AMERICAN

Antimicrobial Agents
waasooer and Chemotherapy

1 CrossMark
& click for updates
-

Curcumin Enhances the Anti-Trypanosoma cruzi Activity of
Benznidazole-Based Chemotherapy in Acute Experimental
Chagas Disease

Romulo Dias Novaes,® Marcus Vinicius Pessoa Sartini,” Jodo Paulo Ferreira Rodrigues,® Reggiani Vilela Goncalves,®

Elizidria Cardoso Santos,9 Raquel Lopes Martins Souza,” Ivo Santana Caldas®

Department of Structural Biology, Federal University of Alfenas, Alfenas, Minas Gerais, Brazil*; Department of Pathology and Parasitology, Federal University of Alfenas,
Alfenas, Minas Gerais, Brazil’; Department of Animal Biology, Federal University of Vicosa, Vicosa, Minas Gerais, Brazil; School of Medicine, Federal University of
Jequitinhonha and Mucuri Valleys, Diamantina, Minas Gerais, Brazil®

Although curcumin can increase the effectiveness of drugs against malaria, combination therapies using the molecule have never
been investigated in Chagas disease (ChD). Therefore, we evaluated the efficacy of curcumin as a complementary strategy to ben-
znidazole (Bz)-based chemotherapy in mice acutely infected with Trypanosoma cruzi. Eighty-four 12-week-old Swiss mice were
equally randomized into seven groups: uninfected (NI), T. cruzi infected and untreated (INF), infected and treated with 100
mg/kg of body weight Bz (B100), 50 mg/kg Bz (B50), 100 mg/kg curcumin (C100), 100 mg/kg Bz plus 100 mg/kg curcumin (B100
plus C100), and 50 mg/kg Bz plus 100 mg/kg curcumin (B50 plus C100). After microscopic identification of blood trypomastig-
otes (4 days after inoculation), both drugs were administered by gavage once a day for 20 days. Curcumin showed limited antipa-
rasitic, anti-inflammatory, and antioxidant effects when administered alone. When curcumin and Bz were combined, there was a

drastic reduction in parasitemia, parasite load, mortality, anti-T. cruzi IgG reactivity, circulating levels of cytokines (gamma
interferon [IFN-v], interleukin 4 [IL-4], and MIP1-&), myocardial inflammation, and morphological and oxidative cardiac in-
jury; these results exceeded the isolated effects of Bz. The combination of Bz and curcumin was also effective at mitigating liver
toxicity triggered by Bz, increasing the parasitological cure rate, and preventing infection recrudescence in noncured animals,
even when the animals were treated with 50% of the recommended therapeutic dose of Bz. By limiting the toxic effects of Bz and
enhancing its antiparasitic efficiency, the combination of the drug with curcumin may be a relevant therapeutic strategy that is
possibly better tolerated in ChD treatment than Bz-based monotherapy.

hagas disease (ChD) is a neglected tropical disease caused by

the protozoan parasite Trypanosoma cruzi (1, 2). Estimates
indicate thatabout 13 million people are infected in Latin America
and the Caribbean (3). In North America, there are about 1 mil-
lion reported cases, and in Western Europe, the number of re-
ported cases is over 40,000 (2; http://www.dndi.org/diseases
-projects/chagas/). Chagas cardiomyopathy (ChC) develops in 30
to 40% of infected patients and is the most severe clinical form of
the disease and the most common cause of nonischemic cardio-
myopathy worldwide (4). There is evidence that ChC is the result
of oxidative and immune-mediated myocardial damage, which
occurs due to the progressive deterioration of host endogenous
antioxidant defenses and the establishment of an excessive Thl
immune response against T. cruzi (5-7).

In the absence of more effective drugs, conventional chemo-
therapy based on nitrocompounds, such as benznidazole (Bz) and
nifurtimox (discontinued in countries where the disease is en-
demic), remains the main etiological treatment strategy for ChD
(7-9). However, these drugs are highly toxic and do not guarantee
parasitological cure after the spread and colonization of the para-
site in multiple organs and tissues of the vertebrate host (2, 10). It
is widely recognized that reactive oxygen (ROS) and nitrogen
(RNS) species produced during Bz metabolism by the NADPH-
cytochrome P450 system (especially OH" and NO) are involved in
the trypanocidal effect of the drug. However, these reactive species
also cause the oxidation of lipids, proteins, and nucleic acids, cul-
minating in the injury or death of host cells (7, 10, 11).

