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A B S T R A C T

We investigated the immunomodulatory, antiparasitic and cardioprotective effects of a sesquiterpene lactone
(SL) administered alone or combined with benznidazole (Bz), in a murine model of Chagas’ disease by in vitro
and in vivo assays. Antiparasitic and cytotoxic potential of tagitinin C (SL) and Bz were tested in vitro against T.
cruzi epimastigotes and cardiomyocytes. Swiss mice challenged with T. cruzi were also treated for 20 days with
tagitinin C (10mg/kg) alone and combined with Bz (100mg/kg). Tagitinin C exhibited a higher antiparasitic
(IC50: 1.15 µM) and cytotoxic (CC50 at 6.54 µM) potential than Bz (IC50: 35.81 µM and CC50: 713.5 µM, re-
spectively). When combined, these drugs presented an addictive interaction, determining complete suppression
of parasitemia and parasitological cure in all infected mice (100%) compared to those receiving Bz alone (70%).
Anti-T. cruzi immunoglobulin G, and pro-inflammatory cytokines IFN-γ and TNF-α levels were reduced in ani-
mals treated with tagitinin C combined with Bz, while IL-10 production was unaffected. Heart inflammation was
undetectable in 90% of the animals receiving this combination, while only 50% of the animals receiving Bz alone
showed no evidence of myocarditis. Together, our findings indicated that the combination of tagitinin C and Bz
exerts potent antiparasitic, immunomodulatory and cardioprotective effects. Due to the remarkable suppression
of parasitemia and high parasitological cure, this combination was superior to Bz monotherapy, indicating a high
potential for the treatment of Chagas’s disease.

1. Introduction

Chagas’s disease is a neglected infection linked to poverty and
caused by the parasite protozoan Trypanosoma cruzi [1]. About 6 mil-
lion people are infected by this parasite and at least 50,000 cases of
annual deaths are reported worldwide, especially in Latin American
countries, where the disease is endemic [2,3]. Most of the fatal cases are
consequence of a severe infectious cardiomyopathy associated with
intense and unbalanced Th1 immunological polarization, as well as,
immunomediated (i.e., autoimmunity) and reactive myocardial da-
mage; which courses with cardiomyocytolysis, myonecrosis, heart fi-
brosis, electromechanical dysfunction and cardiac failure [4,5].

It is well established that the direct destruction of the host cells by
the parasite, and the secondary immunomediated lesions of the target
organs are the most serious pathological events of Chagas’s disease [6].

Thus, eliminating the parasite and adjusting the immune response are
the two pillars of Chagas’s disease treatment [7,8]. Currently, this
treatment is limited to benznidazole and nifurtimox, whose anti-
parasitic and immunomodulatory potential are more effective in acute
infections [9,10]. However, these drugs do not guarantee cure even in
the acute phase of infections [11–14], and the therapeutic failure is
even more frequent in the chronic phase of Chagas’s disease [15]. In
addition, both references drugs require prolonged administration [16].
Because of this, they induce dose-dependent systemic toxicity and ser-
ious side effects (i.e., vomiting, anorexia, hepatotoxicity, bone marrow
depression, dermatitis, polyneuropathy), which determined about 60%
of treatment discontinuation [17,18]. Thus, the limited pharmacolo-
gical efficiency, drug toxicity and low adherence to the chemotherapy
protocol are recognized as direct causes of therapeutic failure for both
and unique available references drugs [15,19].
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The high prevalence, morbidity, mortality, increasing of infection in
non-endemic countries, and money spent with the prevention of
Chagas’s disease worldwide, indicate the need and urgency for new and
effective therapeutic strategies against T. cruzi infection [20,21]. In this
sense, active molecules derived from natural products with potent im-
munomodulatory and anti-T. cruzi activities has been reported in vitro
[22]. However, their biotechnological, antiparasitic and im-
munobiological potential in vivo remains poor explored for the treat-
ment of the Chagas’s disease.

Sesquiterpene lactones (SL) are a chemical group of molecules with
marked pharmacological potential due to a broad spectrum of bioactive
effects, especially potent anti-inflammatory, analgesic, anti-microbial,
anti-diabetic, and anti-parasitic activities [23,24]. In vitro evidence
suggests that the trypanocidal effect of SL is potentially mediated by the
inhibition of trypanothione reductase, an enzyme essential to protect T.
cruzi against molecular oxidative damage and death [25]. Sesqui-
terpene lactones also exerts potent anti-inflammatory effects [26], de-
sirable properties in anti-T. cruzi drugs, since the sustained pro-in-
flammatory response is a major cause of excessive or uncontrolled
inflammation, heart damage and death in patients with Chagas’s dis-
ease [27,28].

As SL combine antiparasitic and anti-inflammatory potential, we
used and in vitro and in vivo integrated approach to investigate the
immunomodulatory, antiparasitic, cytotoxic and cardioprotective po-
tential of the SL, tagitinin C (TC), administered alone or combined with
benznidazole (Bz), a pro-oxidant drug used as a first-line treatment for
Chagas’s disease.

