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Trypanosoma cruzi infection and benznidazole therapy
independently stimulate oxidative status and structural
pathological remodeling of the liver tissue in mice
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Abstract This study used a murine model of Chagas disease
to investigate the isolated and combined impact of
Trypanosoma cruzi infection and benznidazole (BZ) therapy
on liver structure and function. Male C57BL/6 mice were
challenged with 7. cruzi and BZ for 15 days. Serum levels
of cytokines and hepatic enzymes, liver oxidative stress, mor-
phology, collagen, and glycogen content were monitored.
Separately, 7. cruzi infection and BZ treatment resulted in a
pro-oxidant status and hepatic reactive damage. Concurrently,
both 7' cruzi infection and BZ treatment induced upregulation
of antioxidant enzymes and pathological reorganization of the
liver parenchyma and stroma. 7. cruzi infection increased se-
rum levels of Thl cytokines, which were reduced by BZ in
both infected and non-infected animals. BZ also induced func-
tional organ damage, increasing serum levels of liver en-
zymes. When combined, 7. cruzi infection and BZ therapy
elicited intense hepatic reactive damage that was not compen-
sated by antioxidant enzymatic reaction, subsequently culmi-
nating in more severe morphofunctional hepatic injury. Taken
together, these findings indicate that during specific treatment
of Chagas disease, hepatic pathology may be a result of an
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interaction between BZ metabolism and specific mechanisms
activated during the natural course of 7. cruzi infection, rather
than an isolated toxic effect of BZ on liver structure and
function.
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Introduction

The current therapeutic management of Chagas disease, a sys-
temic disease caused by Trypanosoma cruzi infection in ver-
tebrate hosts, is limited to etiological treatment based on
nitroheterocyclic drugs such as nifurtimox and benznidazole
(BZ). Although these drugs do not cure the disease, once it
reaches the chronic phase, they have a high curative rate in the
early acute phase in animals and humans (Castro et al. 2006;
Guedes et al. 2011).

Since the early 1960s, BZ (N-benzyl-2-nitroimidazole acet-
amide) has been the drug of choice for treatment of Chagas
disease, especially in Central and South American countries
(Mecca et al. 2008). In the acute phase of infection by 7. cruzi,
therapeutic schemes based on BZ have been widely accepted;
however, clinical studies have reported marked side effects
associated with low specificity and systemic toxicity, as evi-
denced by clinical manifestations such as vomiting, fever, skin
allergies, anorexia, polyneuritis, and reduced bone marrow cell
production (Castro et al. 2006; Maya et al. 2010; Urbina 2010).

Evidence suggests that the toxic effect of BZ involves en-
zymatic reduction of the nitro group attached to the aromatic
ring present in the chemical structure of the drug. This enzy-
matic reduction is responsible for covalent modifications of
the host macromolecules in a process mediated by the
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cytochrome P450 reductase enzymatic complex (Rodrigues
Coura and De Castro 2002; Castro et al. 2006; Maya et al.
2007; Urbina 2010). Enzymatic processing of BZ leads to the
formation of reactive intermediates such as nitro anion radical
(R-NO?"), and its re-oxidation results in the formation of re-
active oxygen species (ROS) and reactive nitrogen species
(RNS) (Maya et al. 2007; Urbina 2010; Esperandim et al.
2013). This process synthesizes electrophilic compounds such
as hydroxylamine and nitrosative derivatives, which increase
the toxicity of BZ against both the parasite and the host cells
(Castro et al. 2006; Maya et al. 2007). The biotransformation
of BZ by the enzymatic complex of hepatic microsomes has
been reported to have a strong relationship with alterations of
liver mitochondrial functionality, which may potentially be
related to the toxic nature of BZ (Rendon 2014).
Considering that systemic toxicity attributed to chemother-
apeutic management of Chagas disease frequently culminates
in therapy suspension, it is surprising that to date there have
been few studies investigating the separate effects of 7. cruzi
infection and BZ therapy on liver tissue (Pupulin et al. 2005;
Davies et al. 2014; Esperandim et al. 2013; Rendon 2014). In
addition to the difficulty of determining how the infection and
BZ therapy separately contribute to hepatic dysfunction, the
scarcity of data relative to liver structure and function during
natural evolution of 7. cruzi infection and BZ therapy hinders
the development of therapeutic strategies to improve tolerance
to treatment. This study was designed to elucidate the mech-
anisms of toxicity associated with chemotherapy against
Chagas disease by investigating the isolated and combined
effects of 7. cruzi infection and BZ therapy on
morphofunctional hepatic adaptations in mice.