Considering the high toxicity and limited efficacy of currently
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available chemotherapy, it is of the utmost importance to develop
new methods and therapeutic regimens that are less hazardous
and more efficient for ChD treatment (8, 9). In the last decade,
Curcuma longa has emerged as a potentially useful natural re-
source in the treatment of parasitic diseases, such as malaria
(12—-14), schistosomiasis (15), leishmaniasis (16), and ChD
(17). Curcumin [(1E,6E)-1,7-bis (4-hydroxy-3-methoxyphe-
nyl)-1,6-heptadiene-3,5-dione] is the main bioactive compound
extracted from C. longa rhizomes (16, 18). Previous studies have
shown potent immunomodulatory, anti-inflammatory, and anti-
oxidant properties of the molecule (12, 15-17). The immuno-
modulatory activity of curcumin has been associated with a reduc-
tion in the synthesis of proinflammatory cytokines, such as
interleukin 1 (IL-1), IL-2, IL-6, tumor necrosis factor alpha (TNF-
a), and IFN-v (13, 18), and modulation of the activities of anti-
gen-presenting cells and lymphocytes (15, 19-21). In addition, the
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high antioxidant potential of curcumin, which can overcome the
action of anti-inflammatory steroids such as hydrocortisone (22),
has been systematically reported (13, 18, 23). Taken together,
these biological properties make curcumin a candidate for the
development of drugs with antiparasitic potential (12, 14, 20).

To date, only one study has evaluated the effect of curcumin on
ChD (17). In this study, curcumin significantly reduced the para-
sitemia, parasitism, and mortality of mice infected with T. cruzi.
Apparently, these effects were mediated by the inhibition of nu-
clear translocation of sterol regulatory element-binding protein 1
(SREBP-1) and SREBP-2 and a consequent reduction in the ex-
pression of low-density lipoprotein receptor (LDLr), a molecule
used by the parasite in cell invasion (24), in host cells. As the
trypanocidal activity of curcumin has been little explored, the
therapeutic potential of the molecule in ChD treatment remains
uncertain.

Since ChC evolves into a worse prognosis than noninflamma-
tory cardiomyopathies and the main difference between these pa-
thologies is the presence of inflammatory infiltrate in the cardiac
tissue of chagasic patients (1, 2), it was previously shown that
anti-inflammatory and antioxidant interventions can mitigate the
severity of ChC (4, 8, 11, 25). Considering that combined therapy
is indicated as a rational approach to improve treatment efficiency
while decreasing toxicity and the likelihood of the development of
resistance (9), we investigated the efficacy of curcumin as a com-
plementary strategy to Bz-based chemotherapy in the treatment of
acute experimental ChD. With a positive effect, although limited,
of the combination of Bz and curcumin in reducing parasitemia,
cell parasitism, oxidative stress, inflammation, and cardiac injury,
this strategy is relevant, as it allows a reduction in the therapeutic
dose of Bz while maintaining satisfactory host protection.

MATERIALS AND METHODS

Animals and infection. Groups of 12 female 8-week-old Swiss mice
(weight, 30.17 = 3.85 g) were used. The animals were maintained under
conditions of controlled temperature (21 £ 2°C), humidity (60 to 70%),
and photoperiod (12-h/12-h light/dark cycles). The animals had free ac-
cess to food and water. The infected animals were inoculated intraperito-
neally with 2,000 T. cruzi strain Y blood trypomastigotes. The parasites
were obtained from the blood of previously infected animals (26). The
study was approved by the Ethics Committee of Animal Use of the Federal
University of Alfenas (CEUA/UNIFAL) (protocol 580/2014).

Therapeutic regimen and experimental groups. To evaluate the iso-
lated and combined effects of the reference drug (Bz) and curcumin, the
animals were treated for 20 consecutive days (26). Bz (Pernambuco State
Pharmaceutical Laboratory [LAFEPE], Recife, Pernambuco, Brazil) and
curcumin (Sigma-Aldrich, St. Louis, MO, USA) were suspended in an
aqueous solution of 1% carboxymethylcellulose and administered orally
by gavage once a day. The experiments were performed using the thera-
peutic dose of Bz for mice, 100 mg/kg of body weight (26), and 50 mg/kg.
Curcumin was administered at a fixed dose of 100 mg/kg, which has a
trypanocidal effect on the Brazil strain of T. cruzi (17). The treatments
were administered immediately after identification by microscopy of
blood trypomastigotes, approximately 4 days after inoculation. The
groups and treatment regimens were defined as follows: uninfected (NI);
T. cruzi infected and untreated (INF); and infected and treated with 100
mg/kg Bz (B100), 50 mg/kg Bz (B50), 100 mg/kg curcumin (C100), 100
mg/kg Bz plus 100 mg/kg curcumin (B100 plus C100), or 50 mg/kg Bz plus
100 mg/kg curcumin (B50 plus C100). The results were obtained from
two independent experiments.