2. Materials and methods

2.1. Parasite strain and benznidazole

The T. cruzi Y strain (DTU II), which is well characterized as par-
tially sensitive to experimental chemotherapy with Bz [29], was used in
this study. The drug benznidazole (Bz) (compound N-benzyl-2- (2-ni-
troimidazole) acetamide) was supplied by the Pharmaceutical Labora-
tory of Pernambuco – LAFEPE (Recife, Pernambuco, Brazil).

2.2. Plant material and tagitinin C

The major sesquiterpene lactone TC was isolated from leaves of
Tithonia diversifolia collected at 21°25′44.76″S 45°56′22.2″W. The
voucher specimen D.A. Chagas-Paula 24 was deposited in the her-
barium of Federal University of Alfenas. The access was registered on
the National System of Genetic Resource Management and Associated
Traditional Knowledge, access number A913C3F. The plant material
was dried in a circulating air oven at 40 °C for seven days. Isolation of
TC was performed as previously described [30] and the identification of
TC was performed by 1H and 13C one-dimensional NMR spectroscopy
and bidimensional HMQC and HMBC spectroscopy compared with
those from authentic materials and data from the literature [30,31].
These spectra were obtained in a spectrometer (Bruker, 300MHz) with
samples diluted in CDCl3 (Sigma Aldrich). The plant species and chro-
matogram profile of tagitinin C are shown in Fig. 1. Subsequently, TC
was dried and stored at −20 °C, and kept covered from light until the
time of the assays.

2.3. Trypanocidal activity in vitro

2.3.1. Anti-parasitic assays
Epimastigote forms were cultured in Liver Infusion Triptose (LIT)

medium supplemented with 10% fetal bovine serum (FBS) until the
concentration of 1.5× 106/mL. The natural substance TC were eval-
uated at eight decreasing concentrations (1:2), in triplicate, with the
initial concentration being 10 μg/mL for TC and 150 μg/mL for Bz. For
the evaluation of the combination of TC and Bz fixed proportions of

both was applied: 5:0, 4:1, 3:2, 2:3, 1:4 and 0:5. A volume of 150 μL/
well of each dilution was added to a 96-well sterile polystyrene plate.
Negative controls (containing LIT medium), positive controls (con-
taining the LIT medium and the parasite) and controls containing the
medium and drug in the absence of the parasite were added to evaluate
the potential of the compound to reduce the dye. After incubation for
72 h in a BOD oven, at 20 °C, 20 μL of resazurin was added; after further
incubation for 12 h, the reaction was read on a spectrophotometer at
570 nm and 600 nm. From the percent inhibition of each concentration
of the substances. The IC50 and IC50 FICs were calculated with the aid of
the CalcuSyn program, and dose-response curves were constructed in
Graph Pad Prism 5.0.

2.3.2. Cytotoxicity assay
Cells from the H9c2 line (American Type Culture Collection, ATCC:

CRL 1446) from neonatal rat cardiomyoblasts were cultured at 37 °C
and 5% CO2 in DMEM medium (NaHCO3, HEPES and Penicillin/
Streptomycin) supplemented with 10% FBS. The concentration of 1x103

cells/mL was added in duplicate in a 96-well plate and after incubation
for 24 h at 37 °C, 5% CO2, the medium was replaced with 200 μL/well
of a new medium containing seven different concentrations of the drug
Bz and substance TC (1:2 dilution starting at the concentration of
200 μg/mL). Negative controls (medium) and positive controls
(medium+cells) were used in each plate. After 72 h of incubation,
20 μL/well of resazurin was added and after 12 h the reading was car-
ried out using a spectrophotometer at an absorbance of 570 nm and
600 nm. After calculating the percent inhibition of each drug con-
centration and of the substances tested, the Graph Pad Prism program
5.0 was used to calculate CC50 (concentration of substances and drug
reducing 50% of cell viability).

2.4. T. cruzi infection and chemotherapy strategy in vivo

2.4.1. Animals and infection
Five groups of 10 female Swiss mice were used, weighing approxi-

mately 37 g, from the Central Biotherm of the Federal University of
Alfenas (UNIFAL-MG). Four groups of animals were inoculated in-
traperitoneally with 1000 blood trypomastigotes obtained from pre-
viously infected animals. Parasitemia and parasitic load were used and
primary markers of infection [32]. The experiments were carried out in
accordance with the principles of the Brazilian College of Animal Ex-
perimentation (COBEA) and approved by the Animal Research Ethics
Committee of UNIFAL-MG (CEUA n° 646/2015).

2.4.2. Antiparasitic chemotherapy protocol
Treatment was started on the first day that the mice presented

parasitemia confirmed by a fresh blood test. Three groups of animals
received treatment orally for 20 consecutive days, once a day, using a
metal cannula, according to the protocol described by Filardi and
Brener [29]. A volume of 0.1mL of Bz (at dose of 100mg/kg body
weight) was administered to each mouse of the drug-treated group,
while 0.1mL of TC (at dose of dosage of 10mg/kg of body weight) was
administered to each animal; to the group receiving treatment in
combination, each animal was first given 0.1 mL of TC (10mg/kg) and
then 0.1mL of the drug Bz (100mg/kg). As positive and negative
controls, a group of infected and untreated animals and one uninfected
and untreated group, respectively, were used. The Bz was macerated
and subsequently resuspended in water using 1% carbox-
ymethylcellulose, and TC was solubilized in 5% cremophor (Merck, São
Paulo, SP) for the in vivo experiments.