Materials and methods
Animals and ethics

Ten-week-old male C57BL/6 mice were obtained from the
Central Animal Laboratory of the Center of Biosciences and
Health of the Federal University of Vigosa (Brazil) and main-
tained under conditions of controlled temperature at 21+2 °C,
relative humidity of 60—-70 %, and 12 h light/dark cycle. The
animals received food and water ad libitum. All institutional
and national guidelines for the care and use of laboratory
animals were followed and the study was approved by the
Ethics Committee of Animal Use of the Federal University
of Vigosa, Brazil (CEUA/UFYV protocol 77/2012).

Treatment and parasitemia
The animals were randomized into four groups of nine ani-

mals each: non-infected (NI); non-infected and treated with
100 mg/kg BZ (NI+BZ); infected but not treated (INF); or
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infected and treated with 100 mg/kg BZ (INF+BZ). Infected
animals were inoculated intraperitoneally (i.p.) with 7. cruzi Y
strain (5,000 trypomastigote forms in 0.1 mL of infected
mouse blood). BZ (Laboratorio Farmacéutico do Estado de
Pernambuco, Brazil) was suspended in 1 % carboxymethyl
cellulose dissolved in distilled water and administered by ga-
vage (Caldas et al. 2008). All treatments were administered for
15 days, and the parasitaemia was determined daily from a
5 uL blood sample obtained from the tail according to Brener
(1962). The animals were euthanized 24 h after the last treat-
ment by deep anesthesia (ketamine 45 mg/kg and xylazine
5 mg/kg, i.p.), followed by cardiac puncture. The liver was
collected and weighed, and the hepatosomatic index (HSI, %)
was calculated by normalizing the liver weight to the final
body weight.

Nitric oxide analysis

Fragments of the liver tissue were removed and weighed. Ni-
tric oxide (NO) levels were indirectly quantified by the stan-
dard Griess reaction (Tsikas 2007). Briefly, 50 uL of superna-
tant from the liver homogenate was incubated with an equal
volume of Griess reagent (1 % sulfanilamide, 0.1 %
naphthylene diamine dihydrochloride, and 2.5 % phosphoric
acid) at room temperature for 10 min. The absorbance was
measured at 550 nm in a microplate scanning spectrophotom-
eter (Power Wave X; Bio-Tek Instruments Inc., Winooski, VT,
USA). The total protein content in the liver tissue was mea-
sured using the Bradford method (Bradford 1976).

Lipid and protein oxidation

For analysis of tissue malondialdehyde (MDA), an end prod-
uct of lipid peroxidation, samples of the liver tissue were ho-
mogenized in phosphate buffer, centrifuged at 10,000xg for
10 min, and the homogenate was reacted with thiobarbituric
acid solution (15 % trichloacetic acid, 0.375 % thiobarbituric
acid, and 0.25 N HCI) for 15 min. The formation of thiobar-
bituric acid reactive substances was monitored in a spectro-
photometer at 535 nm, as described previously (Buege and
Aust 1978).

The protein carbonyl (PCN) content was determined in
liver tissue pellets by adding 0.5 mL of 10 mM 2,4-
dinitrophenylhydrazine (DNPH). The reaction involved deriv-
atization of the carbonyl group with DNPH, which leads to the
formation of a stable 2,4-dinitrophenyl hydrazone product.
The optical density (OD) was measured in a spectrophotome-
ter at 370 nm (Levine et al. 1990).

