(DMSOQ) and filtered sterile using a 0.22-um filter (Sigma-Aldrich, St. Louis, Missouri). DL-
Dihydrolipoamide was prepared by the reduction of DL-lipoamide (BDH Chemicals, VWR
International GmbH, Darmstadt, Germany) with sodium borohydride (Reed et al., 1958). The
reactive oxygen species (ROS) reagent (5-(and-6)-carboxy-2',7'-dichlorofluorescein diacetate,
carboxy-DCFDA), and the DNA dye (4, 6-diamidino-2-phenylindole dihydrochloride, DAPI)
were purchased from Invitrogen (Carlsbad, California), and Vectashield was obtained from
Vector Laboratories (Burlingame, California).

Parasite cultures

Epimastigote forms of T. cruzi (Y strain) were grown in liver infusion-tryptose (LIT) medium
(Camargo, 1964). Mammalian cell-derived trypomastigote forms of T. cruzi (Y strain) were
obtained from infected LLC-MKj5 cell (American Type Culture Collection-ATCC, Manassas,
Virginia) monolayers as described (Andrews and Colli, 1982).

In vitro assay with epimastigote forms

The assay was performed in a 96-well tissue culture microplate (Axygen, Union City,
California) at drug concentrations of 33, 11, 3.3, 1.1, and 0.36 uM. As negative controls, we
used parasites incubated with LIT medium alone (control 1) or LIT medium plus 3% DMSO
(control 2). Epimastigotes (1 x 10 cells) in 100 ul of LIT medium were placed in each well
and incubated at 28 C with the medium alone or drug for 1, 3, or 5 days. After incubation, the
number of living parasites in each sample was determined with a hematocytometer. Each
experiment was performed in triplicate and repeated 3 times. The results were expressed as
percentage of survival of epimastigotes present in the sample.

Free radical formation assays

The assays were performed by setting up a 96-well tissue culture microplate, as described
above, with 2 drug concentrations (33 and 11 pM) and 2 controls, 1 positive control (800 uM
H,0, plus parasites) and 1 negative control (LIT medium plus parasites). After addition of
epimastigotes (1 x 10° cells) in 100 ul of LIT medium to each well, the microplate was
incubated at 28 C for 24 hr. Then, 2 ul of 60 nM ROS reagent were added to each sample and
the microplate was placed into a Fluoroskan fluorescent microplate reader (LabSystems,
Thermo) for 350 min at 28 C. The amount of fluorescence emitted was recorded in every sample
at 5-min intervals, starting at time 5 min.

J Parasitol. Author manuscript; available in PMC 2010 August 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ramos et al. Page 3

In vitro infection experiments

The in vitro effect of DPNQ on T. cruzi-infected host cells was studied using 2 approaches,
i.e., first, by treating the infected cells and, second, by treating the trypomastigotes prior to
infecting the cells. In both cases, all experiments were performed 3 times in triplicate. Briefly,
sterile 12-mm coverslips (Thermo Fisher Scientific, Worcester, Massachusetts) were placed
into a24-well plate. In each well, 5 x 104 LLC-MKj, cells were cultured for 24 hr, in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% heat-inactivated fetal bovine serum (FBS),
penicillin and streptomycin, under 5% CO, atmosphere, at 37 C. In our first experiment, the
monolayer of LLC-MKj cells was exposed to trypomastigotes (1:20, host cell/parasite ratio),
for 2 hr at 37 C. The non-adherent parasites were removed by 5 consecutive washes with 1 ml
phosphate-buffered saline (PBS). The infected cells were treated with DPNQ concentrations
of 100, 33, and 3.3 uM for 24 hr at 37 C. In the second approach, the trypomastigotes were
incubated with 100, 33, and 3.3 uM DPNQ for 1 hr prior to host-cell infection. After treatment,
the parasites were washed twice with PBS and the cells were infected (1:20, host cell/parasite
ratio) for a period of 2 hr at 37 C. Subsequent to infection, non-adherent parasites were removed
by washing twice with PBS. In both experimental approaches, the medium was removed and
the cells were fixed with methanol for 30 min (300 pl/well), followed by 2 washes with ice-
cold PBS, and 2 hr incubation at room temperature with PBS. The DAPI dye solution (1 mg/
ml) was prepared at 1:1,000 dilution in PBS. Cells were stained with 300 ul of DAPI solution
for 5 min at room temperature. After incubation, cells were washed twice with PBS and
additional 500 pl PBS were added while slides were prepared. The cover slips were mounted
onto the slides using 10 ul of Vectorshield mounting solution. In both procedures, host cell
and parasite nuclei were stained with DAPI and cells were analyzed by microscopy using an
LSM5 Pascal Zeiss confocal microscope (Carl Zeiss Microlmaging, Inc., Thornwood, New
York). In each sample from either approach, a total of 100 infected and uninfected cells were
analyzed.