Parasitemia and mortality. Parasitemia was evaluated daily. The
number of parasites was determined according to the technique described
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by Brener (27) in 5 pl of peripheral blood collected from the tail. The
parasitemia curve of all infected animals was plotted. The mortality rate
was recorded daily (26).

Hepatic toxicity. Hepatic toxicity in each treatment and combination
therapy was assessed by measuring the levels in serum of the enzymes
aspartate aminotransferase (AST) and alanine aminotransferase (ALT).
Enzymatic assays were performed by spectrophotometry using commer-
cial enzymatic kits and the instructions provided by the manufacturer
(Human in Vitro Diagnostics, Belo Horizonte, MG, Brazil).

Infection recrudescence. After 20 days of treatment, the animals
showing negative parasitemia were submitted to three successive experi-
ments to evaluate infection recrudescence (28). In assay 1, parasitemia
was assessed daily for 20 days after treatment to determine the natural
recrudescence of the infection. In assay 2, animals with negative para-
sitemia in this period were treated with the immunosuppressant cyclo-
phosphamide (Genuxal; Baxter Oncology GmbH, Westphalia, Ger-
many). The drug was dissolved in sterile phosphate buffer (pH 7.2) and
administered at 50 mg/kg in three cycles of four consecutive days with 3
days between cycles. Parasitemia was measured daily and 5 days following
the end of the immunosuppression protocol. In assay 3, animals that
remained without detectable parasitemia were evaluated by hemoculture.
For this, 400 .l of blood was collected from the orbital plexus and divided
equally into two tubes containing 3 ml of sterile liver infusion tryptose
(LIT) culture medium. The tubes were incubated at 28°C for 90 days and
examined monthly for parasite detection.

Parasite load and parasitological cure. The parasite load was esti-
mated by the quantification of T. cruzi DNA in cardiac tissue. Animals
that were positive in any test of infection recrudescence and those in
which parasite DNA was detected were considered not cured (26). Extrac-
tion of total genomic DNA from cardiac tissue was performed using a
commercial kit (Genomic DNA purification kit; Promega) according to
the method of Caldas et al. (29). DNA concentrations were adjusted to 25
ng/pl (GeneQuant; Pharmacia Biotech, Piscataway, NJ, USA).

PCR was performed in a 10-pl volume containing 50 ng of genomic
DNA, 5 pl of SYBR Green PCR Mastermix (Applied Biosystems, Carls-
bad, CA, USA), and either 0.35 uM T. cruzi 195-bp-repeat DNA-specific
primers or 0.50 uM murine-specific TNF-a primers. The primers for T.
cruzi repetitive DNA (TCZ-F, 5'-GCTCTTGCCCACAMGGGTGC-3',
where M is A or C,and TCZ-R, 5'-CCAAGCAGCGGATAGTTCAGG-3")
amplify a 182-bp fragment. The primers for murine TNF-a (TNF-5241,
5'-TCCCTCTCATCAGTTCTATGGCCCA-3’,and TNF-5411,5'-CAGC
AAGCATCTATGCACTTAGACCCC-3") amplify a 170-bp product (30).
The PCR assay was performed under previously described analytical con-
ditions (time, temperature, and cycles) (7). Each 96-well reaction plate
contained a standard curve and two negative controls with T. cruzi-spe-
cific or murine-specific primers without DNA and also tissue DNA from
noninfected mice. The mean quantification values for T. cruzi DNA
were normalized by the data obtained with murine-specific (TNF-a)
primers as follows: normalized value = (mean T. cruzi DNA/mean
TNF-a DNA) X 1,000, where “1,000” corresponds to the expected value
for TNF-a from 30 mg of cardiac tissue. The efficiencies of amplification
were determined with StepOne Software v2.0 by the following calculation:
efficiency (E) = 107 V/slope (31,

Immunoglobulin assay. Blood samples were collected from the or-
bital venous sinus (0.5 ml). Anti-T. cruzi specific antibodies were detected
by enzyme-linked immunosorbent assay (ELISA) (26). Polystyrene mi-
croplates (96 wells) were coated with T. cruzi antigens and incubated with
plasma from each animal. Anti-mouse immunoglobulin G (IgG), IgGl1,
IgG2a, and IgG2b peroxidase conjugate antibodies were used (Bethyl Lab-
oratories, Montgomery, TX, USA). The optical density (OD) was deter-
mined at 490 nm (Anthos Zenyth 200; Biochrom, Cambridge, United
Kingdom). The mean absorbance for 10 negative-control samples plus 2
standard deviations (SD) was used as the cutoff point to discriminate
positive and negative results.
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Cytokine assay. Cytokine plasma levels were measured by the sand-
wich ELISA method using a commercial kit according to the manufactur-
er’s instructions (PeproTech, Rocky Hill, NJ). The cytokines IFN-v, IL-2,
and IL-4 and the chemokine MIP-1a were investigated. The reaction was
developed with a streptavidin-peroxidase-conjugated antibody (Vector
Laboratories, Burlingame, CA, USA), followed by incubation with the
chromogen 3,3',5,5" tetramethylbenzidine (Promega, Madison, WI,
USA). The ODs of the samples were detected at 450 nm (Anthos Zenyth
200; Biochrom, Cambridge, United Kingdom), and cytokine concentra-
tions were calculated by extrapolating the OD obtained from a standard
curve for each recombinant cytokine.