Antioxidant enzymes

The activity of antioxidant enzymes was investigated using an
aliquot of frozen liver tissue (100 mg) homogenized in ice-
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cold phosphate buffer (pH 7.0) and centrifuged at 3,500xg
(5 °C) for 15 min. The supernatant was used for the analysis
of catalase (CAT) and glutathione S-transferase (GST). CAT
activity was evaluated according to the method described by
Acebi (1984) by measuring the kinetics of hydrogen peroxide
(H,0,) decomposition. GST activity was estimated spectro-
photometrically at 340 nm as described by Habig et al. (1974)
and calculated from the rate of NADPH oxidation. Superoxide
dismutase (SOD) activity was estimated by a xanthine oxidase
method based on the production of H,O, and the reduction of
nitroblue tetrazolium (Sarban et al. 2005).

Functional markers of hepatic damage

Blood samples were centrifuged at 3,000xg for 15 min. Serum
was collected and aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and alkaline phosphatase (ALP)
were quantified using commercial enzymatic kits (Bioclin
Laboratories, Belo Horizonte, MG, Brazil) and used as func-
tional biomarkers of hepatic damage (Amacher 1998; Bissel
et al. 2001; Novaes et al. 2012).

Enzyme-linked immunosorbent assay (ELISA)
for cytokines

Serum samples were collected for cytokine assays. The con-
centrations of cytokines were measured by sandwich ELISA.
The chemokine ligand 2 (CCL2, or MCP-1), tumor necrosis
factor-alpha (TNF-«), interferon gamma (IFN-y), and inter-
leukin (IL)-10 were measured using commercial kits as per the
manufacturer’s instructions (Uscn Life Science Inc., Wuhan,
China). Briefly, equal volumes of serum and 1.2 %
trifluoroacetic acid’/1.35 M NaCl were mixed and left at room
temperature for 10 min. The samples were then centrifuged for
5 min at 3,000xg and supernatants adjusted for salt content
(0.14 M sodium chloride and 0.1 M sodium phosphate) and
pH 7.4 for determination of the concentrations of soluble cy-
tokines. All samples were measured simultaneously in
duplicate.

Histopathology and stereology

Fragments of liver tissue (median lobe) were removed and
immediately immersed in freshly prepared histological fixa-
tive (10 % formaldehyde in 0.1 M phosphate buffer w/,
pH 7.2) for 48 h at room temperature for morphological anal-
ysis (Novaes et al. 2013). The fixed fragments were
dehydrated in ethanol, cleared in xylol, and embedded in par-
affin. Blocks were cut into 4-um-thick histological sections
and stained with hematoxylin—eosin (H&E) for general histo-
pathology and 4',6-diamidino-2-phenylindole (DAPI) for
DNA. To avoid repetitive analysis of the same histological
area, sections were evaluated in semi-series using one in every

20 sections. The slides were visualized with a 40x objective
lens, and images were captured using a light microscope
(Olympus BX-60; Tokyo, Japan) equipped with a digital cam-
era (Olympus QColor-3; Tokyo, Japan) (Novaes et al. 2012,
2013).

A stereological method was used to determine volume
density (Vv, %) of liver components (sinusoid capillaries,
interstitium, hepatocytes, hepatocyte nuclei, and interstitial
cell nuclei). The volume density was calculated using the
formula: Vv=Pp/Pz, where Pp is the number of test points
located on the structure of interest and Py is the total test
points in the histological area (Novaes et al. 2012). These
parameters were measured in ten histological fields per an-
imal at 400x magnification using sections stained with
H&E, Sirius Red, DAPI, and by the Best’s Carmine method
for glycogen and a test system with 300 test points in the
standard test area of 73x10° pum? at the tissue level. All
stereological and morphological analysis was performed
using Image Pro-Plus 4.5 image analysis software (Media
Cybernetics, Silver Spring, MD, USA).

