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Background: Benznidazole and nifurtimox are effective drugs used to treat Chagas’ disease; however, their
administration in patients in the chronic phase of the disease is still limited, mainly due to their limited efficacy in
the later chronic stage of the disease and to the adverse effects related to these drugs.

Objectives: To evaluate the effect of low doses of nanoformulated benznidazole using a chronic model of
Trypanosoma cruzi Nicaragua infection in C57BL/6J mice.

Methods: Nanoformulations were administered in two different schemes: one daily dose for 30 days or one
dose every 7 days, 13 times.

Results: Both treatment schemes showed promising outcomes, such as the elimination of parasitaemia, a re-
duction in the levels of T. cruzi-specific antibodies and a reduction in T. cruzi-specific IFN-y-producing cells, as
well as an improvement in electrocardiographic alterations and a reduction in inflammation and fibrosis in the
heart compared with untreated T. cruzi-infected animals. These results were also compared with those from our
previous work on benznidazole administration, which was shown to be effective in the same chronic model.

Conclusions: In this experimental model, intermittently administered benznidazole nanoformulations were as
effective as those administered continuously; however, the total dose administered in the intermittent scheme

was lower, indicating a promising therapeutic approach to Chagas’ disease.

Introduction

Chagas’ disease, a neglected parasitic infectious disease, is caused
by Trypanosoma cruzi. It is a major public health problem in Latin
America and is becoming increasingly prevalent in other regions as
the result of migration.? In addition to the 6-7 million people
infected worldwide, 100 000 people a year are at risk of contracting
T. cruzi infection.> Nearly 30% of those infected develop a chronic
cardiomyopathy and/or digestive megasyndromes. Benznidazole, a
nitrobenzimidazole derivative, is one of the effective and available
drugs used to treat this neglected infection* and it is prescribed for
both the acute and chronic phases in children and adult patients.”
The Benznidazole Evaluation For Interrupting Trypanosomiasis
(BENEFIT) randomized trial involving patients with severe cardiomy-
opathy showed that benznidazole had a trypanocidal effect, as indi-
cated by decreased parasitic loads, but this effect was not

associated with improved clinical outcomes.® In another random-
ized trial with benznidazole, Treatment in Adult Patients (TRAENA),
similar trypanocidal effects and decreased levels of T. cruzi-specific
IgG were observed, without modifications of clinical events.” One of
the main disadvantages of benznidazole pharmacotherapy is the
high doses commmonly administered, which usually lead to more pro-
nounced undesirable side effects® and in many cases the treatment
is discontinued.® Additionally, in experimental murine models, the
administration of lower doses of benznidazole alone or combined
with other drugs,'®!! as well as the intermittent administration of
benznidazole, which was first reported by Bustamante et al.'? and
then by our laboratory,* supports the hypothesis that treatment
with lower benznidazole doses might be as effective as the conven-
tional doses of benznidazole used. ™

The bioavailability of benznidazole is limited due toits low aque-
ous solubility (0.4mg/mL) and dissolution rate. In this regard,
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several approaches have been carried out to manufacture novel
formulations of benznidazole with more appropriate physico-
chemical properties, including solid dispersions,'**® cyclodextrin
complexation,*”'® microencapsulation'® and cosolvency.?® In the
last decade, the reduction in particle size to the nanometric scale
has become an attractive alternative for the production of medi-
cines with better pharmacotherapeutic performance.?’ Recently,
Eudrogrit®-bosed benznidazole nanoparticles (200-300 nm) were
obtained by means of the nanoprecipitation process and showed
an increased drug dissolution rate compared with the raw drug.*?
These benznidazole nanoparticles also displayed parasiticidal
effects in vitro and in murine acute infections.?>%*

The aim of this study was to evaluate the effectiveness of
benznidazole nanoparticles (benznidazole-NP) administered con-
tinuously or intermittently to mice with chronic infections with the
T. cruzi Nicaragua (TcN) isolate and to compare benznidazole-NP
with the lowest doses of benznidazole that were effective in our
previous studies.?

