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Abstract

:

Chagas disease (ChD), caused by Trypanosoma cruzi, is the most serious parasitosis in the western hemisphere. Benznidazole and nifurtimox, the only two trypanocidal drugs, are expensive, difficult to obtain, and have severe side effects. Nitazoxanide has shown to be effective against protozoa, bacteria, and viruses. This study aimed to evaluate the nitazoxanide efficacy against the Mexican T. cruzi Ninoa strain in mice. Infected animals were orally treated for 30 days with nitazoxanide (100 mg/kg) or benznidazole (10 mg/kg). The clinical, immunological, and histopathological conditions of the mice were evaluated. Nitazoxanide- or benznidazole-treated mice had longer survival and less parasitemia than those without treatment. Antibody production in the nitazoxanide-treated mice was of the IgG1-type and not of the IgG2-type as in the benznidazole-treated mice. Nitazoxanide-treated mice had significantly high IFN-γ levels compared to the other infected groups. Serious histological damage could be prevented with nitazoxanide treatment compared to without treatment. In conclusion, nitazoxanide decreased parasitemia levels, indirectly induced the production of IgG antibodies, and partially prevented histopathological damage; however, it did not show therapeutic superiority compared to benznidazole in any of the evaluated aspects. Therefore, the repositioning of nitazoxanide as an alternative treatment against ChD could be considered, since it did not trigger adverse effects that worsened the pathological condition of the infected mice.
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1. Introduction


American trypanosomiasis, also known as Chagas disease (ChD), is caused by the protozoan parasite Trypanosoma cruzi, which is transmitted to humans and other mammals by blood-sucking hemipterans of the family Reduviidae. So far there are no vaccines to prevent ChD, and existing drugs are not 100% effective [1]. The World Health Organization reports that in the Americas alone, ChD has an annual incidence of 30,000 cases, 14,000 deaths per year, and 8000 cases of congenital infection [2]. ChD has been catalogued by the WHO within the list of neglected tropical diseases, which are characterized by being of parasitic, fungal, and bacterial infectious etiology that mainly affect populations living in poor socioeconomic conditions. It is considered a public health problem since it affects labor productivity, pregnancy, and child development [3]. ChD is endemic in 21 Latin American countries, and Mexico is the third country in prevalence with approximately 900,000 cases, only behind Brazil and Argentina [2,4].



The drugs used for the treatment of ChD are nifurtimox and benznidazole. Benznidazole is considered the first-line drug for its efficacy and for having a better toxicity profile than nifurtimox [5,6,7]; allergic dermatitis is the most frequent side effect, which is controlled with antihistamines [8]. Nifurtimox is considered in Mexico as the first-line drug because it is easier to obtain; however, it has less efficacy than benznidazole and more serious and potentially irreversible side effects, such as polyneuropathy [8]. For many years, it was believed that the administration of treatment offered no relief in chronic-stage patients; however, it has been proven that there is a benefit in patients who do not have advanced and irreversible cardiomyopathy when the drug is administered in the chronic stage of ChD [8].



Due to difficulties in obtaining the aforementioned drugs, their high cost, and mainly their serious side effects, people adhere poorly to treatment and eventually drop out. Therefore, several research groups have taken on the task of evaluating the efficacy of different compounds against T. cruzi as a better option for patients. As a consequence, drug repositioning is a useful tool to achieve better treatment outcomes [9]. Nitazoxanide is a possible candidate in the treatment of ChD because it is a drug that has a broad spectrum of action, low cost, acceptable tolerability, and its efficacy has already been reported against T. cruzi epimastigotes in vitro [10,11].



Nitazoxanide is an inhibitor of pyruvate/ferrodoxin oxidoreductases or PFORs, preventing the binding of pyruvate with thiamine pyrophosphate, which is a critical step in the anaerobic metabolism of protozoa [12]. The drug has an official indication for the treatment of diarrhea due to Giardia lamblia and Cripstosporidium parvum [13]. In addition to its official indications, nitazoxanide and its metabolite tizoxanide have been shown to be effective against numerous protozoa and helminths, including Entamoeba histolytica/dispar, Blastocystis hominis, Trichuris trichuria, Ascaris lumbricoides, and Enterobius vermicularis [14]. In terms of the effect on T. cruzi, nitazoxanide did not show encouraging results when used to treat ChD in a murine model infected with the T. cruzi Albarrada strain [15].