Glycogen and collagen analysis

Glycogen was extracted according to the method described
by Hassid and Abrahams (1957). Briefly, fresh liver sam-
ples (50 mg) were digested by heating (100 °C) in 0.5 mL
of 5 N KOH for 60 min. Glycogen was purified and pre-
cipitated by 99 % ethanol in boiling water and then centri-
fuged at 8,000xg for 20 min. The pellets obtained were
resuspended in distilled water (1 mL) and 3 ml of anthrone
solution (50 mg diluted in 50 mL of 84 % H,SO,) and
incubated for 10 min at 100 °C. The OD was measured at
620 nm (Power Wave X).

For each experimental group, 35 8-pum-thick histological
sections stained with Fast Green and Sirius Red (Mobay
Chemical Co., Union, NJ, USA) were used to quantify the
levels of collagen and total protein in scar tissue using a pre-
viously described spectrophotometric method (Lépez-De
Leon and Rojkind 1985). In this method, the maximal absor-
bance to the Sirius Red (540 nm) and Fast Green (605 nm)
dyes correspond to the amount of collagen and non-collagen
proteins, respectively.

Statistical analysis

The results were expressed as mean+standard deviation.
Parametric data were compared with Student’s ¢ test and
nonparametric data were compared with the Mann—Whit-
ney U test. Statistical significance was established at
p<0.05. All tests were performed using the GraphPad
Prism 5.01 statistical software (GraphPad Software Inc.,
San Diego, CA, USA).
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Results

The mean parasitemia of infected and non-treated animals was
significantly higher compared with the group receiving BZ.
While blood parasitism was maintained in infected and non-
treated animals, blood of mice treated with BZ was 100 %
clear of parasite at the end of the experimental period (data
not shown). The liver mass and hepatosomatic index of infect-
ed animals treated with BZ were significantly greater than the
other groups (Table 1).

Separately, 7. cruzi infection or BZ exposure increased he-
patic reactive stress compared with control non-infected ani-
mals (Fig. 1). T cruzi infection alone was not sufficient to
induce protein oxidation. In general, the infection and BZ
therapy interacted to increase the liver content of NO and
MDA compared with the other groups (p<0.001). 7. cruzi
infection and BZ treatment independently increased the activ-
ity of hepatic antioxidant enzymes compared with control an-
imals. Infected animals presented reduced activity of CAT and
SOD compared with animals exposed to BZ (p<0.001;
Fig. 2).

The quantification of circulating cytokines indicated that
BZ treatment alone acted on the immune system reducing
the TNF-« and IFN-y serum levels, which were drastically
increased by 7. cruzi infection compared to control animals.
IL-6 levels were similar in infected animals treated with BZ
and the control group. However, TNF-« and IFN-y levels
were significantly reduced in infected animals treated with
BZ compared with non-treated animals (Fig. 3).

In the infected animals and both groups receiving BZ, se-
rum biochemical analysis indicated functional evidence of
hepatocyte injury, represented by high serum levels of the
hepatic enzymes ALT and AST compared with the control
group (p<0.001). The levels of these enzymes were signifi-
cantly higher in the groups exposed to BZ compared with the
infected and non-treated group (p<0.001; Fig. 4).

Parasitized cells were not identified in liver tissue. Sepa-
rately, 7. cruzi infection or BZ therapy modified liver micro-
scopic structure. Histopathological changes in liver tissue