Histopathology and stereology. Heart fragments from each animal
were fixed in 4% paraformaldehyde (1 M; pH 7.2). The samples were
embedded in glycolmethacrylate resin (Leica Microsystems, Wetzlar,
Germany). Histological sections (3 wm thick) were obtained with a rotary
microtome and glass knives. The sections were evaluated in semiseries
(using one out of every 20 sections) and were stained with hematoxylin
and eosin (32). For each histological section, six microscope images were
captured at X400 magnification (Axioscope Al; Zeiss, Germany). The
histopathological analysis was performed by evaluating the organization
and size of cardiomyocytes and the distribution of cardiac stroma, tissue
cellularity, inflammatory infiltrate, T. cruzi amastigote nests, and tissue
necrosis.

The intensity of myocardial inflammation was assessed by the stereo-
logical method (32). For this, a quadratic test system with a standardized
test area (A,) (A, = 0.0423 mm?) was applied to the histological images.
The number of cell nuclei in the test area (QA,,,;) was determined by image
analysis using Image-Pro Plus 4.5 software (Media Cybernetics, Silver
Spring, MD, USA). The number of cell nuclei was determined by the
following ratio: QA;,s = ;.¢/A, where 3; . is the number of interstitial
cell nuclei counted within the test system (26).

Oxidative tissue damage. The oxidative damage to lipids and proteins
was assessed by the quantification of malondialdehyde (MDA) and pro-
tein carbonyls (PCN), respectively. Briefly, heart and liver fragments (100
mg) were homogenized in phosphate buffer (pH 7.2) and centrifuged at
10,000 X gat 4°C for 10 min. To determine MDA levels, the supernatant
was incubated with thiobarbituric acid solution (15% trichloroacetic acid,
0.375% thiobarbituric acid, and 0.25 N HCI) for 15 min. The formation of
thiobarbituric acid-reactive substances was monitored at 535 nm (Power
Wave X; Bio-Tek Instruments, Winooski, VT, USA) (33). The protein
carbonyl content was measured biochemically in the cardiac and hepatic
tissue pellets by adding 0.5 ml of 10 mM 2,4-dinitrophenylhydrazine
(DNPH). The reaction involved derivatization of the carbonyl group with
DNPH, leading to the formation of a stable 2,4-dinitrophenyl (DNP)
hydrazone product, which indicates the content of protein carbonyl in the
samples. The OD was measured at 370 nm (34).

Statistical analysis. Data are reported as the mean and SD. The nor-
mality in the data distribution was verified by the D’Agostino-Pearson
test. Parametric data were compared between groups by one-way analysis
of variance (ANOVA), followed by the Student-Newman-Keuls post hoc
test. Nonparametric variables were compared using the Kruskal-Wallis
test. The confidence level of all tests was set at 95% (P < 0.05).

RESULTS

Untreated infected animals had high parasitemia and mortality
compared to the other groups (P < 0.05) (Table 1). Treatment
with doses of Bz alone or combined with curcumin reduced par-
asitemia compared to the infected, untreated group (P < 0.05).
The B100-plus-C100 and B50-plus-C100 groups showed lower
parasitemia than animals treated with only Bz (P < 0.05). Among
the treated animals, mortality was observed only in the C100
group (n = 3;25.0%).

Animals in the INF and C100 groups showed a slower decrease
in blood parasite numbers (Fig. 1). These groups also showed a
higher peak of parasitemia than the groups treated with Bz alone
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TABLE 1 Parasitemia and survival in mice infected with T. cruzi and
treated with benznidazole and curcumin®

No. of parasites X 10°  No. of mice

(0.1 ml blood) with PC¢ Mortality
Group (mean * SD)” (%) Survival (%)
NI ND? ND 12/12 0
INF 39.50 + 26.62A 0/12 (0) 5/12 58.33
B100 2.75 = 0.60B 12/12 (100) 12/12 0
B50 4.93 + 1.56C 12/12 (100)  12/12 0
C100 22.41 £ 10.19D 9/12 (75) 9/12 25.00
B100 + C100 1.38 = 0.36E 12/12 (100) 12/12 0
B50 + C100 1.45 = 0.47E 12/12 (100) 12/12 0

@ The treated animals received benznidazole (100 or 50 mg/kg) and curcumin (100
mg/kg).

b Different letters (A to E) indicate a statistical difference among the groups (P < 0.05),
and groups that have a common letter do not differ statistically (P > 0.05).

