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Trypanosoma cruzi is the etiological agent of Chagas disease, affecting approximately 10 million people in the Americas and with
some 40 million people at risk. The objective of this study was to evaluate the anti-T. cruzi activity of three new diamidines that
have a 3,4-ethylenedioxy extension of the thiophene core, designated MB17, MB19, and MB38. All three diamidines exhibited
dose-dependent inhibition of epimastigote replication. The mechanisms of action of these diamidines were investigated. Unlike
MB17 and MB19, MB38 exhibited a significant increase in the number of annexin-propidium iodide double-labeled cells com-
pared to levels in control parasites. As MB17 had shown a lower 50% inhibitory concentration (ICs,) against epimastigote
growth, the mechanism of action of this drug was studied in more detail. MB17 triggered a decrease in the intracellular ATP lev-
els. As a consequence, MB17 affected the genomic DNA and kinetoplast DNA (kDNA) and impaired the parasite cell cycle. More-
over, MB17 caused DNA fragmentation, with a more severe effect on kDNA than on nuclear DNA, resulting in dyskinetoplastic
cells. MB17 was tested for toxicity and effectiveness for the treatment of infected CHO-K, cells, exhibiting a 50% cytotoxic con-
centration (CCs,) of 13.47 * 0.37 uM and an IC,, 0f 0.14 = 0.12 pM against trypomastigote release. MB17 also diminished the
infection index by 60% at 0.5 M. In conclusion, despite belonging to the same family, these diamidines have different efficien-
cies. To summarize, MB17 was the most potent of these diamidines against epimastigotes, producing DNA damage preferentially
in kDNA, impairing the parasite cell cycle, and decreasing the infection index and trypomastigote release from infected mamma-

lian host cells, with a high selectivity index (SI) (<90). These data suggest that MB17 could be an interesting lead compound

against T. cruzi.

merican trypanosomiasis, or Chagas disease, affects approxi-

mately 10 million people, with 40 million people at risk of
acquiring the infection. Chagas disease is endemic to South and
Central America and the southern states of the United States. Cur-
rently, it is also spreading in Europe and the rest of North America
due to the immigration of infected people, as well as through
transmission of the disease by transfusions, transplants, and con-
genital mechanisms (1, 2). The disease is caused by the protozoan
Trypanosoma cruzi, which shares some distinctive features with
other trypanosomes, such as the presence of a flagellum and of a
kinetoplast, a complex structure bearing the mitochondrial ge-
nome. In this case, the mitochondrial genomic DNA is referred to
as kinetoplast DNA, or KDNA. It consists of a great number of
relaxed circular DNA molecules interlocked with each other to
form a catenated DNA network (3). T. cruzi has a complex life
cycle, which occurs within invertebrate and vertebrate hosts (4—
6). Chagas disease presents two clinical phases, the acute phase,
which appears shortly after infection and is characterized by an
evident parasitemia and lack of IgG antibodies, and a chronic
phase, which is characterized by the absence of evident para-
sitemia and a robust humoral immune response. The symptoms
of the chronic phase, which affects approximately 30% of the in-
fected population, include cardiomyopathy, heart failure, and di-
gestive tract abnormalities, such as megacolon and megaesopha-
gus. The severity of these symptoms generally determines the
morbidity of the disease (2, 7, 8). Currently, the only two clinically
available drugs for treating the infection are benznidazole and
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nifurtimox. Both drugs, despite various side effects, are effective
during the acute phase, but their efficiencies during the chronic
phase, which is when most cases are diagnosed, are controversial
due to the low compliance of patients to the long-term dosing that
is required for the successful treatment of infection (1, 3, 7).
Therefore, it is important to identify new drugs against T. cruzi.
DNA-binding compounds are one of the most widely studied
classes of agents characterized by biological effects, such as anti-
protozoal, antiviral, antibacterial, and antitumoral activity. Begin-
ning in the 1970s, a large number of diamidine derivatives were
synthesized to identify more effective drugs. As a result, several
compounds, such as 4’,6’-diamidino-2-phenylindole (DAPI), di-
minazene (Berenil), furamidine, and pentamidine, were shown to
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FIG 1 Chemical composition of the three tested compounds MB17, MB19,
and MB38.

be therapeutically useful agents, particularly against several pro-
tozoan diseases (9—11).