Materials and methods
Ethics

All procedures involving animals followed the rules of the ethical legislation
and regulatory entities established in Argentina and were approved by the
Bioethics Committee of the National Institute of Parasitology “Dr. Mario
Fatala Chaben” (Register RENIS No. 000028). The international recommen-
dations for the use of laboratory animals (World Medical Association in the
Declaration of Helsinki) were also followed.

Materials

Benznidazole (lot 9978 A; Laboratorios Elea, Buenos Aires, Argentina) was
provided by the Instituto Nacional de Parasitologia “Dr. Mario Fatala
Chaben”, Administracion Nacional de Laboratorios e Institutos de Salud
“Dr. Carlos G. Malbran”, Ministerio de Salud de la Nacion (INP-ANLIS, Buenos
Aires, Argentina) and Lutrol® F-68 (P188) was donated by BASF SE
(Ludwigshafen, Germany). FBS was purchased from Natocor (Cordoba,
Argentina) and horse serum was obtained from Internegocios SA (Cérdoba,
Argentina). Phorbol 12-myristate 13-acetate (PMA) was purchased from
Sigma Chemical Co. (St Louis, MO, USA). African green monkey kidney
epithelial cells (Vero cells) were obtained from Asociacién Banco Argentino

de Células (ABAC, Pergamino, Argentina). Cyclophosphamide was from
Microsules Argentina (Buenos Aires, Argentina). All other reagents and
chemicals used for analytical purposes were of chromatography grade.

Preparation of benznidazole-NP

The preparation of benznidazole-NP, using P188 as a stabilizer, was carried
out according to our previous work.?? Following nanoprecipitation method-
ology, small particles in a size range of 61-65 nm with a zeta potential of
—18.30%1.0 mV and a size distribution (polydispersity index) of 3.35+0.1
were obtained.

Parasites

Trypomastigotes of the TcN parasite isolate previously characterized in our
laboratory were obtained from cell cultures using Vero cells.”

Animal model

Five groups (n=8-10 per group) of 1-month-old female C57BL/6J mice of
similar weight (mean+SEM 20.8+1.5 g), were intraperitoneally inoculated
with 3000 culture-derived trypomastigotes of the TcN isolate. At 90days
post-infection (p.i.), the chronic phase was reached, characterized by a clear
serological response and active chronic myocarditis with sclerotic sequelae
and by other intramyocardial perivascular lesions'? and, at that point,
T. cruzi-infected mice were randomly divided into the following groups: (1)
untreated (olive oil only); (2) treated with 30 daily doses of benznidazole-
NP at 50 mg/kg/day (benznidazole-NPc 50); (3) treated with 30 daily doses
of benznidazole-NP at 25mg/kg/day (benznidazole-NPc 25); (4) treated
with 13 intermittent doses of benznidazole-NP at 75 mg/kg of (benznida-
zole-NPit 75); and (5) treated with 13 intermittent doses of benznidazole-
NP at 50 mg/kg (benznidazole-NPit 50). The intermittent treatment (groups
4 and 5) consisted of one dose every 7days according to our previous
study.'? The schedules of all treatments are shown in Figure 1 and the total
doses administered in each schedule are shown in Table 1. Benznidazole-
NP doses were dispersed in olive oil and administered to mice by oral gav-
age using a top-cut tip, whereas the control group received a mock treat-
ment with olive oil alone. T. cruzi-infected mice that were treated in the
chronic phase at 90days p.i. and untreated mice were euthanized after
7 months of follow-up (Figure 1). The findings of these treatment schemes
with benznidazole-NP in this experimental model were compared with our
previous results using the same infection model with benznidazole
treatment.!!