¢ PC, parasitemia clearance (absence of blood trypomastigotes) 24 h after the last dose
of treatment (day 21).

4 ND, not detected.

(B100 and B50) or Bz combined with curcumin (B100 plus C100
and B50 plus C100), in which complete parasite clearance was
identified from the ninth day of treatment.

All infected, untreated animals presented patent parasitemia,
and no cases of complete parasitemia clearance were observed at
the end of the treatment period. At that time, positive parasitemia
was observed in 25.0% (n = 3) of the animals in the C100 group
(Fig. 2 and Table 1). Complete parasite clearance was identified in
the other groups. Infection recrudescence occurred in 75.0% (n =
9) of the animals in the C100 group. In the B50 and B100 groups,
the recrudescence rates were 66.67% (n = 8) and 25.0% (n = 3),
respectively. Recrudescence was not identified in the B100-plus-
C100 and B50-plus-C100 groups (Fig. 2).

PCR analysis demonstrated a high parasitic load in the INF
group, which was similar to that in the C100 group (P > 0.05). The
parasite load was dramatically reduced in animals treated with Bz
(P < 0.05). This reduction was even greater in the B100-plus-
C100 and B50-plus-C100 groups compared to the B50 and B100
groups (P < 0.05) (Fig. 3A). PCR also revealed parasitological
cure rates of 58.33% (n = 7) and 8.33% (n = 1) in the B50 and
B100 groups, respectively. In the B50-plus-C100 and B100-plus-
C100 groups, the cure rates were increased to 41.67% (n = 5) and
83.33% (n = 10), respectively (Fig. 3B).

The plasma reactivity of anti-T. cruzi IgG was reduced in all
groups treated with Bz alone or combined with curcumin com-
pared to the INF and C100 groups (P < 0.05). The B100-plus-
C100 and B50-plus-C100 groups showed negative reactivity to
IgG1 and IgG2a, similar to the uninfected group (P> 0.05). When
administered alone, curcumin showed results similar to those for
the infected, untreated group (P > 0.05) (Fig. 4).

All the investigated cytokines (IFN-vy, MIP-1a, IL-2, and IL-4)
were increased in the INF group compared to the NI group (P <
0.05) (Fig. 5). IFN-y levels were similar in the INF and C100
groups (P > 0.05) but higher than for the other treatment groups
(P < 0.05). Treatment with Bz, especially when combined with
curcumin, reduced IFN-vy levels compared to the other infected
groups (P < 0.05). Independent of curcumin coadministration,
animals treated with the lowest dose of Bz (50 mg/kg) showed
increased levels of MIP-1a and IL-4 (P < 0.05), which were re-
duced in the groups receiving the highest dose of Bz (100 mg/kg)
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FIG 1 Time-dependent evolution of mean parasitemia in mice infected with T. cruzi and treated with benznidazole and curcumin. The solid line between A and
B represents the days until detection of blood trypomastigotes. The dashed line represents the days of treatment. The treated animals received benznidazole (100

or 50 mg/kg) and curcumin (100 mg/kg).

(P < 0.05). IL-2 levels were high in the animals treated with cur-
cumin compared to the NI and INF groups (P < 0.05).

As shown in Fig. 6, infected, untreated animals showed intense
myocardial inflammatory infiltrate, connective tissue expansion,
cardiomyocyte hypertrophy, and necrosis. All the animals treated
with Bz alone, and especially those receiving Bz combined with
curcumin, showed attenuation of the cardiac inflammatory pro-
cess. Cardiomyocyte hypertrophy was observed only in the C100
group.

Stereological analysis indicated intense cardiac inflammation
in the INF and C100 groups compared to the other groups (P <
0.05) (Fig. 7). The myocardial cellularity in the B100 and B100-
plus-C100 groups was similar to that in the NI group (P > 0.05).
In animals treated with half the therapeutic dose of Bz, a greater
reduction in the inflammatory infiltrate was found when the drug
was combined with curcumin (P < 0.05).