A well-known example is pentamidine, which has been used
clinically against trypanosomiasis, leishmaniasis, and Preumocys-
tis carnii pneumonia for over 70 years (3, 11). Although the com-
plete mechanism of action of aromatic diamidines is not fully
understood, several studies suggest that some of their activities are
related to DNA binding and the subsequent inhibition of DNA-
dependent enzymes, such as topoisomerases, polymerases, nu-
cleases, and helicases. For trypanosomatids, it was proposed that
the parasite dies as a consequence of interference with the complex
structure and regulation of the unique kDNA (12-14), making
this structure a differential drug target (10, 11, 15). Therefore,
diamidines constitute promising templates for the design and de-
velopment of new drugs against trypanosomatids (10, 16—18).
Our group has shown an antiparasitic effect in a new diamidine
characterized by a 3,4-ethylenedioxy extension of the thiophene
core in the central unit (18, 19). In the present study, we evaluated
the anti-T. cruzi effects of three recently described aromatic di-
amidines with 3,4-ethylenedioxy extensions of the thiophene
core, designated MB17, MB19, and MB38 (Fig. 1).

MATERIALS AND METHODS

Chemicals and reagents. MB17, MB19, and MB38 were synthesized as
previously reported (19). An MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltretazolium bromide] assay and a kit for bioluminescence assays in
somatic cells were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Fluo-4 acetoxymethyl ester (AM) was purchased from Invitrogen (Eu-
gene, Oregon, USA). Annexin-Alexa 647 was provided by Gustavo P.
Amarante-Mendes’s Laboratory (Institute of Biomedical Sciences Uni-
versity of Sao Paulo). Culture medium and fetal calf serum (FCS) were
purchased from Cultilab (Campinas, SP, Brazil).

Cells and parasites. T Chinese hamster ovary cell line CHO-K, was
cultivated in RPMI medium supplemented with 10% heat-inactivated
FCS, 0.15% (wt/vol) NaCOs;, 100 units/ml penicillin, and 100 mg/ml
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streptomycin at 37°C in a humidified atmosphere containing 5% CO,. T.
cruzi CL strain clone 14 epimastigotes (20) were maintained in exponential
growth phase by subculturing every 48 h in liver infusion tryptose (LIT) me-
dium supplemented with 10% FCS at 28°C. Trypomastigotes were obtained
by infection of CHO-K, cells with cultured trypomastigotes, as described
previously (21). Trypomastigotes were collected from the extracellular
medium 5 or 6 days after infection.

Growth inhibition assays. T. cruzi epimastigotes in the exponential
growth phase (5.0 X 107 cells/ml) were cultured in fresh LIT medium. The
cells were treated with different concentrations of drugs or not treated
(negative control). A combination of 60 wM rotenone—0.5 wM antimycin
(RA) was used as a positive control for inhibition, as previously described
(22). The cells (2.5 X 10° cell/ml) were transferred to 96-well culture
plates and incubated at 28°C. Cell proliferation was quantified by reading
the optical density (OD) at 620 nm for 9 days. The OD values were con-
verted to cell density values (cells per milliliter) using a linear regression
equation previously obtained under the same conditions. The concentra-
tion of compound that inhibited 50% of parasite proliferation (50% in-
hibitory concentration, or IC,) was determined during the exponential
growth phase (fifth day) by fitting the data to a typical sigmoidal dose-
response curve using GraphPad Prism, version 5. The compounds were
evaluated in quadruplicate in each experiment, and the results correspond
to three independent experiments.

Growth inhibition recovery assays. T. cruzi epimastigotes in the ex-
ponential growth phase (5.0 X 107 cells/ml) were treated for 48 h with
either 0.5 or 1.5 WM MB17 or with a combination of 60 wM rotenone and
0.5 M antimycin (RA) or were left untreated (negative control). Then,
parasites were washed and resuspended in fresh LIT medium with or
without 0.5 or 1.5 wM MB17 or RA, such that half of the treated parasites
remained under treatment, and half of the treated parasites were incu-
bated under treatment-free conditions. Cell proliferation was assessed for
11 days by the absorbance reading (wavelength [\] of 620 nm) as de-
scribed above. The compounds were evaluated in triplicate in each exper-
iment, and the results correspond to three independent experiments.

Flow cytometry analysis. To discriminate between apoptotic, late
apoptotic, and necrotic death, the treated or untreated epimastigotes were
harvested and stained with propidium iodide (PI) and annexin V-Alexa
647 (Molecular Probes) according to the manufacturer’s instructions. The
fluorescence was measured using a FACSCalibur (BD Biosciences), with
10,000 events collected and analyzed using Flowing Software, version 2.