2.5. Toxicity assay

From the beginning of the treatment, the animals were weighed
weekly and the weight change was calculated by subtracting the initial
weight (corresponding to the first day of treatment) from the final
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weight (corresponding to the thirtieth day after treatment). The levels
of the enzymes aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) were quantified in the plasma of each animal using
the Labmax Plenno automatic analyser following the manufacturer's
guidelines (Labtest, Lagoa Santa, MG, Brazil) to evaluate if there is
hepatic toxicity [33].

2.6. Analysis of parasitemia and parasite recrudescence: Fresh blood
microscopic examination and hemoculture

Parasitemia was used as a direct marker of T. cruzi infection and to
evaluate the progression of acute infection [32,34]. Parasitemia was
evaluated daily by fresh blood examination according to the method
described by Brenner [34]. Briefly, aliquots with 5 μL of blood collected
from the tail tip of each animal were distributed in a glass slide and
covered with a 22mm×22mm (length×width) coverslips. Blood
trypomastigotes was quantified in fifth random non-coincident micro-
scopic fields, and the number of parasites by blood volume was esti-
mated from the correction factor (CF = ×5000) of microscopic mag-
nification. The number of parasites was registered and a time-
dependent curve of parasitemia was plotted for all infected groups.

In animals with negative parasitemia, fresh blood examination was
continued for 25 days after the end of treatment. In this period, the
reappearance of blood trypomastigotes was considered an indicator of
natural parasite recrudescence [11,12]. Parasite recrudescence was
additionally evaluated by blood culture [35]. Briefly, moments before
euthanasia, 200 μL of blood was collected in the retro-orbital venous
sinus of each animal, added to 10mL of LIT medium and maintained in
a BOD incubator at 28 °C. For the detection parasite, aliquots of the
blood culture (10 µL) was examined directly under a bright field mi-
croscope at 30, 45 and 60 days after the date of blood collection.

2.7. Screening for parasitological cure: serology and reverse transcription
polymerase chain reaction quantitative (qPCR)

2.7.1. Serology
For detection of anti-T. cruzi antibodies of the IgG class by enzyme-

linked immunosorbent assay (ELISA) [36]. The mean absorbance for
ten negative control samples plus two standard deviations were used as
the cut-off to discriminate positive and negative results. The reactivity
index was calculated from dividing each sample by the cutoff value.

2.7.2. Real-time Polymerase Chain Reaction (PCR)
Quantitation of parasitic load by PCR was used as a direct marker of

tissue parasitism by T. cruzi, as well as cure criteria [32,37]. Genomic
DNA was purified from skeletal muscle fragments collected following
euthanasia. DNA extraction was performed using the Wizard Genomic

DNA purification kit (Promega), with some modifications [37]. qPCRs
were performed to amplify T. cruzi DNA using the TaqMan system
(Applied Biosystems™) according to the manufacturer’s instructions and
using the primers T. cruzi, (CzFw 5′-CCACCATTCATAATTGGAAAC
AAA-3′ and CzRv 5′-CTCGGCTGATCGTTTTCGA-3′) and murine TNF-α
(TNF-F 5′-GCCCAGACCCTCACACTCA-3′ and TNF-R 5′-AACTGCCCTT
CCTCCATCTTAAA-3′). It was also used the oligonucleotide probe for T.
cruzi (5′-FAM-ACCACAACGTGTGATGC-3′-MGB-NFQ) and for TNF-α
(5′-VIC-TAAGTGTTCCCACACCTC-3′-MGB-NFQ). Cycles of amplifica-
tion were carried out in an ABI 7500 real-time PCR system from Applied
Biosystems. The cycles consisted of an initial denaturation hold of
10min at 95 °C followed by 40 cycles of 15 s at 95 °C and 1min at 60 °C
with fluorescence acquisition. All samples were analyzed in duplicate,
and negative samples and reagent controls were processed in parallel
for each assay. The amplification efficiencies were determined auto-
matically by the 7500 v2.3 software using the formula: Efficiency
(E)= 10 (-1/slope), where slope corresponds to slope of the standard
curve [38].

2.8. Anti-T. cruzi immunoglobulin assay

Blood samples (200 µL) were collected moments before euthanasia
by cardiac puncture. Specific antibodies were detected according to Ref.
[36]. Briefly, enzyme-linked immunosorbent assay plates were coated
with T. cruzi antigen prepared from alkaline extraction of the T. cruzi Y
strain at exponential growth in the LIT medium. Anti-mouse IgG and
IgG1 peroxidase conjugated antibodies (Sigma Chemical Co., USA)
were used.

2.9. Cytokines immunoassay

Cytokines immunoassays were performed using plasma from all
experimental animals. Samples were evaluated in 96-well polystyrene
plate by sandwich enzyme-linked immunosorbent assay (ELISA) using a
commercial kit and following the manufacturer's instructions
(PeproTech, Rocky Hill, NJ, USA). The absorbance was analyzed in a
microplate reader at 450 nm (ELx50, Bio-Tek Instruments, Winooski,
Vermont, USA). Results were calculated using a standard curve of re-
combinant cytokines with known concentration.