High cardiac and hepatic MDA and PCN levels were identified

Bl Immediate post-treatment =2 Post-immunosuppression

3 Natural recrudescence B3 Hemoculture

Number of positive animals
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FIG 2 Infection recrudescence in mice infected with T. cruzi and treated with
benznidazole and curcumin. The treated animals received benznidazole (100

or 50 mg/kg) and curcumin (100 mg/kg).
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in the INF group compared to the NI group (P < 0.05). These
parameters were reduced in the heart and increased in liver tissue
from animals treated with the highest dose of Bz (P < 0.05). The
animals treated with curcumin showed reduced tissue MDA and
PCN levels compared to the INF group. In general, the B100-plus-
C100, B50-plus-C100, and NI groups presented similar tissue
MDA and PCN levels (Fig. 8).

In general, plasma AST and ALT levels were increased in all the
groups receiving Bz, especially B100 (P < 0.05) (Fig. 9). The B100-
plus-C100 and B50-plus-C100 groups had lower AST and ALT
levels than the B100 and B50 groups, respectively (P < 0.05). The
levels of these enzymes were similar in the INF and C100 groups
(P> 0.05).

DISCUSSION

Considering the need for new therapeutic approaches for ChD
treatment, our findings indicate that curcumin administered
alone was effective in reducing parasitemia and mortality, but not
the parasitic load, in animals infected with T. cruzi. Although
monotherapy with Bz showed a satisfactory effect, greater attenu-
ation of parasitemia, the parasite load, and mortality and a higher
cure rate were found in the groups receiving Bz combined with
curcumin. However, the presence of blood trypomastigotes or
parasite DNA in cardiac tissue from some animals treated with
this combination was still detected after immunosuppression,
hemocultures, or PCR. Previous studies showed that although
early treatment with Bz is effective at eliminating parasitemia,
parasitological cure is not always achieved due to the presence of
T. cruzi reservoirs resistant to chemotherapy, which are distrib-
uted throughout multiple organs and tissues (35, 36). Thus, there
is evidence that the efficiency of etiological treatment is directly
influenced by multiple factors, especially the variable profiles of
resistance to infection observed in different mouse strains (28,
37), parasite virulence, and the different sensitivities of T. cruzi
strains to Bz (9, 38). All these factors represent major challenges to

June 2016 Volume 60 Number 6


http://aac.asm.org

Curcumin Improves Anti-T. cruzi Chemotherapy

A
B Recrudescence assays [ PCR
507 a ” 127
=2} w 117
o 407 2 £ 107
e 5 9]
3 L 30- 2
S5 < = 71
o< C 2 6
o0 g
o 20 = 5
‘B o 4
© o 3
E 10+ € -g 2
nd b d 2 1
c T T l-¥1 T T L) T c T
» & @ S QS S E QS SS
AR 0@ P d& xds xo,@ & P8 on\ on\
& e NP

FIG 3 Parasite load in cardiac tissue (means * SD) (A) and parasitological cure (B) evaluated by quantitative PCR (qPCR) in mice infected with T. cruzi and
treated with benznidazole and curcumin. The treated animals received benznidazole (100 or 50 mg/kg) and curcumin (100 mg/kg). The recrudescence assays
were based on examination of fresh blood (before and after immunosuppression with cyclophosphamide) and hemoculture (see Materials and Methods for
details). Different letters above the bars (a to e) indicate statistical differences among the groups (P < 0.05), and groups that have a common letter do not differ

statistically (P > 0.05). nd, not detected.

the rational development of effective drugs or therapeutic regi-
mens for the treatment of ChD.

Surprisingly, we found that even when curcumin was associ-
ated with half the therapeutic dose of Bz (50 mg/kg), there was no
infection recrudescence after treatment, as occurred in the groups
receiving only Bz. This finding indicates a potential relevance of
the combination of Bz and curcumin, since infection recrudes-

cence has been associated with a worse prognosis in ChC due to
accumulation of cardiac lesions (39, 40). Although combination
therapies using curcumin have never been investigated in ChD,
previous studies have demonstrated that the molecule can in-
crease the effectiveness of chemotherapy used in the treatment of
malaria. Thus, curcumin combined with artemisinin or o,B-ar-
teether was effective in reducing parasitemia in mice infected with
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FIG 5 Plasma cytokine levels (means = SD) in mice infected with T. cruzi and treated with benznidazole and curcumin. The treated animals received
benznidazole (100 or 50 mg/kg) and curcumin (100 mg/kg). Different letters above the bars (a to e) indicate statistical differences among the groups (P < 0.05),

and groups that have common letters do not differ statistically (P > 0.05).