Determination of T. cruzi intracellular ATP levels. Intracellular ATP
levels were measured in treated and control epimastigote forms. To assess
the effect of a given compound on the levels of intracellular ATP, a kit for
monitoring bioluminescence in somatic cells was purchased from Sigma-
Aldrich and used according to the manufacturer’s instructions. Briefly, 50
wl of phosphate-buffered saline (PBS) was added to 100 pl of cellular
ATP-releasing reagent, and the mixture was added to a 50-pl suspension
of 5.0 X 10° parasites, either treated or untreated (controls). Light emis-
sion levels were measured on a Spectra Max I3 fluorometer at 570 nm
(23).

Analysis of DNA damage by TUNEL assay. To detect in situ DNA
fragmentation and compare parasite groups treated with MB17 at the IC,
and ICq, [MB17 (IC5,) and MB17 (ICqg,), respectively] and control para-
sites, we employed a terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL) technique, using a fluorescein-
based apoptosis detection system (fluorescein kit; Promega). Samples of
each group, containing ~1 X 107 parasites/ml in exponential phase, were
collected by centrifugation in 4% paraformaldehyde for 10 min. Parasites
were washed with PBS and permeabilized by the addition of 0.1% Triton
X-100 for 10 min at 26°C; 0.1 M glycine was added for 5 min to neutralize
remaining aldehyde groups. The TUNEL assay was performed according
to the manufacturer’s protocol. Vectashield mounting medium with
DAPI (Vector Laboratories) was added as an antifade mounting solution
and to stain nuclear and kinetoplast DNA. Cells were analyzed using a
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FIG 2 Growth curve of epimastigote forms of T. cruzi. Growth curves in the presence of different concentrations of MB17 (a), MB19 (b), or MB38 (c) and
dose-response curves (d, e, and f) in the presence of different concentrations of compounds. Treatments were performed with MB17 (a and d), MB19 (b and e),
and MB38 (cand f). @, 0 uM; O, inhibition control (0.5 wM antimycin and 60 WM rotenone); A, 0.005 uM (MB17), 2 uM (MB19), 4 uM (MB38); ¥, 0.025 uM
(MB17), 4 uM (MB19), and 6 uM (MB38); A, 0.05 uM (MB17), 6 wM (MB19), and 8 WM (MB38); V, 0.1 uM (MB17), 7 uM (MB19), and 10 uM (MB38); #,
0.25 uM (MB17), 8 uM (MB19), and 12 pM (MB38); ¢, 0.5 uM (MB17), 9 uM (MB19), and 16 uM (MB38); M, 1 uM (MB17), 10 uM (MB19), and 18 pM
(MB38); O, 2 uM (MB17), 12 pM (MB19), and 20 pM (MB38); X, 5 uM (MB17), 20 pM (MB19), and 25 pM (MB38); %, 10 uM (MB17), 25 puM (MB19), and

30 uM (MB38).

fluorescence microscope (Olympus BX51), and images were captured us-
ing Olympus Cell F software.

DNA content and cell cycle analysis. In the three analyzed groups
[control untreated, MB17 (IC,)-treated, and MB17 (IC)-treated cells],
cells were collected by centrifugation (2,500 X g for 5 min), washed in 1X
PBS, fixed in 70% ethanol for 12 h, and incubated with 10 pwg/ml RNase A
(Thermo Scientific) for 10 min at 26°C. To measure the DNA content,
parasite cells were stained with 40 pg/ml propidium iodide (Molecular
Probes/Invitrogen) and analyzed with an acoustic focusing cytometer
(Attune; Applied Biosystems). Histograms (number of counts by BL2
area), scatter plots (side scatter [SSC] area by forward scatter [FSC] area)
(datanotshown), and gates for each cell cycle phase were performed using
Attune cytometric software, version 1.2.5.
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Effect of MB17 on mammalian cell viability. CHO-K, cells (5.0 X 10°
cells/ml) were seeded in 24-well plates in RPMI medium supplemented
with FCS (10%), with or without (control) different concentrations
(ranging between 0.5 and 10 wM) of MB17. Cell viability was evaluated 48
h after the initiation of treatment using the MTT assay (24).