2.10. Necropsy and heart microstructure

Cardiac fragments were collected at 50 days of infection and stored
in 10% neutral formalin solution for 48 h, and subsequently dehydrated
in ethanol. The fragments were diaphanized in xylene and embedded in
paraffin. Serial sections (4 μm) were obtained with the aid of a micro-
tome, which were later fixed on glass slides and stained with

Fig. 1. Chromatogram of purity of the Tagitinin C (TC), its chemical structure and plant source image. Left image: Chromatographic profile of Tagitinin C-enriched
Tithonia diversifolia extract fraction and molecular structure of TC. Right image: T. diversifolia plant species (Asteraceae family).
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hematoxylin and eosin (H&E). To assess the presence and severity of
myocarditis, the counting of interstitial/inflammatory nuclei was per-
formed in each image. Cell nuclei were quantified from 10 random non-
coincident histological fields representative of all myocardial regions.
The images were observed by using a 40×objective lens (400×
magnification) and scanned through the photomicroscope Axioscope
A1 coupled with the image analysis software AxioVision (Carl Zeiss,
Germany).

2.11. Statistical analyses

The fractional inhibitory concentrations (FICs) and the sums of FICs
(∑FICs) were calculated as follows: FIC of TC= 50% effective con-
centration (EC50) of TC in combination/EC50 of TC pure (the same
equation was applied to benznidazole) and ∑FICs= FIC TC+FIC
benznidazole. An overall mean ∑FIC was calculated for each combina-
tion and used to classify the nature of the interaction. Isobolograms
were constructed plotting the FIC of benznidazole against TC. Each
curve represented the mean of two independent experiments. Data with
parametric distribution were analyzed by unifatorial analysis of var-
iance (ANOVA one-way) followed by the Tukey’s test for multiple
comparisons. Non-parametric results were compared by the Kruskal-
Wallis test. Differences were considered significant if the P≤ 0.05.

3. Results

3.1. Tagitinin C has potent trypanocidal activity with additive effect when
combined with benznidazole

First, we investigated the trypanocidal effect of TC against Y strain
of T. cruzi epimastigotes and the cytotoxicity on H9c2 cells, compared
to Bz (Table 1). The lactone TC showed a greater inhibition capacity
against the epimastigote forms, with EC50 of 1.15 μM, an potency su-
perior to that presented by the reference drug Bz, 35.81 μM. However,
the cytotoxic concentration (6.54 μM) and the selectivity index
(5.69 μM) of TC were not more favorable than Bz.

The TC and Bz interaction was assessed using a modified fixed-ratio
isobologram method, and the data were analyzed at the 50% effective
concentration (EC50) level. The mean sums of fractional inhibitory
concentrations (∑FICs) of two independent experiments are presented
in the Table 2, and representative isobolograms are shown in Fig. 2. The
interaction was classified according to [39], where an FIC≤ 0.5 in-
dicates synergism; 0.5 < FIC≤ 4 denotes additivity and FIC > 4 in-
dicates antagonism. The interaction of TC with Bz was classified as an
additive effect, based on the mean ∑FICs of 1.51 at the four drugs ratio
Bz+ TC tested (1:4, 2:3, 3:2, and 4:1).

3.2. Tagitinin C reduces blood parasitism and increases the cure rate when
combined with benznidazole

Considering the additive effect observed in vitro, we assessed whe-
ther TC administered in combination with Bz is more effective than
each drug alone in treating mice infected with T. cruzi. The fresh blood
test performed from the fourth day after inoculation and until the 25th

day after the end of the treatment allowed monitoring the natural
suppression or reactivation of parasitemia to be observed. Thus, it was
verified that the pre-patent period was six days in all groups (Fig. 3).
Groups of animals treated with TC in combination with Bz and those
treated with Bz in monotherapy were effective in inducing suppression
of parasitemia in 100% of the mice by the second day of treatment, with
no natural reactivation of parasites during the period of fresh blood
examination (Fig. 3).

In the moment corresponding to the typical peak of parasitemia,
which were observed on the infected control group, no parasites were
observed in animals treated with TC alone or combined with Bz.
Although TC-based monotherapy was not effective in suppressing
parasitemia, a peak of parasitemia was observed with about 3500 blood
trypomastigotes/0.1 mL, a much smaller number compared to

Table 1
In vitro antiparasitic, cytotoxic and selective potential of tagitinin C compared
to the reference chemotherapy* against Trypanosoma cruzi.

IC50 (µM) CC50 (µM) Selectivity index

Benznidazole*
(Bz)

35.81 ± 6.95 713.5 ± 102 19.92

Tagitinin C
(TC)

1.15 ± 0.20 6.54 ± 0.39 5.69

IC50: Half maximal inhibitory concentration, CC50: Half maximal cytotoxic
concentration. Data are represented as mean and standard deviation.

Table 2
Anti-proliferative effects of benznidazole (Bz) and tagitinin C (TC) combined
against epimastigotes of Trypanosoma cruzi.