LipDH inhibition assay

Recombinant T. cruzi lipoamide dehydrogenase (TcLipDH) was cloned and expressed as
described (Schoneck etal., 1997). Inhibition of recombinant TcLipDH by DPNQ was measured
in 1 ml of 50 mM potassium phosphate, 1 mM EDTA, pH 7.0, at 25 C. The reaction mixture
contained 1 mM NAD, 65 to 520 uM dihydrolipoamide (Boehringer Mannheim, Ingelheim,
Germany), and 20 or 40 uM inhibitor. The reaction was initiated by the addition of the enzyme,
and the absorption increase at 340 nm was followed. The inhibitor K; and K; constants for
mixed type inhibition were derived from the Line weaver-Burk (double reciprocal) plot.
Intercept on the vertical axis = (1 + I/K;)/V; intercept on the base line = (1+ I/Kj)/Km (1+ I/
Kj), where I = inhibitor concentration; Km = Michaelis-Menten constant for dihydrolipoamide
(135 pM; here determined as 150 uM); V = maximum activity obtained from the intersection
(1/V) with the y-axis for the reaction without inhibitor.

Oxidase assay

The oxidase activity of LipDH was followed in 1 ml of 50 mM potassium phosphate, 1 mM
EDTA, pH 7.0, at 25 C containing 200 uM NADH and 300 mU TcLipDH (Lohrer and Krauth-
Siegel, 1990) in the absence and presence of 40 uM DPNQ. The absorbance decrease was
followed at 340 nm.

In vivo activity of DPNQ in the murine T. cruzi infection model

Three groups of 5 C3H/HeN (Harlan Sprague Dawley, Inc., Indianapolis, Indiana) female mice
weighing from 20 to 22 g were used. Two groups (infected, treated; and infected, untreated)
were inoculated intraperitoneally (i.p.) with 10# trypomastigotes, and 1 group remained
uninfected (control for drug toxicity). Twenty-four hr post-infection the treatment with DPNQ
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was initiated, given 1 daily dose i.p. for 3 consecutive days, and 2 more doses with interval of
1 day in between. The treatment protocol was based on the limited amount of DPNQ available.
The administrated dose was 10 mg DPNQ/kg body weight. The parasitemia was measured by
mouse tail bleeding as described elsewhere (Brener, 1979). The use of animals in this research
has complied with all relevant federal guidelines and institutional policies.

Statistical analyses

RESULTS

Statistical analyses were performed using the Statistical Analysis System (SAS Version 9.1.3,
SAS Institute Inc., Cary, North Carolina) software and Prism software (GraphPad Software
Inc., La Jolla, California). To test for the effects of dose for the in vitro infectivity experiments,
the 1-way analysis of variance (ANOVA) was performed. If the dose effect was significant,
then Tukey’s post-hoc procedure was used to see where the differences lay. For the other
experiments, the General Linear Mixed Model Analysis was performed to test for the treatment
effect, the time effect, and the treatment-by-time interaction. With significant results, Tukey’s
post-hoc procedure was used to see were the differences rest. The t-test was performed to test
for a linear dose effect and the LDs estimated, using a dose-response curve with the logit
transformation of the “percent infected cells” as the response and the log (dose + 1) as the
predictor variable fitted in regression analysis, with repeated measures using the general linear
mixed model analysis. All tests were performed at the 0.05 level of significance (P).

In vitro effect of DPNQ on T. cruzi epimastigotes

First, we tested the effect of DPNQ on non-infective epimastigote forms of T. cruzi. As shown
in Figure 1, overall there was a significant decrease in growth as a function of the incubation
time at all drug concentrations tested. Furthermore, we observed a significant treatment-by-
day interaction (P-value < 0.0001). For instance, parasites treated with 30 and 10 uM DPNQ
for 24 hr showed a decrease in growth of 84% and 49%, respectively, as compared to the control
group 1 (untreated, LIT medium). After 5 days of treatment, the decrease in growth varied
from 81% (30 uM) to 54% (0.36 uM). It is worth pointing out that addition of 3% DMSO to
the LIT medium in the control group 2 had no effect in parasite growth when compared to
control group 1.