Effect of MB17 on amastigote replication and trypomastigote re-
lease. CHO-K, cells (5.0 X 10* per well) were maintained in 24-well plates
in RPMI medium supplemented with 10% FCS at 37°C. To perform the
infections, the cells were incubated with trypomastigote forms (2.5 X 10°
per well) for 4 h. After this period, free parasites were removed by washing
the plates twice with PBS, and the cells were incubated overnight in RPMI
medium supplemented with 10% FCS at 37°C in the presence of different
concentrations of MB17 or left untreated (control). The plates were then
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FIG 3 Analysis of extracellular exposure of phosphatidylserine by annexin V/propidium iodide labeling. The parasites were treated with MB17, MB19, and
MB38 at concentrations corresponding to the IC5,s (0.5 * 0.13, 3.7 £ 0.29, and 8.3 * 1.49 pM, respectively) and ICq,s (1.5 = 0.5, 8.0 = 0.94, and 16 * 3.2 pM,
respectively) for 5 days. After this period, the parasites were labeled with annexin V and propidium iodide and analyzed by flow cytometry as follows: untreated
epimastigotes (a), parasites treated with MB17 at concentrations corresponding to the IC;, (b) and ICg, (e), parasites treated with MB19 at concentrations
corresponding to the IC, (c) and ICy, (f), and parasites treated with MB38 at concentrations corresponding to the IC, (d) and ICg, (g). Quantitative analysis
of the parasites treated with MB17, MB19, and MB38, as indicated, are also shown. One-way ANOVA followed by a Tukey posttest was used for statistical analysis
to compare the treatments to values in the respective control. ***, P < 0.001; **, P < 0.01 (Tukey posttest).

incubated at 33°C to allow the parasite to complete its infection cycle, as
previously reported (21). To measure the effect on amastigote replication,
after 48 h the CHO-K, cells and parasites were fixed with 4% paraformal-
dehyde and stained with Hoechst. Images were taken by microscopy.
Cells, parasites, and infected cells were counted using ImageJ software.
The infection index (percentage of infected cells X the number of para-
sites per cell) was calculated. To measure the effect of MB17 on the infec-
tion of CHO-K, cells, trypomastigotes were collected from the extracel-
lular medium on the fifth day and counted in a Neubauer chamber (23).
All experiments were performed in technical and biological triplicates.

Fluorescence microscopy analysis. T. cruzi epimastigotes and intra-
cellular forms were incubated with MB17 (4 uM) for 5 days. The cells were
then washed with PBS and fixed with 4% paraformaldehyde for fluores-
cence microscopy. MB17 fluorescence was observed at an excitation
wavelength (\ ) of 488 nm and emission wavelength (., ission) Of
535 nm. The data were analyzed using a fluorescence microscope (Axio-
phot; Carl Zeiss Jena GmbH, Jena, Germany) with a Zeiss LP-520 filter
and a magnification of X 1,000.

excitation
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MB17 uptake assay. T. cruzi epimastigotes in the exponential growth
phase (5.0 X 10° cells) were incubated in the presence of MB17 (1.5 M)
for different durations. Then the parasites were washed and resuspended
in PBS. The uptake of MB17 was measured using the fluorescence of this
compound at N, iation Of 488 nm and \ of 515 nm on a Spectra
Max M3 fluorometer (Molecular Devices). The data were fit to a typical
one-phase decay curve using GraphPad Prism, version 5. The compound
was evaluated in triplicate.

Statistical analysis. One-way analysis of variance (ANOVA) followed
by a Tukey posttest was used for statistical analysis. Student’s t test was
used to analyze differences between groups, and P values of less than 0.05
were considered statistically significant.

emission

RESULTS

MB17, MB19, and MB38 affect the growth of epimastigote
forms. To elucidate the effect of the three new DNA-binding di-
amidines against T. cruzi, we first determined whether these com-
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FIG 4 Fluorescence microscopy analysis of the intracellular distribution of MB17. Parasites were treated with 4 wM MB17, fixed with 4% paraformaldehyde,
incubated with Hoechst, and analyzed by light microscopy (a, f, k, and p) and by fluorescence for Hoechst staining (b, g, 1, and q) and MB17 staining (c, h, m, and
r). Merged images for MB17 and Hoechst (d, i, n, and s) and for light microscopy, MB17, and Hoechst (e, j, 0, and t) were obtained. Magnifications: X 1,000 (a

to 0) and X600 (p to t).

pounds inhibit epimastigote growth. A negative control (cells cul-
tured in LIT medium without drugs) and a positive control (cells
cultured in LIT medium supplemented with RA) were also per-
formed. MB17, MB19, and MB38 exhibited dose-dependent inhi-
bition of epimastigote growth at 28°C and pH 7.5, the optimal
growth conditions for these cells (Fig. 2). We observed significant
growth inhibition between the treated cells and the control, with
ICsqs of epimastigote growth of 0.5 = 0.13 uM for MB17, 3.7 =
0.29 pM for MB19, and 8.3 * 1.49 uM for MB38. The MB17,
MB19, and MB38 ICg, values were also computed, giving 1.5 =
0.51, 8.0 = 0.94, and 16 *= 3.2 puM, respectively. Of the three
diamidine-derived compounds evaluated, MB17 showed the best
growth-inhibitory effect against T. cruzi epimastigotes.