Drug/TC ratio Bz FIC TC FIC ∑ FIC

Bz+TC (4:1) 1.42 ± 0.69 0.04 ± 0.04 1.46
Bz+TC (3:2) 1.28 ± 0.06 0.09 ± 0.06 1.37
Bz+TC (2:3) 1.52 ± 0.19 0.24 ± 0.19 1.76
Bz+TC (1:4) 1.03 ± 0.08 0.43 ± 0.28 1.46
Mean FIC in combination 1.31 ± 0.25 0.2 ± 0.14 1.51

FIC: fractional inhibitory concentrations at the IC50 level. Bz FIC and TC FIC:
mean and standard deviation. ∑ FIC: absolute values.

Fig. 2. Representative isobolograms for in vitro interactions between tagitinin C
and benznidazole against Trypanosoma cruzi. Interactions are given at the EC50

level. Numbers on the axes represent normalized FICs (fractional inhibitory
concentrations at the IC50 level) of Bz (X axis) and tagitinin C (TC, Y axis).

Fig. 3. Effect of combination therapy based on tagitinin C (TC) and benznida-
zole (Bz) or monotherapy on parasitemia in mice infected by Trypanosoma cruzi.
Infected: untreated (n=8*), Bz: 100mg/kg benznidazole (n=10), TC: 10mg/
kg tagitinin C (n=10), TC+Bz: 10mg/kg tagitinin C combined with100 mg/
kg benznidazole (n= 10). *Two animals died during the period of treatment.
Data are represented as mean values. The lines represent the means values of
parasitemia observed in mice infected by T. cruzi.
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untreated infected animals (81,500 blood parasites/0.1 mL). Thus, al-
though TC did not reach a complete parasitological negativation, its
trypanocidal effect was confirmed by in vivo (Fig. 3 and Table 3). Thus,
this corroborates the in vitro results (Table 1).

Post-therapeutic parasitological evaluation by fresh blood ex-
amination and/or hemoculture revealed that all infected untreated
animals and those receiving TC presented active blood parasitism or
positive hemoculture. Trypomastigotes were detected by hemoculture
in 30% of Bz-treated mice, while no parasite recrudescence was de-
tected in the blood of TC+Bz-animals. As expected, the absence of
blood parasites was confirmed in uninfected animals (Fig. 4).

To confirm the efficacy of TC in monotherapy or combined with Bz
in inducing parasitological cure in T. cruzi-infected mice, two in-
dependent tests were used: (i) PCR and (ii) serology for anti-T. cruzi IgG
antibodies detection. The animals that showed negative results in both
tests were considered cured (Table 4).

Spontaneous parasite recrudescence was observed during the fresh
blood test in 5 animals treated with TC monotherapy, and the re-
maining animals showed positivity in the blood culture tests, eviden-
cing some degree of therapeutic failure with TC-based monotherapy.
The absence of natural reactivation in all animals treated with Bz was
also verified, and the combination of TC and Bz was effective in in-
hibiting the parasite recrudescence in 100% of the animals. Thus,

following the curing criteria, all animals of these two groups were
submitted to blood culture. Among the animals treated with Bz and
submitted to blood culture, 30% (3/10) presented positive results.
However, the association between TC and Bz presented the best result
among all therapeutic strategies, and no positivity was observed among
the 10 animals submitted to this test.

Thus, serology and PCR confirmed the results of the two previous
tests of curing control, where 30% of the animals treated with Bz
showed positive reaction for anti-T. cruzi IgG antibodies, indicating that
7 animals were cured. And, the combination TC and Bz presented more
satisfactory results than Bz-based monotherapy, where serology and
PCR results showed that all animals in this group (n= 10) were ne-
gative. These results evidenced the benefit of the treatment in combi-
nation, since 100% parasitological cure was obtained, through in vivo
experiment to this treatment (TC+Bz).

3.3. Despite its lower selectivity index in vitro, tagitinin C was well tolerated
in vivo

Throughout the experimental period, no behavioral and/or physical
changes were detected in the experimental groups treated with all
therapeutic regimens. As indicated in Fig. 5, the treatments did not
induce a significant decrease in animals’ body mass, since a similar
profile was observed when compared to infected and untreated animals.
There is a slight reduction in body mass in all infected groups from the
second week of the experiment. Increased or stable body mass was
observed at the end of treatment. This finding indicated that the body
weight change is due to T. cruzi infection and not due to the treatment.
No mortality was observed among the groups of infected and treated
animals. The death of two infected mice was observed on the 14th and
18th days of infection only on the group that were not submitted to
treatment.

Subsequently, serum levels of AST and ALT enzymes were assessed
as markers of hepatic toxicity. There was a significant increase in AST
level in all infected groups (Fig. 5). ALT serum levels was reduced in all
T. cruzi-infected animals who received the different treatments. Only
infected and untreated animals presented a statistical difference in re-
lation to the group of uninfected animals, whereas the groups of ani-
mals treated with Bz, TC and TC combined with Bz showed lower levels
of ALT when compared to infected and untreated animals. Together, the
results demonstrate the good tolerability of TC treatments, either alone
or in combination with Bz.

3.4. The antiparasitic activity of tagitinin C (TC) is accompanied by anti-
inflammatory activity

The animals that underwent Bz and TC treatments in monotherapy
showed high IFN-γ production, which was similar to the levels pre-
sented by infected untreated animals (Fig. 6). The levels detected in
these animals were significantly higher in relation to uninfected

Table 3
Area under the curve of parasitemia and peak of parasitemia in Trypanosoma
cruzi-infected mice treated with tagitinin C (TC) alone or combined with
benznidazole (Bz).