were more pronounced in both groups receiving BZ (especial-
ly in animals that were both infected and treated), and the
more obvious changes were reduction of cytoplasm granular-
ity, hepatocyte hypertrophy, obliteration of sinusoidal spaces,
and attenuation of nucleolar staining. Stereological analysis
revealed that 7. cruzi infection or BZ treatment alone, and in
particular, the combination of both, reduced volume density of
sinusoid capillaries and interstitial space, and increased tissue
density of hepatocytes compared with the control group
(»<0.001; Fig. 5). Epifluorescence microscopy showed
marked reduction in volume density of hepatocyte nuclei in
both infected animals and those exposed to BZ compared with
control animals (p<0.001). This reduction was most evident
in infected animals receiving BZ treatment. Infected and non-
treated animals presented higher cellularity of interstitial cells
compared with the other groups (p<0.05). Increased relation
between hepatocytes and interstitial cell nuclei was observed
in infected animals and those treated with BZ compared with
control animals. BZ therapy did not aggravate this relation in
infected animals (Fig. 6). Glycogen content in the liver tissue
was reduced only in infected, non-treated animals compared
with the other groups (p<0.05). The collagen content was
similar in all groups (Fig. 7).

Discussion

Although BZ-based chemotherapy remains as the reference
therapeutic approach for Chagas disease, understanding of
the mechanisms underlying the poor organic tolerability of
anti-7. cruzi chemotherapy is still fragile (Pupulin et al.
2005; Rendon 2014). In this study to investigate the impact
of T cruzi infection and BZ therapy on liver function and
structure, mice were infected with the Y strain of 7. cruzi
because the strain is partially resistant to BZ and induces high
parasitemia (Bahia et al. 2012). BZ was administered at
100 mg/kg, a reference dose used in preclinical studies
(Caldas et al. 2008; Diniz et al. 2013). There is evidence that
lower doses have low efficacy against 7. cruzi, while larger

Table 1 Mean parasitemia,

biometric parameters, and food Parameters NI NI+BZ INF INF+BZ
intake in response to 7. cruzi

infection and benznidazole (BZ) MP, 0.1 mL bloodx 10* ND ND 21.60+8.84a 8.82+1.46b
therapy in mice Initial body mass, g 24.1743.72a 23.35+3.96a 24.09+3.75a 23.38+3.06a
Final body mass, g 25.92+2.85a 2427+3.11a 22.18+3.62a 23.5143.19a
Liver mass, g 1.11+0.15a 1.25+0.21ab 1.19+0.19ab 1.40+0.17b
HSI, % 4.28+1.16a 5.15+1.42a 5.37+1.22a 5.96+1.12b
MFI, g/day 6.91+0.39a 6.60+0.52a 5.01+0.43b 6.37+0.51a

Different letters (a, b) denote statistical difference among the groups (p<0.05)

MP mean parasitemia, ND non-detected, S/ hepatosomatic index, MFI mean food intake, N/ non-infected
animals, NI+ BZ non-infected treated with 100 mg/kg BZ, INF infected non-treated, INF+BZ infected treated

with 100 mg/kg BZ
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Fig. 1 Hepatic reactive damage in response to 7. cruzi infection and
benznidazole (BZ) therapy in C57BL/6 mice. MDA, malondialdehyde;
PCN, carbonyl protein. NI, non-infected animals; N BZ, non-infected

doses have high toxicity in the host without significant contri-
bution to therapeutic outcomes (Cangado 2002; Castro et al.
2006; Guedes et al. 2011).