Plasmodium berghei, increasing the survival rate to 95% and pre-
venting infection recrudescence (14, 41). Currently, the mecha-
nism of action of curcumin is not completely understood. How-
ever, it is believed that the antiparasitic effects are associated with the

action of the molecule in potentiating innate and adaptive immuno-
logical responses, especially by modulating the expression of cyto-
kines and the effector activity of macrophages (15, 19), T and B cells,
neutrophils (21), and natural killer and dendritic cells (20).

FIG 6 Representative photomicrographs of the myocardia of mice infected with T. cruzi and treated with benznidazole and curcumin (hematoxylin and eosin
staining). The treated animals received benznidazole (100 or 50 mg/kg) and curcumin (100 mg/kg). The arrows indicate T. cruzi amastigote nests. (Top right)
Necrotic cardiomyocytes surrounded by inflammatory cells (the arrowheads indicate lymphocytes).
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FIG 7 Number and density of interstitial cells (QA;, o) in the myocardia of
mice infected with T. cruzi and treated with benznidazole and curcumin. The
treated animals received benznidazole (100 or 50 mg/kg) and curcumin (100
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medians, and the whiskers are upper and lower quartiles. Different letters
above the bars (a to d) indicate statistical differences among the groups (P <
0.05), and groups that have common letters do not differ statistically (P >
0.05).

In the present study, treatment with Bz, especially when com-
bined with curcumin, caused a remarkable reduction in serum
reactivity for both IgG1 and IgG2a isotypes. Although the produc-
tion of IgG2a is predominant in the humoral response against T.
cruzi, similar lytic activities of IgG2a and IgG1 have been previ-
ously reported; these antibodies have been shown to be the major
effector molecules that control parasitemia (37, 42). However,
high IgG1 levels are not always beneficial to the host, since IgG1
can block the activities of different isotypes of anti-T. cruzi anti-
bodies through cross-linking with irrelevant antigens in the de-
fense against the parasite, thus deflecting humoral immunity to-
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FIG 9 Plasma levels of transaminases (means * SD) in mice infected with T.
cruzi and treated with benznidazole and curcumin. The treated animals re-
ceived benznidazole (100 or 50 mg/kg) and curcumin (100 mg/kg). Different
letters above the bars (a to d) indicate statistical differences among the groups
(P < 0.05), and groups that have common letters do not differ statistically (P >
0.05).

ward a nonspecific and ineffective response (37, 43). According to
previous investigations (26, 44), the attenuation of the humoral
response observed in this study is consistent with the best parasi-
tological control and reduction of the parasite load induced by the
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FIG 8 Cardiac and hepatic levels of MDA and PCN in mice infected with T. cruzi and treated with benznidazole and curcumin. The treated animals received
benznidazole (100 or 50 mg/kg) and curcumin (100 mg/kg). The boxes represent the interquartile ranges; the horizontal lines are medians, and the whiskers are
upper and lower quartiles. Different letters above the bars (a to ¢) indicate statistical differences among the groups (P < 0.05), and groups that have common

letters do not differ statistically (P > 0.05).
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treatment. Traditionally, IgG analysis has been used as a marker of
parasitological cure in ChD, as it has a high correlation with the
detection of T. cruzi antigens by PCR-based techniques (26, 45). In
fact, our findings indicate a possible relationship between parasi-
tological cure and IgG, since lower antibody reactivity was found
in animals that showed no infection recrudescence, followed by
the groups with a low recrudescence rate.

Although curcumin alone did not influence the IFN-+y results,
when used in combination with Bz, it was able to drastically re-
duce the levels of the cytokine. This finding is consistent with the
antiparasitic activity of this combination, since it is natural that a
reduction in parasitemia and the parasite load is accompanied by
a reduction in IFN-vy levels, as the inflammatory process associ-
ated with the infection undergoes resolution (46, 47). In contrast,
IL-4 levels were higher in all the treatment groups. IL-4 has rec-
ognized importance in the polarization of the immune response to
a Th2 profile (48, 49). Although a Th2 response increases host
susceptibility to T. cruzi infection, increased levels of Th2 cyto-
kines also operate in the homeostatic control of the immune sys-
tem to regulate the intensity of the Th1 cellular response (essential
against T. cruzi), thereby preventing the development of an exac-
erbated inflammatory process that may be harmful to the host (7,
35, 50). There is evidence that animals deficient in IL-4 and in-
fected with T. cruzi develop severe myocarditis, extensive cardiac
fibrosis, and higher mortality than wild-type animals expressing
the cytokine (50, 51). Thus, IL-4 favors the integrity of the cardiac
muscle by adjusting the balance between parasitism and the inten-
sity of the innate and acquired resistance mechanisms of the host
against parasitic infection (49, 52).