Cell death mechanisms. To identify the cell death mechanisms
triggered by MB17, MB19, and MB38, we first investigated the
morphological and biochemical changes of epimastigote cells.
Programmed cell death (PCD) is characterized by the exposure of
phosphatidylserine on the extracellular face of the cytoplasmic
membrane, whereas classical necrosis is characterized by plasma
membrane permeabilization (25-27). Parasites treated with vari-
ous concentrations of MB17, MB19, and MB38 (corresponding to
the IC,, and ICg, values) were incubated with annexin V-Alexa
647 to assess the external exposure of phosphatidylserine (a fea-
ture of PCD) and with propidium iodide to assess plasma mem-
brane permeabilization (a feature of classical necrosis). The cells
were then subjected to analysis by flow cytometry (Fig. 3). Inter-
estingly, treatment with MB38, but not MB17 or MB19, produced
a significant difference in the percentage of annexin-propidium
iodide double-labeled cells compared to that in untreated para-
sites. With MB38 at the IC5, dose, 24.4% of double-labeled cells
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were positive, whereas with MB38 at the ICg, dose 55% of double-
labeled cells and 27% of PI-single-labeled cells were positive.
MB17 and MB19 did not produce a significant difference in the
percentages of positive cells compared to levels in the control.
MB17 affects parasite replication. As MB17 was the most
promising drug based on the ICs,, we focused on its mechanism of
action. To investigate the action of MB17 in growth impairment,
we first analyzed its subcellular fate, taking advantage of its fluo-
rescence properties, which allowed us to visualize it by fluores-
cence microscopy. As expected for a DNA binder, MB17 and
Hoechst colocalized in T. cruzi epimastigotes, trypomastigotes,
amastigotes, and intracellular epimastigote-like forms (Fig. 4),
showing that MB17 binds to both genomic DNA and kDNA,
which is consistent with its previously described DNA-binding
activity (18, 19). Interestingly, treated epimastigotes exhibited an
increased number of double-flagellated trypanosomes (15% at
IC5pand 30% at ICg,) compared to control levels (see Fig. S1 in the
supplemental material). These double-flagellated parasites fre-
quently presented two nuclei and one kinetoplast. Taken together,
these results suggest that MB17 interferes with the epimastigote
cell cycle. Therefore, to check if the cell cycle could be impaired by
MB17, parasites were either left untreated (control) or were
treated with concentrations corresponding to the IC5, and ICg,
and submitted to cell cycle analysis by flow cytometry. Cells
treated with MB17 presented an accumulation of cells with a 2N
amount of DNA compared to that of the control cells (Fig. 5).
MB17 damages both genomic and kinetoplastic DNA. As
MB17 colocalized with DNA markers, we analyzed its effect on
both genomic DNA (gDNA) and kDNA. To evaluate DNA frag-
mentation, a TUNEL assay was performed on epimastigotes that

aac.asm.org 5871


http://aac.asm.org

Girard et al.

(a) (b)
800 - ctrl
: : Control
Total events 12,588 + 383
: : subG1 0.6% + 0.02
400 - : A * Kk
5 5 G1 404% 25
\~\/ S 23.3% £ 2.1
. L G2IM 35.3% 0.7
800 -
: MB17ICs; MB171C,,
: : Total events 11,491 + 656
" : : subG1 34% %17
400 G1 471%+26*
B é : S 16.8% + 0.9
2 : \ S G2/M 31.9% +0.85
E W
z 0 - -
800 - MB17ICq,
© MBI 7IC80 Total events 11,904 + 210
: SubG1 3.2%+0.75
400 - G1 51.4% +4**
S 18.9% +4.3
: G2/M 26.3% + 0.9
\\,/,5\\
0 N 3 M s’

4N
Fluorescence Intensity

* p <0.05; ** p < 0.05

FIG5 Effect of MB17 on epimastigote cell cycle using fluorescence-activated cell sorting. Control cells and cells treated with MB17 (ICs,,) or MB17 (ICg,) for 5 days were
treated with RNase A and stained with propidium iodide, and their DNA content was analyzed by fluorescence-activated cell sorting. Histograms (a) and quantifications
of the numbers of cells in each stage of the cell cycle (b) are shown. Representative histograms of three independent experiments are shown, and results are compared
between control and MB17 (IC,,)-treated G,-phase cells and between control and MB17 (ICy,)-treated G,-phase cells. **, P < 0.01; ¥, P < 0.05 (Student’s ¢ test).