Groups AUC Peak of parasitemia (Trypomastigotes/0.1 mL of blood)

Infected 3.41× 105 8.15×104

Bz 6.0× 103 ND
TC 1.85× 104 3.5× 103

Bz+TC 1.40× 104 ND

ND: parasitemia not detected since was abolished by the treatment. Infected:
animals infected and untreated. AUC: area under the curve of parasitemia.
Infected: untreated (n=8*), Bz: 100mg/kg benznidazole (n= 10), TC: 10mg/
kg tagitinin C (n= 10), Bz+ TC: 10mg/kg tagitinin C combined with100 mg/
kg benznidazole (n=10). *Two animals died during the period of treatment.
Data are represented as mean values.

Fig. 4. Parasite recrudescence in Trypanosoma cruzi-infected mice treated with
tagitinin C (TC) alone or combined with benznidazole (Bz). NR: Post-treatment
natural recrudescence evaluated by fresh blood examination, Hmc:
Recrudescence evaluated by hemoculture, NR+Hmc: Parasites equally de-
tected by fresh blood examination and hemoculture. NI: uninfected untreated
(n=10), I: infected and untreated (n=8*, recrudescence= 0), Bz:
Benznidazole (n= 10, recrudescence= 7), TC: tagitinin C (n= 10, recrudes-
cence= 10), TC+Bz: tagitinin C combined with benznidazole (n=10, re-
crudescence= 10). *I: Two animals died during the period of treatment. ND:
not determined. Data are represented as the absolute number of animals with
positive parasite recrudescence in each diagnostic method.

Table 4
Parasitological cure in mice infected by T. cruzi and treated with benznidazole
(Bz) and tagitinin C (TC) in monotherapy or in combination.

Three-step cure criteria Bz TC Bz+TC Infected

n=10 n=10 n=10 n=10*

Dosage of IgG class antibodies (+) 03/10 10/10 0/10 8/8
Positive PCR 03/10 10/10 0/10 8/8
Cure rate 70% 0% 100% 0%

* Two infected and untreated animals died during the period of treatment.
Infected: untreated (n=8*), Bz: 100mg/kg benznidazole (n=10), TC: 10mg/
kg tagitinin C (n=10), Bz+ TC: 10mg/kg tagitinin C combined with100 mg/
kg benznidazole (n=10). Data are represented as the absolute number and the
percentage of animals with parasitological cure in each diagnostic method.
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animals. Interestingly, the combination of TC and Bz was the only
treatment strategy effective in reducing IFN-γ production. In mono-
therapy, Bz was not effective in reducing TNF-α production, with values
similar to those observed in infected and untreated animals. Reduced
TNF-α levels were obtained when TC was used alone, and a similar
result was obtained in animals treated with the combination of TC and
Bz, which was the most satisfactory treatment strategy tested. These
two groups were the only ones that present similar TNF-α production in
relation to uninfected animals. In relation to the anti-inflammatory
cytokine IL-10, animals that received TC treatments both in combina-
tion and in monotherapy had the highest IL-10 levels, and no significant
difference was observed in relation to the group untreated.

The evaluation of the humoral immune response showed the higher
production of IgG antibodies in infected untreated group than treated
groups (Fig. 7). Animals treated with TC in monotherapy had inter-
mediate IgG levels compared to infected untreated animals and those
detected in uninfected animals. However, they presented higher IgG
levels than animals treated with the combination of TC and Bz. Animals
treated with this combination also had a profile similar to animals
treated with Bz alone. The untreated infected animals also had high
IgG1 titers, which was higher than titers from the other groups. The
results presented by the animals that were treated with TC caught the
researcher’s attention, since the IgG1 levels were considered similar to
those presented by the animals treated with Bz. The three treated

Fig. 5. Body weight and hepatic function en-
zymes in mice infected by T. cruzi and treated
with benznidazole (Bz) and tagitinin C (TC) in
monotherapy or in combination. AST: aspartate
aminotransferase, ALT: alanine amino-
transferase. Infected: untreated (n= 8*), Bz:
100mg/kg benznidazole (n= 10), TC: 10mg/kg
tagitinin C (n=10), TC+Bz: 10mg/kg tagi-
tinin C combined with100 mg/kg benznidazole
(n=10). Body mass: mean values. AST and ALT:
mean and standard deviation. * Statistical dif-
ference in relation to uninfected animals. The
bars that connect the columns represent statis-
tical differences between the groups (P≤ 0.05).

Fig. 6. Cytokines plasma levels in control and T.
cruzi-infected mice treated with benznidazole
(Bz) and tagitinin C (TC) in monotherapy or in
combination. Infected: untreated (n= 8*), Bz:
100mg/kg benznidazole (n= 10), TC: 10mg/kg
tagitinin C (n=10), TC+Bz: 10mg/kg tagi-
tinin C combined with100 mg/kg benznidazole
(n=10). Body mass: mean values. Data are re-
presented as mean and standard deviation.
*Statistical difference in relation to uninfected
animals. The bars that connect the columns re-
present statistical difference between the groups
(P≤ 0.05).
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groups had similar IgG1 production when compared to the group of
uninfected animals.