TcN
Infection
Chronic Euthanasia
* Time post-infection (days) *
I l/l/ T T T T T T T T T T T T T T T T T T T T T T T T T 1
0 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200 205 210 215

BNZ-Npc: 25 or 50 mg/kg/day

BNZ-NPit: 50 or 75 mg/kg every 7 days, for a total of 13 doses

Figure 1. Treatment schedules for benznidazole-NP (BNZ-NP) in the experimental murine model of chronic T. cruzi infection with TcN. Continuous
treatment (BNZ-NPc) with 25 or 50 mg/kg/day for 30 days (solid line) and intermittent treatment (BNZ-NPit) with 13 doses of 50 or 75 mg/kg at 7 day

intervals for a total of 91 days (dotted line).
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Table 1. Single and total doses of benznidazole administered in each
treatment scheme

Treatment schedule Single dose® Total dose
Continuous® 25mg/kg/day 750 mg/kg
50 mg/kg/day 1500 mg/kg
Intermittent® 50 mg/kg/day 650 mg/kg
75 mg/kg/day 975mg/kg

“The total amount of benznidazole administered within the nanoformu-
lation was calculated as previously reported.*

BContinuous administration consisted of 30 daily doses of benznidazole-
NP.

“Intermittent administration consisted of one dose every 7 days for a
total of 13 doses.

The animals were obtained from the bioterium at the National Institute
of Parasitology “Dr. Mario Fatala Chaben”, ANLIS “Dr. Carlos G. Malbran”,
Buenos Aires, Argentina, under specific pathogen-free conditions.

Mice were housed and assayed in a controlled room at a temperature of
22°C under a circadian light cycle of 12 h light/12 h dark, with water and
food ad libitum, and were infected and randomly assigned to the treatment
groups. All the animals were monitored for physical distress twice daily.
Physical adverse events that were monitored included inability to move,
reduced appetite, extreme pallor, ruffled hair and body weight loss (16%).
Animals were euthanized if they exhibited any sign of a clinical adverse
event that appeared to be highly stressful.

Induction of immunosuppression

A group of mice (n=6) treated with benznidazole-NPit 75 were
immunosuppressed with cyclophosphamide 30days post-treatment.
The immunosuppression protocol consisted of three cycles of 50mg of
cyclophosphamide/kg of body weight, for 4 consecutive days, with an inter-
val of 3 days between each cycle.?® After the last cycle of cyclophospha-
mide treatment, parasitaemia was evaluated in fresh blood collected from
the tail of each mouse for 10days and the number of parasites was
estimated as described by Brener?’ and by quantitative PCR (qPCR).

Parasitaemia detected by DNA amplification

A volume of blood, collected from euthanized T. cruzi-infected and unin-
fected mice between 6 and 7 months p.i. (n=5-9 samples per treatment),
after the completion of drug treatment, was mixed with an equal volume
of 6M guanidine hydrochloride and 0.1 M EDTA at pH8 and then kept at
room temperature for 1 week, followed by storage at 4°C until use. DNA
was isolated from 0.3 mL of the guanidine/EDTA buffer mixture using a
commercial kit (High Pure PCR Template Preparation Kit, Roche) and then
eluted in 0.1 mL according to the manufacturer’s protocol. Thereafter, DNA
amplification was performed; the samples were run in duplicate using a
commercial kit (SYBR® GreenER® gPCR SuperMix Universal; Invitrogen,
Life Technologies, USA) as previously described.?® Epimastigotes of the
TcN isolate were used as a standard in artificially spiked mouse blood. The
calibration curve, negative samples and non-template DNA control were
included in every run. The cut-off value was determined to be equal to 0.14
parasite equivalents (Eq)/mL. Samples below the cut-off value were consid-
ered negative.

ECGs

ECGs were performed with an electrocardiograph Cardimax FX-2111 to as-
sess cardiac electrical alterations in mice from all the experimental groups

while under anaesthesia (Avertin, Sigmo).29 The heart rate (HR), atrioven-
tricular node conduction time (PR interval), QRS and QT intervals in the ECGs
were determined using ImageJ software.