Studies with mammalian cells showed that DPNQ at higher concentrations induces formation
of free radicals and apoptosis (K. Garza et al., unpubl. obs.). Based on these data, we tested
the formation of free radicals and genomic DNA fragmentation by epimastigote forms of T.
cruzi following a 24-hr treatment with 10 and 30 uM DPNQ. Our results showed a considerable
production of oxidative radicals (Fig. 2), but no genomic DNA fragmentation (data not shown),
indicating that the toxic effect of DPNQ on epimastigotes is not due to apoptosis, but rather to
the formation of free radicals. At the beginning of the measurements (time 5 min), parasites
treated with 30 uM DPNQ had approximately 64% of the free radicals produced by the positive
control (parasites treated with 800 uM H,05) (Fig. 2). Similar concentration of DPNQ did not
induce detectable generation of free radicals by mammalian cells (K. Garza, unpubl. obs.).

In vitro effect of DPNQ on T. cruzi trypomastigotes

In vitro infectivity experiments were carried out to determine the action of DPNQ on
trypomastigotes, the infective forms for mammalian cells. These experiments showed a 41%
decrease in infected cells at 33 uM concentration (Fig. 3A). Both experimental approaches
(infection prior to treatment, and treatment followed by infection) yielded a very similar
percentage of infected cells and number of intracellular amastigotes per cell. For both
experimental approaches, the estimated LDsq calculated using t-test and linear regression
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analysis was 2.5 uM. Moreover, the Tukey’s post-hoc analysis showed a significant difference
between the treatments with 100, 33, 3.3, and 0 uM DPNQ (P = 0.05).

In vivo activity of DPNQ in the murine T. cruzi infection model

The promising results in the in vitro infection experiment encouraged us to study DPNQ in the
murine model of Chagas disease. The in vivo experiments consisted of 3 groups of 5 C3H/
HeN female mice. The groups were categorized as: (1) experimental group (infected, treated);
(2) control group for infection (infected, untreated); and (3) control for drug toxicity
(uninfected, treated). The DPNQ-treated group showed a 24 hr delay in the appearance of the
parasitemia with respect to the control, untreated group. Also, during the experiment, the
parasitemia was 2-fold lower in the group treated with DPNQ (Fig. 4A). A significant
difference was observed between the groups by comparing the average parasitemia across the
days. In Figure 4B, we observed no survivors in the control (infected, untreated) group 55 days
post-infection (PI). In the case of the treated group, 60% survival was observed until day 70
P1 when the experiment was terminated. The control group for DPNQ toxicity (non-infected,
treated) did not show any phenotypic or behavioral changes, suggesting a very low toxicity of
this compound to the animals.

Inhibition of TcLipDH by DPNQ

Since naphthoquinones have been shown to act as subversive substrates of lipoamide
dehydrogenase (LipDH) (Blumenstiel et al., 1999), we tested whether DPNQ would have the
same effect on the TcLipDH. As shown in Figure 5, DPNQ is a competitive inhibitor of the
parasite enzyme. Nevertheless, the lines in the Lineweaver-Burk plot did not intersect exactly
the y-axis. Thus, assuming a mixed-type inhibition, a Kj-value of 29 uM and a Kj-value of 455
uM were calculated. From these data we suggest that DPNQ is a competitive inhibitor of
TcLipDH with additional very weak binding to the enzyme-substrate complex. The K;-value
of 29 uM may appear rather high. However, considering the K.,-value of the enzyme for
dihydrolipoamide is 130 uM (150 uM in the current series of assays), this means that DPNQ
is an efficient inhibitor of the enzyme. To our knowledge, DPNQ is the first competitive
inhibitor of any LipDH known. Usually, naphthoquinones act as subversive substrates
(Blumenstiel etal., 1999), but do not inhibit LipDH. Therefore, we also studied whether DPNQ
is reduced by the enzyme. This does not appear to be the case. In a total volume of 1 ml, the
assays contained 200 uM NADH and 2 ul TcLipDH (150 U/ml). In the absence of DPNQ, a
delta Abss4g nm/min of 0.015 was observed (LipDH catalyzed oxidation of NADH by
molecular oxygen). This oxidized activity of TcLipDH of 1.2 U/ml is about 1% of the lipoamide
dehydrogenase activity. Addition of 40 uM DPNQ increased the delta Abs/min only slightly
to 0.02. The delta Abs/min of 0.005 yields a volume activity of 0.4 U/ml for DPNQ reduction.
Higher concentrations of DPNQ could not be used because the compound precipitates in the
buffered solution, and 5% DMSO in the buffer is the maximum of organic solvent that can be
used without inhibition of the enzyme.