had been cultured for 5 days at concentrations corresponding to
the IC5, and ICg,. At both concentrations, gDNA and kDNA were
intensively labeled, while untreated parasites remained unlabeled,
indicating that MB17 produces DNA fragmentation (Fig. 6a).
Controls were performed by submitting the cells to a TUNEL
assay without TdT enzyme (negative control) or by submitting the
cells to the TUNEL assay after a treatment with DNase I (positive
control). Additional positive and negative controls were unlabeled
cells and cells with nearly 100% labeling of both gDNA and kDNA,
respectively (see Fig. S2 in the supplemental material). Interest-
ingly, at both concentrations, the percentage of cells with labeled
kDNA was higher than the percentage of cells with labeled gDNA,
which shows that KDNA was more sensitive to the treatment (Fig.
6b). Consequently, MB17 preferentially targets the kinetoplast
rather than the nucleus. By DAPI analysis of MB17 (ICg)-treated
cells, we noted a high number of cells with no kinetoplast. There-
fore, cells were treated with ICs, or ICy, MB17 and subjected to
DAPI staining, and then the numbers of cells with 1 or 2 nuclei and
0, 1, or 2 kinetoplasts were counted (Fig. 7). At the concentration
corresponding to the IC5, no differences were detected with re-
spect to the control level. However, at the concentration corre-
sponding to the ICg,, over 70% of the cells were dyskinetoplastic.
As MB17 seemed to affect preferentially the kDNA, we were inter-
ested in evaluating the possible variation of the level of the main
mitochondrial metabolism product, ATP. Epimastigotes were in-
cubated with or without (control) MB17 at concentrations corre-
sponding to the ICs, for 24 h or 120 h (5 days), and then ATP levels
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FIG 7 Analysis of MB17 effect on T. cruzi DNA pattern. Control cells and cells
treated with MB17 (ICs,) or MB17 (ICg,) were stained with DAPI. Patterns
were observed and quantified. The graph shows the numbers obtained from
150 analyzed cells. N, nucleus; k, kinetoplast.

were measured using a bioluminescence assay. Both treatments
led to decreased intracellular ATP levels (Fig. 8). The results from
ATP quantification indicate that MB17 affected the mitochondrial
functions, particularly the energy metabolism of the parasite.

Further experiments were performed to determine whether
MB17 interferes with parasite proliferation in a reversible or irre-
versible manner. Epimastigotes were treated or not treated (con-
trol) with MB17 at a concentration corresponding to the ICs, or
the ICg,. In addition, a control treatment was also performed with
RA. At the second day after treatment, treated and control para-
sites were washed and resuspended in fresh medium with or with-
out MB17 or with or without RA. Parasite growth was monitored
for the following 9 days. All MB17-treated cells showed the same
growth inhibition, independent of whether treatment was contin-
uous for 11 days or for 2 days, and this inhibition persisted in both
cases after washout (Fig. 9a). The parasites treated with RA
showed growth inhibition during the treatment, but they were
able to recover when the drugs were washed out. These results
indicate that MB17 irreversibly inhibited epimastigote prolifera-
tion. To evaluate the rate of MB17 uptake, its incorporation was
measured as a function of time (Fig. 9b). As reported for T. brucei,
a fast uptake of the drug was detected, showing saturation at ap-
proximately 100 s and accumulation of fluorescence associated
with both gDNA and kKDNA (28).

MB17 selectively inhibits the intracellular cycle of T. cruzi.
To evaluate the effect of MB17, we first evaluated the toxicity of
the compound in the mammalian host cells. For this purpose,
CHO-K, cells were incubated in RPMI medium supplemented
with MB17 at different concentrations, ranging from 1 to 100 wM,
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and cytotoxicity was evaluated by MTT assay. A value for the 50%
cytotoxic concentration (CCs,) of 13.47 = 0.37 wM was obtained
(Fig. 10a and b). According to this result, a range of MB17 doses
from 0.1 to 5 wM was selected to evaluate the IC;, for trypomas-
tigote release after an entire infection cycle on CHO-K, cells. To
measure the effect of MB17 on the intracellular cycle of T. cruzi,
CHO-K, cells were infected with trypomastigotes for 4 h. The cells
were washed twice with PBS to eliminate the noninternalized par-
asites, and then they were incubated with culture medium that was
either untreated (control) or supplemented with different MB17
concentrations. To calculate the effect of MB17 on the infection
index, the cells were infected, and at 2 days postinfection the cul-
tures were fixed and stained. The number of trypomastigotes
released by infected cells after an infection cycle was also deter-
mined. We observed a dose-dependent decrease of trypomastig-
ote release, which allowed us to measure an MB17 ICs,, for trypo-
mastigote bursting [1Cso(ryyp)] 0f0.14 = 0.12 uM (Fig. 10cand d).
On the basis of these values, we obtained a selectivity index (SI;
CCsy/ICs,) of 96.2 £ 2.6, corresponding to the ICsy(ryyp)- The
total number of cells, the number of infected cells, and the number
of amastigotes per infected cell were counted. The treatment of
infected cells with 0.5 puM MB17 diminished the infection index
by 60%, indicating an IC5, of <0.5 wM by this criterion (Fig. 10e
and f). These results indicate that treatment with submicromolar
concentrations of MB17 interferes with proliferation and/or dif-
ferentiation of intracellular stages (Fig. 10).