Measurement of antibody response

Blood from benznidazole-treated and untreated T. cruzi-infected mice
(n=5-9 samples per treatment) was collected from the orbital venous
sinus (500 pL). Serum samples were analysed for IgG antibody levels by
ELISA. A lysate from T. cruzi Tulahuen strain epimastigotes (20 ug/mL) was
used as the source of antigen. Briefly, flat-bottomed 96-well plates
were coated overnight at 4°C with 50 uL/well of antigen diluted in carbon-
ate buffer at pH 9.6. Plates were blocked for 1 h at room temperature with
100 plL/well of 5% skimmed milk in PBS. After washing three times with
PBS/0.05% Tween 20 (PBS-T), serum samples were added to the plates
(1:50-1:400 dilutions, 50 uL/well) for 30min at 37°C. After washing with
PBS-T, 50 uL/well of horseradish peroxidase-labelled goat anti-mouse 1gG
(Jackson) was added for 30 min at room temperature. The reaction was
developed with 50 uL/well of o-phenylenediamine dihydrochloride (OPD)
and stopped with 1 M sulphuric acid. The OD was read at 490 nm with an
ELISA microplate reader (MINDRAY ME-96A). A cut-off value for antibody
levels was set as the mean + 2 SD of the OD obtained from the sera of unin-
fected control mice, which was 0.08.2“

Histopathological studies

Chronically infected mice were euthanized after 6-7 months of follow-up
(n=5-9 per treatment group), following the completion of treatment.
Hearts were removed from treated and untreated T. cruzi-infected animails,
fixed in a 10% formaldehyde solution and embedded in paraffin. Tissue
sections (5 um) were stained with haematoxylin-eosin (H&E) and Masson’s
trichrome collagen stain and evaluated by light microscopy, recording the
number of parasite nests, the extent of mononuclear infiltrates and fibrosis.
The degree of the infection was evaluated as previously described.>%>!
Briefly, eight different areas of the heart were evaluated (left and right atria,
upper and lower halves of each ventricular wall and septum). The presence
of inflammatory cells was scored as follows: 0, absent/none; 1, focal or mild
myocarditis with only one focus; 2, moderate with multiple inflammatory
foci; 3, extensive with inflammatory foci or disseminated inflammation
with minimal necrosis and preservation of tissue integrity; and 4, severe
with diffused inflammation, interstitial oedema and loss of tissue integrity.
Fibrosis was scored on a scale of 0-3 according to the damage observed by
microscopy: 0, absent/mild; 1, small and less than four isolated foci of fibro-
sis; 2, moderate and diffuse connective tissue that partially compromised
the wall; 3, severe and diffuse connective tissue that compromised the
whole wall. A numeric sum for each heart section represented the inflam-
mation or fibrosis index.

IFN-y ELISA, T. cruzi amastigote lysate and splenocytes

Splenocytes isolated from the spleens of the different groups of mice (un-
treated and benznidazole-treated TcN-infected mice) were examined for
the number of T. cruzi-specific IFN-y-producing T cells by ELISpot assays for
IFN-y using a commercial kit (BD Biosciences) according to the instructions
of the manufacturer. Splenocytes were seeded into wells in triplicate at a
concentration of 4x10” cells/well in RPMI medium with 10% FBS and stimu-
lated with 10pg/mL of a T. cruzi lysate preparation, 20ng/mL of PMA
(Sigma) plus 500 ng/mL ionomycin (Sigma) (positive control) or medium
alone (negative control). The number of specific IFN-y-secreting cells was
calculated by subtracting the value of the wells containing media alone
from the value of the lysate-stimulated wells.>? For the T. cruzi amastigote-
enriched lysate preparation, TcN trypomastigotes were cultured overnight
in DMEM (Mediatech; pH5.0) to transform trypomastigotes into amasti-
gotes. Amastigotes were then washed in cold PBS and frozen at —20°C until
several parasite pellets had been obtained and pooled into a small volume
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of PBS. Thereafter, the sample was subjected to four freeze/thaw cycles at
—70°C, followed by sonication. The supernatant following centrifugation at
12000g was collected and filter-sterilized and the protein concentration
was determined. Splenocytes were isolated from spleens and cryopre-
served using 80% FBS plus 20% DMSO in liquid nitrogen until use.