DISCUSSION

During the past 2 decades, no considerable progress has been achieved in the treatment of
Chagas disease. Because of the toxic effects, variable efficacy, and length of treatment,
chemotherapy of Chagas remains unsatisfactory (Croft et al., 2005; Castro et al., 2006).
Currently, specific inhibitors of ergosterol biosynthesis, cruzipain, and trypanothione reductase
are under pre-clinical studies. Despite several efforts, so far, no human vaccine is available to
prevent Chagas disease, indicating that chemotherapy is the only option (Croft et al., 2005;
Rakotomanga et al., 2005). In this regard, the ideal chemotherapeutic agent should target
essential molecules or metabolic pathways of the parasite, with limited toxicity for the host.
DPNQ seems to fulfill these requirements. In our study, the novel naphthoquinone DPNQ
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showed excellent results in vitro and very promising outcome in the in vivo studies. Our results
clearly demonstrated that DPNQ has selective toxicity, since the LDsgq (2.5 uM) for
epimastigotes and the in vitro infection experiments are 2 orders of magnitude lower than the
LDsgg (130 uM) for mammalian cells (K. Garza unpubl. obs.). In addition, the in vivo toxicity
studies demonstrated no severe side effects for the animals.

It has been shown earlier that trypanosomes are more sensitive to oxidative stress than their
mammalian hosts (Docampo and Moreno, 1984). During evolution, these parasites developed
a specific thiol redox metabolism based on the trypanothione system. In addition, they possess
LipDH, an enzyme that is structurally and mechanistically closely related to trypanothione
reductase (TR). In vitro studies with several naphthoquinones revealed that the compounds act
as subversive substrates of T. cruzi trypanothione reductase and lipoamide dehydrogenase
(Salmon-Chemin et al., 2001). As shown here, DPNQ is a competitive inhibitor of TcLipDH,
but the concentration that is lethal for the parasites is an order of magnitude lower than the
Kjfor TcLipDH. Also, DPNQ showed only marginal inhibition on T. cruzi TR (data not shown).
Thus, the high trypanocidal activity of DPNQ may be due to an enrichment of this drug in the
parasite or because it has additional cellular target(s). Naphthoquinones can affect a wide
variety of cellular functions (Wu et al., 2005). For instance, the 2-hydroxynaphthoquinone
atovaquone exerts its antimalarial effect by inhibiting the electron transport chain of
Plasmodium falciparum (Kessl et al., 2004; Mather et al., 2005).

In sum, based on the promising results obtained here, new studies are underway aiming at the
synthesis of new DPNQ derivatives, which could be more specific and effective for the
treatment of Chagas disease.
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Figure 1.

Growth curve of Trypanosoma cruzi epimastigotes treated with DPNQ. The experiment was
performed 3 times in triplicate. The values are the means of the number of epimastigotes per
ml with the corresponding standard deviations. The estimated drug LDsg was 2.5 uM. Control
1, untreated parasites incubated in LIT medium alone; Control 2, parasites in LIT medium plus
3% DMSO.
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Figure 2.

Formation of free-radicals by epimastigotes treated with DPNQ for 24 hr. High number of
relative fluorescence units indicates high level of production of oxidative radicals. There was
a significant treatment-by-time interaction, P < 0.0001.
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Figure 3.

Effect of DPNQ on the in vitro infection of LLC-MKj cells by Trypanosoma cruzi
trypomastigotes. (A, B) Percentage of infected cells and number of intracellular amastigotes
per infected cell, respectively. Black bars, infected host cells treated with DPNQ 24 hr post-
infection (treatment 1); and white bars, parasites treated with DPNQ for 1 hr prior to host-cell
infection (treatment 2). The estimated drug LDsg was 2.5 uM. These experiments were
performed 3 times in triplicate. The values are the means of the percentage of infected cells
for (A) and the means of the number of amastigotes per infected cell for (B) with the
corresponding standard deviations, as indicated above the bars.
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In vivo activity of DPNQ in C3H/HeN mice infected with Trypanosoma cruzi. (A, B)
Parasitemia and survival curves, respectively. Control, uninfected and treated with 10 mg/kg
DPNQ (control of drug toxicity). Similar profiles were verified in 2 independent experiments.
The values depicted in (A) are the mean of 5 determinations with standard deviations as
indicated. The statistical analysis using the General Linear Mixed Model analysis with square
root transformation showed that the parasitemia of the treated group is significantly lower than
that of the control group (P = 0.0237).
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Figure 5.

Lineweaver-Burk plot of the competitive inhibition of Trypanosoma cruzi lipoamide
dehydrogenase by DPNQ. Enzyme kinetics were measured at 25 C, at a constant concentration
of 1 mM NAD. The dihydrolipoamide concentration was varied in the absence (o), or presence
of 20 uM (A), or 40 uM (e) DPNQ.
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