3.5. Tagitinin C is able to reduce myocarditis, especially when combined
with benznidazole

All treatment regimens were effective in reducing the number of
mononuclear and polymorphonuclear inflammatory cells, being sig-
nificantly smaller when compared to infected untreated animals (Figs. 8
and 9). The lowest mean number of inflammatory nuclei were quanti-
fied among the TC treated animals alone or TC in combination with the
Bz. However, these values were similar to those observed in Bz-treated
animals. Figs. 8 and 9 show a marked inflammatory infiltrate in in-
fected untreated animals, with a reduced number of inflammatory cells
in all treated groups.

4. Discussion

Considering the immunomodulatory and antiparasitic evidence at-
tributed to SL [26], we used in vitro and in vivo assays to explore the
trypanocidal, immunomodulatory, and cardioprotective potential of
TC. Direct antiparasitic effects of SL, including TC, were clearly de-
monstrated against different strains of Leishmania sp. [40], Plasmodium
falciparum [41] and L. braziliensis [42]. As expected, we also identified a
potent trypanocidal activity against T. cruzi in culture and in a murine
model of Chagas’ disease. From in vitro findings of EC50, we identified
that TC had a trypanocidal effect about 31 times more potent than Bz.
This remarkable efficacy was not surprising since potent anti-T. cruzi
effects in vitro have been reported for other SL such as, helenalin,
mexicanin, neurolenin B, psilostachyin C, goyazensolide, eremantho-
lide C, and lychnopholide [43–45].

Through dose-response curves, our in vitro findings indicated that
when used as monotherapy, Bz and TC induced the lowest percentage
inhibition on epimastigote proliferation. However, as concentrations
increased in the combinations of Bz and TC, the inhibition rates of
parasite proliferation were also higher. This finding indicated an ad-
ditive effect, which was confirmed using the FIC method [46]. Thus, the
interaction between Bz and TC was positive, since the values of the sum
of the FICs were close to the line of additivity and very distant from the
line of antagonism.

By using an incremental approach in vivo, we developed a short pilot
study to determine the lowest dose of TC effective in controlling
parasitemia in animals infected with a virulent T. cruzi stock partially
resistant to Bz. From this screening, 10mg/kg/day TC was selected as
the best dose, since induced greater trypanocidal activity than 5mg/
kg/day and a similar activity to 50mg/kg/day. After this selection, we
investigated if and to what extent the antiparasitic effect of TC alone
and combined with Bz could also be obtained in animals infected with
T. cruzi. For this, we used a standardized 20-day treatment protocol

[11,12] administering TC (10mg/kg) and Bz (100mg/kg) as mono-
therapy and combined. Bz was used as the reference antitrypanosomal,
since it is the drug of first choice for the treatment of Chagas’s disease
[20]. As TC showed to be more potent than Bz on the in vitro experi-
ment, a smaller dose than Bz dose was adopted as rational approach to
ensure the in vivo antiparasitic potential with a reduced risk of systemic
toxicity.

Indeed, TC monotherapy was effective in reducing the number of
circulating parasites in a dose 10 fold lower than Bz corroborating the in
vitro results. The amount of parasites in the peak of parasitemia was
very low after treatment with TC monotherapy, and a mean of 2.6 doses
of TC were sufficient to completely suppress the parasitemia. However,
TC was not effective in inhibiting the reactivation of the parasitemia,
since fresh blood examination indicated that 50% of the animals pre-
sented natural post-therapeutic parasite recrudescence in hemoculture
test. As expected, TC and Bz in combination induced a superior anti-
trypanosomal effect compared to all other groups, including Bz mono-
therapy. In addition, to the complete suppression of the parasitemia,
this combination was effective in inhibiting parasites recrudescence in
blood cultures. All animals submitted to this treatment also presented
negative serological and PCR results, indicating 100% of parasitological
cure. This result was superior to that achieved with the reference drug,
Bz monotherapy, which induced cure in 70% of the animals, a result
consistent with the cure rates reported in murine models of Chagas’s
disease treated with this drug 47,48].

Although Bz and SL can induce systemic toxicity, no adverse reac-
tions were observed in this study. Besides, all groups receiving TC and
Bz alone or combined had no weight loss and presented reduced ALT
and AST levels at the end of the experiment compared to untreated
animals. Thus, our chemotherapy protocol was well tolerated in all
groups, indicating that the doses of Bz and TC was properly adjusted
and did not induce morphofunctional liver damage [49]. All infected
groups showed increased levels of AST compared to uninfected control
animals, supporting evidence that organ damage is potentially linked to
infection rather than to treatments. Since AST is also found in muscle
tissue, higher levels of this enzyme could be related to myocarditis and
not to hepatocyte lesions. This proposition is coherent with the classical
tropism of T. cruzi strains, including Y, which is often associated with an
intense parasitism of muscle cells [50,51]. Thus, those results indicated
low or absent toxicity of the active doses of all treatments evaluated in
mice, included the association of TC and Bz, which showed the best
activity and cure. This corroborates study of Passoni et al. [52], which
showed toxicological safety of low doses of SL extract in a sub chronic
treatment in rats (10mg/kg, 90 days).