Statistical analysis

The normality of the variable distribution was assessed by using the
Shapiro-Wilk normality test. Differences among groups were evaluated by
analysis of variance (ANOVA) or Kruskal-Wallis test as appropriate, followed
by Bonferroni or Dunn’s multiple comparison tests. Statistical significance
was considered at P<0.05 (two-tailed). All experiments were performed
blind. Data analyses and graphs were performed and generated, respect-
ively, with GraphPad Prism 7.0 software.

Results

Course of infection and quantified parasite load in
drug-treated TcN-infected mice

All T. cruzi-infected mice, untreated and treated with benznida-
zole-NP, survived until the end of the experiment and were
euthanized (210days p.i.) (Figure S1, available as Supplementary
data at JAC Online) and no changes were observed in their
general condition or behaviour. The treatment efficacy of both
benznidazole-NP schemes against TcN infection was assessed by
gPCR. Untreated C57BL/6J mice infected with TcN had a median
parasite load of 8.9Eg/mL at 210days p.i. Of the group of mice
treated with benznidazole-NPit 50, 80% (4/5 animals) exhibited
negative qPCR results, whereas no parasite load could be detected
in any of the animals for the other benznidazole-NP treatment
schedules (Figure 2). With respect to the benznidazole treatment
schemes, the benznidazole-c 75 (BNZc 75) group presented 80%
(8/10 animals) without parasitaemia and the benznidazole-it 100
(BNZit 100) group presented 75% (6/8 animals) (Figure 2).

T. cruzi-specific humoral immune responses following
chemotherapy

T. cruzi-specific antibody levels were decreased in all the treatment
schedules compared with the untreated animals (Figure3).
Benznidazole-NPit was more effective at reducing parasite-specific
antibody levels compared with benznidazole-NPc, with compar-
able efficacy to that previously reported for benznidazole-c 75
and benznidazole-it 100 (Figure 3)."* On an individual basis, all
the animals in the benznidazole-NPit 50-treated group and 8/9
(89%) animals in the benznidazole-NPit 75-treated group had
T. cruzi-specific antibody levels equal to or below the cut-off value.

ECGs

ECG parameters, such as the HR, PR, QRS and QT intervals, in unin-
fected and T. cruzi-infected untreated and treated mice were
evaluated at 6-7 months p.i. Untreated T. cruzi-infected animals
presented a significant decrease in HR, along with an increase in
the atrioventricular nodule conduction time (PR) compared with
the uninfected mice (Figures 4a and b and 5c and d) as previously
reported in other mouse models.?'** These conduction alterations
produced by T. cruzi and evidenced by HR and PR were reversed
after both continuous and intermittent benznidazole-NP

259
20 4
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Figure 2. Parasite load in T. cruzi-infected mice treated with benznida-
zole-NP. Animals were treated with a daily dose of 25 or 50 mg/kg/day of
benznidazole-NP (BNZ-NPc) for a total of 30 doses or with 13 doses of 50
or 75mg/kg of benznidazole-NP (BNZ-NPit) administered at 7 day inter-
vals for a total of 91 days. Data for animals treated with a daily dose of
50 or 75 mg/kg/day of benznidazole (BNZc) for a total of 30 doses or with
13 doses of 75 or 100 mg/kg of benznidazole (BNZit) administered at
7day intervals for a total of 91days are from Rial et al, 2019."
Benznidazole-c 50 (BNZc 50), benznidazole-c 75 (BNZc 75), benznida-
zole-it 75 (BNZit 75) and benznidazole-it 100 (BNZit 100).

administration (Figures4a and b and 5e-h), resembling the
ECGs of healthy mice (Figure5a and b). For HR, the most
effective treatment was benznidazole-NPc 50 (Figure 4a); for
PR, benznidazole-NPc 25 and benznidazole-NPit 50 were the
most effective with respect to the untreated group (Figure 4b).
Benznidazole-NP was as effective as benznidazole at all of the
doses assessed.