In this study, 7" cruzi infection and BZ exposure separately
resulted in marked oxidative damage to lipids and proteins in
the liver tissue. Furthermore, T cruzi infection and BZ therapy
interacted to increase the hepatic pro-oxidant status and result-
ed in more severe reactive damage. RNS and ROS production
have been implicated in BZ toxicity (Castro et al. 2006;
Urbina 2010; Esperandim et al. 2013). Clinically, these me-
tabolites have been associated with poor organic tolerability
during BZ exposure, constituting potential therapeutic targets
in adjuvant therapies to counteract BZ toxicity (Maya et al.
2007; Urbina 2010; Guedes et al. 2011). The production of
RNS (especially NO) and ROS (particularly OH, O,™, and
H,0,) has been indicated as an important trypanocidal mech-
anism of the host (Nagajyothi et al. 2012; Wen etal. 2014) and
is also responsible for a significant portion of BZ activity
against 7. cruzi (Maya et al. 2010; Guedes et al. 2011). There
is evidence that, during the natural course of 7. cruzi infection,
ROS production is primarily mediated by the respiratory burst
in activated leukocytes in an attempt to destroy circulating
parasites and abnormal parasitized cells (Pérez-Fuentes et al.
2003; Bergeron and Olivier 2006; Gupta et al. 2009). Rein-
forcing host defenses, NO (a pivotal molecule against 7. cruzi)
synthesis is enhanced by upregulation of immune-mediated
iNOS (inducible NO synthase), activating nitrosative process-
es against 7. cruzi and host tissues (Bergeron and Olivier
2006; Gupta et al. 2009; Nagajyothi et al. 2012; Wen et al.
2014). Conversely, by inducing NO production, BZ also trig-
gers a nitrosative process, an event that is apparently

Catalase

Glutathione S-transferase

treated with 100 mg/kg BZ; INF, infected non-treated; /INF+ BZ, infected
treated with 100 mg/kg BZ. a, b, ¢, d Different letters denote statistical
difference among the groups, p<0.05

independent of the conventional enzymatic mechanisms asso-
ciated with NO synthase. Evidence indicates that NO is pro-
duced by a direct pathway during BZ metabolism, specifically
through direct reduction of the nitro group in the molecule
chain by nitroreductase enzymes (Castro et al. 2006; Urbina
2010). This process is not isolated and has been described as a
coupled reaction in which one-electron reduction results in the
formation of the nitro anion radical, and its re-oxidation deter-
mines the synthesis of radical and non-radical ROS that act
together with NO against parasitic infection (Castro et al.
2006; Maya et al. 2007; Guedes et al. 2011). However, this
process generates unstable nitroso- and hydroxylamine inter-
mediates, which, due to low specificity and cross-reactions
with host biomolecules, induce the formation of drug—pro-
tein/drug—thiol conjugates and cause single-strand breaks in
DNA, alkylation of proteins, and lipid peroxidation (Rodri-
gues Coura and De Castro 2002; Castro et al. 2006). Lipid
peroxidation, a pathological process that plays a pivotal role in
liver damage due to its autocatalytic characteristics, was clear-
ly observed in the present study (i.e., MDA). Previous studies
have indicated that oxidation of unsaturated fatty acids in the
hepatocyte membranes determines the production of lipid
peroxyl radicals (LOO"), alkoxy radicals (RO "), and MDA,
which propagates oxidative damage in the cyclic process of
lipid oxidation (Kappus 1987; Gongalves et al. 2012; Novaes
etal. 2012).

In addition to reactive tissue damage, the activity of hepatic
antioxidant enzymes was independently increased in infected
animals and those exposed to BZ. There is evidence that tol-
erance to drugs whose toxic effects are mediated by reactive
metabolites is dependent on organic antioxidant status (Sagara
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Fig. 2 Activity of hepatic antioxidant enzymes in response to 1. cruzi
infection and benznidazole (BZ) therapy in C57BL/6 mice. CAT, catalase;
GST, glutathione S-transferase; SOD, superoxide dismutase. NI, non-

infected animals; N/+-BZ, non-infected treated with 100 mg/kg BZ; INF,
infected non-treated; /INF+ BZ, infected treated with 100 mg/kg BZ. a, b, ¢
Different letters denote statistical difference among the groups, p<0.05
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Fig. 3 Serum levels of cytokines in response to 7. cruzi infection and
benznidazole (BZ) therapy in C57BL/6 mice. NI, non-infected animals;
NI+BZ, non-infected treated with 100 mg/kg BZ; INF, infected non-
treated; INF+BZ, infected treated with 100 mg/kg BZ. a, b, ¢, d
Different letters denote statistical difference among the groups, p<0.05