DISCUSSION

Initially, IC,, values for all three compounds were evaluated using
their effect on the inhibition of epimastigote growth in the mid-
exponential phase as the criterion for measuring. This measure-
ment was complemented with a second evaluation performed by
counting motile parasites (see Fig. S3 in the supplemental mate-
rial) as previously reported (16). Based on these two evaluations,
MB17 was the most potent inhibitor of T. cruzi epimastigote rep-
lication and mobility. To investigate the death mechanism(s) trig-
gered by these drugs, we analyzed several parameters. When the
integrity of the cytoplasmic membrane and phosphatidylserine
exposure were evaluated, it was found that MB38 caused a loss of
cytoplasmic membrane integrity, whereas MB17 and MB19 did
not. In fact, none of the treatments caused exposure of phospha-
tidylserine to the external side of the plasma membrane. This ex-
cludes apoptosis-like cell death as a mechanism of action of these
drugs. In addition, these data suggest different mechanisms of
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FIG 8 Quantification of ATP levels in T. cruzi. ATP levels of treated or untreated (control) epimastigotes were measured after 24 h (a) or 5 days (b). *, P < 0.05;
**, P <0.01;***, P < 0.001 (in comparison to the control; Tukey posttest). AU, arbitrary units.
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FIG 9 Reversibility of the effect of MB17 on epimastigotes. Epimastigotes were either left untreated or treated with MB17 or a combination of 60 uM
rotenone—0.5 uM antimycin (RA) for 48 h, and then MB17 or RA was either removed or not from the culture medium. The culture growth was followed up until
the stationary phase (11 days). @, control (no treatment); O, control, washed; B, treatment with RA; O, treatment with RA, washed; A, treatment with 0.5 uM
MB17; A, treatment with 0.5 wM MB17, washed; V¥, treatment with 1.5 uM MB17; V, treatment with 1.5 wM MB17, washed. The arrow indicates when MB17

or RA was removed.

action for these compounds, indicating that MB38, unlike MB17
and MB19, induces necrosis in T. cruzi epimastigotes. MB17 and
MBI19 arrest parasite replication in the exponential phase of
growth but do not induce damage to the plasma membrane. These
observations led us to hypothesize that these compounds interfere
with cell replication by impairing the cell cycle. As MB17 was a
more efficient anti-T. cruzi agent than MB19 and MB38, we inves-
tigated its mechanism of action in more detail. Remarkably, in a
previous study, MB17, which was the compound with the lowest
ICs,, also showed promising antibacterial activity against Gram-
positive and Gram-negative bacterial strains compared to the ac-
tivities of other compounds, including MB19 and MB38 (29). In
addition to their antiparasitic effects, these compounds, due to
their fluorescence properties, could also be considered promising
probes for trypanosome-specific staining (30). As MB17 showed
neither membrane permeabilization nor phosphatidylserine ex-
posure but did inhibit epimastigote growth, we investigated the
compound’s effect on the parasite cell cycle. The binding activity
of MB17 on gDNA and kDNA was consistent with findings of
previous studies (10, 11, 31, 32). Furthermore, the presence of
MB17-treated cells with two nuclei, two flagella, and one kineto-
plast or with one nucleus and no kinetoplast supports our hypoth-
esis that MB17 interferes with the epimastigote cell cycle. In
fact, cytometry analysis confirmed this hypothesis, showing an
accumulation of cells at the G, phase, concomitant with a de-
crease in the percentage of cells in other phases of the cell cycle
(S and G,/M) (Fig. 5). This result can be explained by the

TABLE 1 Activity of MB17, MB19, and MB38

activity of this diamidine as a DNA-intercalating agent and
probably as a DNA synthesis inhibitor, which is consistent with
the fact that epimastigotes exhibited a cell cycle delay in G,
phase, as already shown in trypanosomatids (33). All of these
results are summarized in Table 1.