Histopathological studies

A significant reduction in mononuclear cell infiltrates and connect-
ive tissue patches of fibrosis was observed in T. cruzi-infected ani-
mals after administration of benznidazole-NPc 50 compared with
untreated T. cruzi-infected animals (Figures 6a and 7a). Although
not statistically significant, a reduction in inflammation was also
observed with benznidazole-NPit 50 and benznidazole-NPit 75
(Figures6a and 7c-e). Benznidazole-NPc 50 was as effective as
benznidazole-c 75 and benznidazole-it 100.

Intermittent administration of benznidazole-NP, either with the
50 or 75mg/kg dose, showed the highest reduction in fibrosis
compared with the untreated animals (Figures6b and 8d and e).
Benznidazole-NPit 75 was more effective than benznidazole-NPc
50, but comparable to benznidazole-it 100 (Figures6b and 8c
ande).

Decrease in IFN-y-producing splenocytes in response to
T. cruzi in mice treated with benznidazole-NP

Splenocytes of mice chronically infected with TcN showed IFN-y
production in response to T. cruzi antigens (Figure 9). T. cruzi-spe-
cific T cell responses decreased significantly after all treatments,
although this was more evident after intermittent
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Figure 3. T. cruzi-specific antibody levels in serum samples from TcN-infected treated and untreated mice after 6-7 months of follow-up. The cut-off
value for antibody levels, as described in the Materials and methods section, is represented by the horizontal dashed line. Each symbol represents an
individual mouse. *P<0.05, **P<0.001, ***P<0.001, ****P<0.0001 as determined by the Kruskal-Wallis test. Data for BNZc 50, BNZc 75, BNZit 75 and
BNZit 100 are from Rial et al., 2019.*
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Figure 4. Electrocardiographic evaluation of TcN-infected mice treated with benznidazole-NP. ECGs were conducted in benznidazole-NP-treated and
untreated animals, as described in the Materials and methods section, after 6-7 months of follow-up. HR (a) and PR interval (b). *P<0.05, **P<0.001,
analysed by the Kruskal-Wallis test. Data for BNZc 50, BNZc 75, BNZit 75 and BNZit 100 are from Rial et al., 2019.
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Figure 5. Representative ECGs of C57BL/6J T. cruzi-infected mice following treatment with benznidazole-NP. Panels (a) and (b), normal ECGs of
healthy mice; panel (c), ECG of untreated infected mice with decreased HR; panel (d), ECG untreated infected mice with increased PR interval; panels
(e) and (f), ECGs of mice treated with benznidazole-NPc 50 or with benznidazole-NPc 25 mg/kg/day, respectively; and panels (g) and (h), ECGs of mice
treated with benznidazole-NPit 50 mg/kg. Panels e-h show that the abnormalities were reversed following drug treatment.
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Figure 6. Evaluation of inflammation and fibrosis in chronic T. cruzi-infected mice treated with benznidazole and benznidazole-NP. Data represent
morphometric quantification of inflammatory cells in heart tissues by staining with H&E (a) and morphometric quantification of fibrosis stained with
Masson’s trichrome collagen stain (b). Animals were treated every day with benznidazole-NPc at 25 or 50 mg/kg/day for a period of 30 days or treated
intermittently with benznidazole-NPit at 50 or 75mg/kg every 7days for a total of 13 doses. *P<0.05, **P<0.01, ***P<0.001, analysed by the
Kruskal-Wallis test. Data for BNZc 50, BNZc 75, BNZit 75 and BNZit 100 are from Rial et al., 2019.1*