et al. 1998; Bissel et al. 2001; Lee 2003; Cupertino et al.
2013). Enzymatic antioxidant processes are particularly well
developed in liver tissue, blocking, or attenuating reactive
damage during drug metabolism (Bissel et al. 2001; Lee
2003; Cupertino et al. 2013). Thus, SOD catalyzes
dismutation of O, to O, and H,0, and represents the first
line of enzymatic defense against ROS. CAT, by decomposing
H,0, in water and molecular oxygen, plays a major role in
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protecting cells against reactive damage. In addition, by cata-
lyzing the conjugation of glutathione with multiple reactive
species, GST (a phase Il enzyme of drug biotransformation)
also presents remarkable scavenging potential (Sagara et al.
1998; Pedrosa et al. 2001). In the present study, both 7. cruzi
infection and BZ therapy independently challenged the hepat-
ic antioxidant system, causing an enzymatic readjustment to
counteract nitrosative and oxidative stresses and to minimize
reactive tissue damage. This modulatory mechanism was
clearly dependent on the nature of the challenge, being more
intense in reaction to BZ exposure than to 7. cruzi infection.

BZ exposure resulted in high ALT and AST serum levels,
evidence of increased membrane instability and permeability in
hepatocytes (Amacher 1998; Ozer et al. 2008; Gongalves et al.
2012; Cupertino et al. 2013). This finding indicated that BZ
therapy, but not 7. cruzi infection alone, overpowered the
hepatic antioxidant mechanisms that are required to maintain
hepatocyte integrity against reactive damage. The different
hepatic functional repercussions of BZ therapy and 7. cruzi
infection can be partially attributed to specific mechanisms by
which reactive stress is activated in each condition. High levels
of reactive metabolites are generated directly during BZ meta-
bolism (Rodrigues Coura and De Castro 2002; Castro et al.
2006; Maya et al. 2007; Urbina 2010), but, with 7. cruzi infec-
tion, the generation of reactive metabolites is indirect and regu-
lated by immunological mediators such as cytokines in a pro-
cess called inflammatory oxidative stress (Gupta et al. 2009;
Nagajyothi et al. 2012; Wen et al. 2014). In fact, in the present
study, the proportion of interstitial cells (i.e., inflammatory
cells) in liver tissue, and circulating levels of IFN~y, TNF-,
and IL-6 were drastically increased by infection and reduced by
BZ, which indicated potential to reduce pro-inflammatory cy-
tokines even in the absence of infection (i.e., group NI+BZ).
Beyond participating in parasite control, these cytokines also
directly stimulate the synthesis of reactive species by leuko-
cytes, disrupting the tissue redox balance, and favoring reactive
tissue damage (Pérez-Fuentes et al. 2003; Bergeron and Olivier
2006; Gupta et al. 2009; Nagajyothi et al. 2012).

In addition to functional damage, 7. cruzi infection and BZ
exposure caused pathological reorganization of the liver
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Fig. 4 Serum levels of hepatic enzymes in response to 7. cruzi infection
and benznidazole (BZ) therapy in C57BL/6 mice. AST, aspartate
aminotransferase; ALT, alanine aminotransferase; ALP, alkaline
phosphatase. NI, non-infected animals; N/+BZ, non-infected treated
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CG NWBZ

INF INF\BZ ~ CG NKBZ INF INF+BZ
with 100 mg/kg BZ; INF, infected non-treated; INF+BZ, infected
treated with 100 mg/kg BZ. a, b, c, d Different letters denote statistical

difference among the groups, p<0.05
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Fig. 5 Representative photomicrographs and stereological parameters of
parenchymal and stromal components of the liver tissue in response to
T. cruzi infection and benznidazole (BZ) therapy in C57BL/6 mice (H&E
staining under bright field microscopy, bars=40 pum for all images). NI,
non-infected animals; N/+BZ, non-infected treated with 100 mg/kg BZ;

stroma and parenchyma. Although collagen content was sim-
ilar in all groups, T. cruzi infection alone reduced hepatic
glycogen content, a condition potentially related to reduced
food intake due to organic debility from infection and high
energy expenditure typical of systemic infections. In general,