As for IL-4, circulating MIP-1a levels were higher in all the
treatment groups. Since both groups receiving the highest dose of
Bz showed the lowest MIP-1a values, it is possible that this finding
is associated with the lower parasite load observed in these groups,
a condition that requires less cell recruitment (48). There is evi-
dence that MIP- 1« favors the control of the parasite load, since the
chemokine is directly involved in the recruitment of macrophages
and neutrophils to infected organs (53). Furthermore, it was pre-
viously shown that MIP-1a inhibition increases the tissue parasite
load in T. cruzi-infected mice (53). Interestingly, the combination
of Bz and curcumin led to high circulating IL-2 levels. IL-2 acts as
an important growth factor for CD8™" T cells and activates their
cytotoxic effector functions (54). As a typical Thl cytokine, IL-2
promotes cellular and humoral immunity to T. cruzi, contributing
to reduced parasitemia and mortality in infected mice (55, 56).
Thus, by stimulating IL-2 production, the combination of Bz and
curcumin could enhance host defenses against the parasite.

Considering the structure of the heart, Bz alone and combined
with curcumin was also effective in attenuating cardiac damage,
especially inflammation, tissue necrosis, and connective tissue ex-
pansion. It is possible that the attenuation of inflammation and
pathological myocardial remodeling are associated with modula-
tion of the immune system. This proposition is reinforced by the
reduction in IFN-vy and IL-2 levels and the concomitant increase
in IL-4, indicating that the preservation of cardiac structure may
be dependent on controlling the intensity of the inflammatory
process, which results from a proper balance between Thl and
Th2 cytokine levels (35, 50, 51). The anti-inflammatory activity
of curcumin has been linked to the presence of hydroxyl and
phenol chemical groups in the molecule, which are essential for
inhibiting both cyclooxygenase and lipoxygenase metabolic
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pathways and reducing the biosynthesis of prostaglandin and
leukotriene, which are potent proinflammatory mediators (57,
58). Thus, curcumin may have potential applicability in mini-
mizing cardiac deterioration secondary to an exaggerated in-
flammatory process (4, 7).

The combination of Bz and curcumin was also beneficial in
reducing oxidative tissue damage. It has been demonstrated that
inflammatory cells recruited to infected organs activate molecular
mechanisms against T. cruzi (the respiratory burst) (5, 6), which
causes cumulative reactive damage, especially in cardiac tissue (7,
10). Thus, antioxidant drugs have shown promising results in at-
tenuating cardiac oxidative damage and ChC progression (25, 59).
The antioxidant properties of curcumin are associated with its
direct free-radical scavenger action and ability to increase the syn-
thesis and activity of antioxidant enzymes, such as superoxide
dismutase, catalase, and glutathione S-transferase (18, 23). How-
ever, the modulatory effect of curcumin on the endogenous anti-
oxidant system is complex and poorly understood, requiring fur-
ther investigation.

Confirming recent evidence described by our research group
(10), Bz treatment increased circulating levels of ALT and AST,
indicating morphofunctional liver damage. According to Ozer et
al. (60), these enzymes are considered highly sensitive and specific
markers of hepatotoxicity in animals and humans, reflecting the
intensity of morphological and functional lesions in hepatocytes.
Thus, the findings observed here indicate that curcumin re-
duced Bz toxicity, an effect potentially mediated by the atten-
uation of inflammation and liver oxidative damage caused by
both infection and chemotherapy. This hypothesis is rein-
forced by reduced lipid and protein oxidation in liver tissue in
curcumin-treated mice, which is consistent with the action of
antioxidant drugs used to treat intoxication by inducers of ox-
idative stress, including Bz (7, 10). Thus, our findings indicate
that by limiting the toxic effects of Bz, the combination of the
drug with curcumin may be a better-tolerated therapeutic
strategy than the use of Bz alone.

Taken together, our findings show that curcumin has a limited
antiparasitic effect, but when combined with Bz, it can potentiate
the therapeutic efficacy of reference chemotherapy. Apparently,
this effect is mediated by a greater reduction in parasitemia and
the parasite load, as well as increased survival and cure rate in mice
infected with T. cruzi. Furthermore, the combination of curcumin
and Bz drastically reduced cardiac inflammation and oxidative
damage and at the same time attenuated hepatic toxicity induced
by Bz. Using this association, it was possible to prevent infection
recrudescence after completion of the treatment, even when the
animals received half the recommended therapeutic dose of Bz. As
the treatment was started immediately after confirming the infection,
our results are limited to the acute phase of experimental Chagas
disease. Thus, further studies are required to determine the relevance
of curcumin as a complementary strategy to Bz-based chemotherapy
in the treatment of the established, chronic form of the disease, which
is currently the most common clinical presentation in both areas of
endemicity and areas of nonendemicity.
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