administration of both benznidazole-NP and benznidazole ~Quantified parasite load in immunosuppressed mice

drugs. Benznidazole-NPit 75 was more effective at reducing the  we next evaluated the reactivation of parasites by qPCR after im-
frequency of  IFN-y-producing  cells  compared  with  munosuppression in the mice treated with benznidazole-NPit 75,
benznidazole-NPc 25. which was shown to be potentially the most effective treatment.
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Figure 7. H&E staining of heart tissues from mice chronically infected with T. cruzi and treated with benznidazole-NP. Ventricles of: untreated
infected mice (a); infected mice treated with benznidazole-NPc at 25 mg/kg/day (b); infected mice treated with benznidazole-NPc at 50 mg/kg/day
(c); infected mice treated with benznidazole-NPit at 50 mg/kg (d); and infected mice treated with benznidazole-NPit at 75 mg/kg (e). Arrowheads indi-
cate the inflammatory cell foci (a and b) and isolated mononuclear cells (c). Magnification: 40%; scale bars: 25 um. This figure appears in colour in the

online version of JAC and in black and white in the printed version of JAC.

The parasite load in blood from the abovementioned group of
mice was undetectable afterimmunosuppression.

Discussion

In previous studies, we have shown the antiparasitic activity of
polymeric nanoparticles of benznidazole in acute infection with
the TcNisolate in mice.??

Here we evaluated the effect of treatment with benznidazole-
NP administered in daily doses or every 7 days in comparison with
the effect of standard benznidazole in a mouse model of chronic
T. cruzi infection.'* The use of this chronic model, the design of
the different treatment schemes, the number of animals used
and the data reporting followed the ARRIVE guidelines.>* Both
treatment schemes with benznidazole-NP, either continuously or

intermittently administered, at 75 mg/kg/day or 100 mg/kg every
7 days, respectively, were as effective as the standard benznida-
zole treatment,'* with all mice surviving until euthanasia at the
end of the experiment. Remarkably, intermittent administration of
75 mg/kg of benznidazole-NP was equally as effective as the inter-
mittent administration of benznidazole at 100 mg/kg, which was
the lowest dose of benznidazole effective in our previous studies.*!
This was reflected by the parasite load, the levels of T. cruzi-specific
antibodies, the degree of fibrosis and the frequency of IFN-y-
producing cells. However, a 25% reduction in dose was achieved
compared with that used in our former study and this was an
approximately 70% reduction of total dose compared with the
standard dose of 100 mg/kg/day for 30days generally used in
mouse models of T. cruzi infection.>*3® This is likely due to the
smaller size of these nanoparticles compared with the standard
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Figure 8. Masson’s trichome collagen staining of heart tissues from mice chronically infected with T. cruzi and treated with benznidazole-NP.
Ventricles of: untreated infected mice (a); infected mice treated with benznidazole-NPc at 25 mg/kg/day (b); infected mice treated with benznida-
zole-NPc at 50 mg/kg/day (c); infected mice treated with benznidazole-NPit at 50 mg/kg (d); and infected mice treated with benznidazole-NPit at
75mg/kg (e). Arrowheads indicate patches of fibrosis (a-c). Magnification: 40%; scale bars: 25 um. This figure appears in colour in the online version of

JAC and in black and white in the printed version of JAC.

benznidazole, which increases their solubility from 0.4 mg/mL to
3.99 mg/mL.?? However, benznidazole-NP and standard benznida-
zole were equally effective at improving the electrocardiographic
alterations induced by the infection.

The benznidazole-NPit 50 and benznidazole-NPit 75 treatments
induced a 42% and 57% reduction in inflammation, respectively,
contrasting with the more significant reduction obtained with
benznidazole-it 100 compared with the untreated mice.!*
However, this decrease in inflammation with the nanoparticle
treatments seems to be a sufficient condition to inhibit fibrosis.