Notably, the increase in the percentage of cells with two
flagella (1k2N) shown in Fig. 7 (see also Fig. S1 in the supple-
mental material) does not explain the decrease in the percent-
age of cells in the G,/M phase that is shown in Fig. 5: cells
showing two flagella would be expected to have a DNA content
equivalent to that of cells in the G,/M phase. The explanation
for this result could be that the diamidine MB17 might inhibit
kDNA synthesis but not prevent growth of the second flagel-
lum or of cytokinesis. Thus, aberrant cell types (0k1N) result-
ing from cytokinesis of cells with two flagella (1k2N) are gen-
erated 5 days after treatment, as shown in Fig. 7. Similar results
have already been reported in trypanosomatids after treatment
with aphidicolin, rhizoxin (33), or acriflavine (34, 35). Fur-
thermore, we observed for the parasite that the kDNA replica-
tion/segregation machinery is more sensitive to MB17 than the
nuclear DNA replication/segregation machinery. MB17 likely
interferes with kDNA due to its unique DNA network structure
consisting of thousands of interconnected DNA circles and also
due to its complex system of replication (12). The peculiarities
of kDNA and its replication machinery may also explain the
compound selectivity, as shown for other diamidine com-
pounds (10, 11). However, it should be stressed that, until now,

Causes loss of

cytoplasmic Alters  Irreversibly — Affects Affects Causes  Affects

IC5o (kM) in  ICs, (WM) in CCs,  Selectivity membrane ATP  inhibits amastigote  host-cell DNA parasite
Compound  epimastigotes  trypomastigotes (uM) index integrity levels  growth replication  infection damage cell cycle
MB17 0.5+ 0.13 0.14 = 0.12 No” Yes” Yes Yes Yes Yes Yes
MB19 3.7£0.29 ND* ND ND No* No* ND ND ND ND ND
MB38 8.3 = 1.49 ND ND ND Yes® Yes® Yes ND ND ND ND
“ND, not determined.
b After 24 h and 5 days.
¢ After 5 days.
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FIG 10 Cytotoxicity effect of MB17 on amastigote replication and intracellular cycle of T. cruzi. The viability of CHO-K| cells treated with different concen-
trations of MB17 (range, 1 uM to 100 uM) was assessed by MTT assay (a), and the corresponding dose-response curve is shown (b). The effect on the infectivity
of trypomastigotes treated with MB17 (range, 0.1 to 5.0 uM) only during the period of infection was evaluated by counting the released parasites in a Neubauer
chamber on the fifth day postinfection (c), and the corresponding dose-response curve was plotted (d). The effect on amastigote replication was measured using
the infection index (percentage of infected cells X number of parasites per cell) of treated parasites compared to control levels (e). The percentages of infection
index values compared to control values were also calculated (f). *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Tukey posttest).

the mechanism disrupting kDNA replication remained elusive.
MBI17 likely binds specifically to kinetoplast DNA, which re-
sults in the inhibition of DNA-dependent enzymes (10, 11, 31).
Alternatively, MB17 may directly inhibit transcription and rep-
lication enzymes (11, 31, 36-38). We propose that MB17 acts
through its binding activity on the parasite DNA and not as a
trypanocidal agent. We determined that this effect on parasite
proliferation is irreversible and could be related to a global
effect of the drug on mitochondrial functions, as suggested by
the diminished amounts of total ATP content in treated cells.
Indeed, it has been proposed that the trypanosoma mitochon-
drion is involved in the uptake of diamidines and in drug re-
sistance mechanisms (39—41).

Remarkably, MB17 also caused a 50% reduction in the number
of trypomastigotes released from infected cells. This effect was
observed at low concentrations of MB17 and with a selectivity
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index of 96.2 = 2.6. In addition, when infected cells were treated
with 0.5 uM MB17, there was an approximately 60% reduction in
the infection index. These results are particularly promising be-
cause both aspects, the establishment of the mammalian host in-
fection and the release of trypomastigote forms, are required for
the maintenance of the chronic phase of the disease. Nonetheless,
in vivo studies will be necessary to validate the antiparasitic effect
of MB17 (42, 43). This possibility should be carefully evaluated
because similar compounds were effective (alone or in combina-
tion with other drugs) while other amidine derivatives showed
high toxicity in animal models (43).

To conclude, the newly synthesized diamidines MB17, MB19,
and MB38 showed in vitro antiparasitic effects. Taken together,
these results indicate that MB17 is a remarkable anti-T. cruzi com-
pound and, therefore, should be considered for further evaluation
in vivo. As the kinetoplast is the preferred target, we propose that
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this diamidine has potential therapeutic activity for other diseases
caused by kinetoplastid protozoans, such as Leishmania spp. and
Trypanosoma brucei.
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