As expected, animals receiving Bz alone or combined with TC pre-
sented a drastic reduction of IgG levels, which was consistent with a
clear efficacy of both therapeutic strategies in reducing or abolishing
parasitic load. However, TC-treated animals presented did not reduced
IgG production completely. This finding reinforce the results of

Fig. 7. Anti-Trypanosoma cruzi im-
munoglobulin G (IgG) plasma levels in
control and T. cruzi-infected mice treated
with benznidazole (Bz) and tagitinin C (TC)
in monotherapy or in combination. Infected:
untreated (n=8), Bz: 100mg/kg benzni-
dazole (n= 10), TC: 10mg/kg tagitinin C
(n=10), TC+Bz: 10mg/kg tagitinin C
combined with100 mg/kg benznidazole
(n=10). Body mass: mean values. In each
group, the points indicate the result ob-
tained for each animal, and the horizontal
lines indicate average values for the whole
group. *Statistical difference in relation to
uninfected animals. The bars that connect
the columns represent statistical difference
between the groups (P≤ 0.05).
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parasitological cure, indicating that TC alone was unable to assure
sufficient parasitological control to abolish the humoral response.

In addition, all treated groups significantly decreased the level of
IgG1. The IgG1 levels have been consistently used as predictors of the
severity of inflammatory heart injury and relevant parasitological
marker of cure. The, high IgG1 reactivity index has been closely cor-
related with intense myocarditis in dogs and mice infected with T. cruzi
[8]. This relation is supported by autoimmune processes often identi-
fied in infected hosts, since cross-reaction of anti-T. cruzi antibodies
with myocardial antigens (i.e., anti-adrenergic and muscarinic receptor;
anti-myosin) has been linked to immunomediated heart damage
[53,54]. Thus, in this sense, even in the absence of parasitological cure,
the treatment with TC alone was beneficial in reducing heart in-
flammatory damage in T. cruzi-infected mice, which was clearly ob-
served on myocardial histological results. Besides, this effect can be
potentiated by the well known anti-inflammatory properties attributed

to TC [26,30]. Thus, a cardioprotective effect linked to IgG down-
regulation is an issue that remains poorly understood and requires
further investigation, but cannot be disregarded, and the results of this
study, including from TC group, which had not parasitological cure,
corroborates this linkage.

The imunomodulador effect of TC alone and especially combined
with Bz was also observed on the differential production of cytokines
such and IFN-γ, TNF and IL-10. The IL-10 levels and downregulation of
IFN-γ and TNF was coherent with the anti-inflammatory potential of Bz
[55]and TC [26,30,56]. As a potent anti-inflammatory mediator, IL-10
exerts an important counter-regulatory role in Chagas’s disease, mod-
ulating the intensity of the inflammatory process triggered by T. cruzi
[57]. In this sense, an adequate balance between IL and 10 and Th1
profile is essential to ensure effective parasitic control, minimizing the
risk of immunomediated tissue damage [57]. As typical Th1 cytokines,
IFN-γ and TNF-α exerts its antiparasitic effects mainly by stimulating

Fig. 8. Representative photomicrography’s of the myocardium from uninfected and T. cruzi-infected mice treated with benznidazole (Bz) and tagitinin C (TC) in
monotherapy or in combination (Hematoxylin and Eosin staining, scale bar= 60 µm). I: infected untreated (n= 8), Bz: 100mg/kg benznidazole (n=10), TC:
10mg/kg tagitinin C (n= 10), TC+Bz: 10mg/kg tagitinin C combined with100 mg/kg benznidazole (n= 10).
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macrophages activation and nitric oxide (NO) production, a non-radical
nitrogen reactive specie highly toxic to T. cruzi [58–60]. However, it is
recognized that exacerbated production of proinflammatory cytokines
and NO are also correlated with marked tissue damage and disease
severity in unbalanced inflammatory processes [61]. Thus, by attenu-
ates IFN-γ and TNF-α levels without affecting IL-10 biosynthesis, Bz and
TC probably can attenuate immunomediated heart damage, in addition
decrease cardiomyocytes death caused by parasitism, since also elim-
inates the parasites. It is important to highlight that both parasitism and
immune response play a central role in the pathophysiology of Chagas’s
cardiomyopathy [62]. As already demonstrated for Bz, attenuation of
the myocarditis is expected when the parasitological control is obtained
with antiparasitic chemotherapy, which reduce the antigen load that
triggers the inflammatory process [63,64].

Taken together, our findings indicated that TC is potentially useful
as an adjuvant strategy to the reference chemotherapy used in the
treatment of Chagas’s disease. From an additive effect, the trypanocidal,
immunomodulatory and cardioprotective effects conferred by TC
combined with Bz more prominent activity than those achieved when
Bz was administered as monotherapy. This combination was well tol-
erated and reached 100% cure in T. cruzi-infected mice, a remarkable
result compared with 70% cure obtained in the group treated with the
reference drug Bz alone. The pharmacological and biotechnological
potential of TC as an anti-T. cruzi drug is not entirely understood. Thus,
a future step could be to seek strategies that aim to increase the ther-
apeutic efficacy of this natural molecule in monotherapy from studies
focused on pharmaceutical formulations, pharmacodynamics, pharma-
cokinetics and biological assays or even its structural modifications.
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