Several studies have shown the effectiveness of drug nanofor-
mulations in other experimental models. In an experimental infec-
tion with toxoplasma, nanoformulations of lopinavir/ritonavir
revealed the same level of effectiveness, but with a decreased ef-
fective dose of lopinavir/ritonavir.?” Pandey and Khuller*® showed

that oral doses of streptomycin as nanoparticles administered to
mice infected with Mycobacterium tuberculosis had an efficient
therapeutic action equivalent to that produced with a triple admin-
istration of the drug in injectable form. Even though there are no
available data on nanoformulated drugs in clinical trials for human
infections yet, they appear to be promising alternatives, with po-
tential benefits including the reduction in the duration of treat-
ment and the appearance of adverse events. In this study, we
observed that some doses worked better, based on the
approaches and methods used in this experimental model to
evaluate the effectiveness of the drug. With respect to the para-
site load, parasite DNA was undetectable following treatment
with benznidazole-NP in all experimental groups, with the excep-
tion of one mouse in the benznidazole-NPit 50 group that had de-
tectable, but low parasitaemia. Nonetheless, the amount of total
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Figure 9. IFN-y-producing T lymphocytes specific for T. cruzi. The num-
ber of IFN-y-producing splenocytes was determined by ELISpot after
stimulation with a T. cruzi parasite lysate. Each symbol represents the
number of IFN-vy cells producing spots (CPS IFN-y) in response to T. cruzi
antigens for each mouse. ***P<0.001, ****P<0.0001. Data were ana-
lysed by ANOVA followed by Dunn’s multiple comparison tests.

benznidazole drug used in the benznidazole-NPit 50 treatment
was lower than the benznidazole-c 50 and benznidazole-NPit 75
treatment schemes. The effectiveness of intermittently adminis-
tered treatment with benznidazole-NP was also demonstrated by
the rate of anti-T. cruzi specific antibody titres below the cut-off
and the reduction in T. cruzi-specific IFN-y-producing cells, which
might be the result of a lower parasite load, as observed in
patients with chronic Chagas’ disease treated with benznida-
zole***% and also by the absence of circulating parasites after im-
munosuppression of mice.

We might speculate that the intermittent administration of
benznidazole-NP might eventually allow for treatments over lon-
ger periods with fewer side effects, which may be effective against
the dormant form of this parasite. This is particularly important
since it was demonstrated that the intracellular form of T. cruzi has
the ability to establish dormancy,** which might be a factor for
drug resistance to benznidazole.

The fact that treatment with low doses of benznidazole was
reported to be highly effective in decreasing the parasite burden in
T. cruzi-infected mice and that different studies in humans have
demonstrated that patients are being treated with an overdose of
benznidazole supports the claim that benznidazole doses and
treatment schemes should be re-evaluated through new clinical
trials.'**#%3 In this regard, alternative treatment schemes for
benznidazole administration have been assessed in mice.!23644 A
pilot study in patients with chronic Chagas’ disease treated with
intermittent doses of benznidazole showed low percentages of de-
tectable parasite loads, along with a reduction in the rate of treat-
ment suspension due to adverse events.*?

It is known that the half-life of benznidazole is approximately
12h, hence the reason for giving benznidazole twice a day in

humans; however, in mice itis 1-2 h.'? The initial studies presumed
that the effectiveness of benznidazole depended on maintaining
circulating levels above the MIC. However, the effectiveness
observed with intermittent treatment suggests that it is more like-
ly it acts through a mechanism of maximum concentration.?
Medications that work through this mechanism have prolonged
post-antibiotic effects, which affect the growth of the pathogen
after complete elimination of the compound.*® The side effects of
benznidazole treatment could be eliminated with a reduction in
the cumulative dose of benznidazole.*’

In conclusion, both daily and intermittent treatment schemes
with benznidazole-NP represent a promising therapeutic approach
for Chagas’ disease. In particular, intermittent administration of
benznidazole-NP could well be an attractive alternative scheme
for clinical trials in Chagas’ disease patients, with the possible re-
duction of adverse effects.
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