INF, infected non-treated; /INF+BZ, infected treated with 100 mg/kg BZ.
Vv, volume density. The graphs show the results of stereological analysis.
a, b, ¢, d Different letters denote statistical difference among the groups,
p<0.05

more severe histopathological findings were observed in in-
fected animals receiving BZ, in which microscopic evidence
of interstitial compression (i.e., Vv of sinusoid capillaries and
interstitium) and increased volume density and reduced nuclei
density of hepatocytes, indicated cellular hypertrophy.
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Fig. 6 Representative photomicrographs and cellularity of the liver
tissue in response to 7. cruzi infection and benznidazole (BZ) therapy in
C57BL/6 mice (DAPI staining under epifluorescence microscopy, bar=
30 um for all images). NI, non-infected animals; N/+BZ, non-infected

treated with 100 mg/kg BZ; INF, infected non-treated; INF+ BZ, infected
treated with 100 mg/kg BZ. The graphs show the results of stereological
analysis. /v, volume density; /nt, interstitium; Hep, hepatocytes. a, b, ¢, d
Different letters denote statistical difference among the groups, p<0.05
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Fig. 7 Glycogen and collagen content in the liver tissue in response to
T. cruzi infection and benznidazole (BZ) therapy in C57BL/6 mice. NI,
non-infected animals; N/+BZ, non-infected treated with 100 mg/kg BZ;
INF, infected non-treated; INF+ BZ, infected treated with 100 mg/kg BZ.
a, b, c, d Different letters denote statistical difference among the groups,
p<0.05

Beyond these histopathological changes, increased liver mass
and hepatosomatic index indicated that infection and BZ ther-
apy also interacted to induce liver hypertrophy. Frequently,
reports of BZ toxicity are accompanied by inconsistencies
such as absence of biometric, structural, ultrastructural, or
mitochondrial deleterious effects after drug exposure (Mecca
et al. 2008; Esperandim et al. 2013; Rendon 2014). Consider-
ing the different methodological approaches, it is possible that
this finding is influenced by multiple factors such as time of
treatment, differential susceptibility to 7. cruzi infection, and
variable patterns of resistance to BZ therapy in the different
models investigated. In fact, very little evidence suggests dif-
ferent levels of tolerance to BZ in target organs. Apparently,
the liver is more susceptible to injury than the heart, an issue
that remains unclear but is probably related to BZ metabolism,
distribution, and efficiency of defense mechanisms in specific
organs (Harris 1992; Sagara et al. 1998; Esperandim et al.
2013) and refractory tissues (Mecca et al. 2008; Rendon
2014). Although T. cruzi infection provides a
morphofunctional insult to liver tissue, BZ treatment offers
an even greater challenge to hepatic antioxidant defense
mechanisms, which frequently fail to neutralize large amounts
of reactive metabolites, accumulating reactive molecular dam-
age that can contribute to the poor organic tolerability associ-
ated with anti-7. cruzi chemotherapy.

In conclusion, this study indicated that both 7. cruzi infec-
tion and BZ therapy are separately able to induce systemic and
hepatic pathological adaptations, modulating circulating
levels of cytokines, inducing hepatic lipid and protein

@ Springer

oxidation, upregulating antioxidant enzyme activity, and de-
termining marked morphological reorganization of the liver
parenchyma and stroma. When combined, 7. cruzi infection
and BZ therapy increased the severity of hepatic injury, pos-
sibly related to nitrosative and oxidative stress triggered by
specific mechanisms activated during the natural course of
infection and BZ metabolism. Thus, this evidence supports
the hypothesis that hepatic pathology observed during treat-
ment of Chagas disease could be the result of an interaction
between infection and BZ chemotherapy, rather than an iso-
lated effect of BZ treatment on liver structure and function.
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