In this study, nitazoxanide was tested against the T. cruzi Ninoa strain as treatment in infected BALB/c mice, comparing its effectiveness in vivo with benznidazole.




2. Results


2.1. Parasitaemia, Body Condition and Survival


In order to evaluate the efficacy of nitazoxanide in controlling parasitemia and improving clinical presentation and survival, the number of parasites was quantified every other day from the tenth day after infection, clinical follow-up was performed, and daily mortality was recorded. Parasitemia occurred from day 13 post-infection in three groups (NTZ, infected and nitazoxanide-treated mice; BNZ, infected and benznidazole-treated mice; and W/O-T, infected mice without treatment).



The BNZ group had patent parasitemia for 36 days (from day 13 to day 49), the W/O-T group had parasitemia for 43 days, and the NTZ group had parasitemia for 42 days. The BNZ group showed a peak of parasitemia on day 30, with 2.18 × 106 blood trypomastigotes (BT)/mL, which was significantly lower than the W/O-T group; the NTZ group had a peak of parasitemia on day 36 post-infection, with 3.98 × 106 BT/mL, which was almost half that of the untreated group (W/O-T group) but without being statistically significant from the W/O-T group; and finally, the W/O-T group presented two peaks of parasitemia at 27 and 36 days post-infection (dpi), with 7.7 × 106 and 6.6 × 106 BT/mL, respectively (Figure 1a).



In the W/O-T group, severe signs of the acute stage of ChD were presented: curved spine, piloerection, and adynamia began to be visible from 29 dpi, whilst only piloerection was observed in the BNZ and NTZ groups from 36 dpi (data not shown). A body weight difference of 11.4% (18.58 g ± 3.01 g in the W/O-T group vs. 20.96 g ± 1.88 g in the negative control (NC) group), without a statistically significant difference (p = 0.632), was the largest recorded difference in body weight. Apparently, the benznidazole and nitazoxanide treatments ameliorated the clinical signs of acute-stage infection (Figure 1b).



The BNZ group had 100% survival, while in the NTZ and W/O-T groups, survival was 83.3%, with deaths registered on days 49 and 41 post-infection, respectively (Figure 1c). The data demonstrated that nitazoxanide was not as effective as benznidazole in reducing parasitemia and improving survival; however, mortality was prevented during the time that NTZ treatment administration was active, while in the W/O-T group, death was recorded earlier. In addition, the effects on health condition and weight loss were similar with both drugs.




2.2. Antibody Quantification


2.2.1. Total IgG


Levels of total immunoglobulins (IgG) in the NTZ (p = 0.037) and BNZ (p = 0.005) groups compared with those in the NC group after 15 days of treatment showed significant differences. After 30 days of treatment, a noticeable and significant increase in total IgG levels was observed in the mice from the W/O-T group (p = 0.007) as well as in the BNZ group, which persisted with a significant increase (p = 0.009). In contrast, at this time, no difference was found in the NTZ group with respect to the NC group. At 50 dpi, the NTZ group presented the highest amount of total IgG (p = 0.017) and, together with the BNZ group (p = 0.032), showed statistically significant differences with respect to the NC group. At 60 dpi, all of the infected groups, NTZ (p = 0.001), BNZ (p = 0.000), and W/O-T (p = 0.003), showed differences with respect to the NC group. This suggested that the effects of the nitazoxanide as well as benznidazole treatments were associated with the positive production of IgG-specific antibodies from the early phases of the acute stage of the infection (Figure 2a).




2.2.2. IgG1


The IgG1 levels in the NTZ (p = 0.005) and BNZ (p = 0.005) groups 15 days after treatment showed significant differences when compared to the levels found in the NC group.



All three infected groups showed differences from the NC group on day 30 of treatment, and there was an intergroup difference (p = 0.049) between the NTZ and W/O-T groups. At 40 dpt, the BNZ (p = 0.040) and NTZ (p = 0.004) groups differed from the NC group. Finally, at 50 dpt, the group treated with nitazoxanide was the only one that showed a difference (p = 0.003) in the production of the IgG1 subclass (Figure 2b). This suggested that while the infected mice of the W/O-T and BNZ groups showed declining IgG1 levels, probably to switch to the IgG2a subclass, nitazoxanide treatment caused persistent high IgG1 subclass levels, as a likely consequence of sustained inflammation.




2.2.3. IgG2a


Only the BNZ group presented a significant difference in IgG2a levels (p = 0.043) at 15 days of treatment. The NTZ (p = 0.020) and BNZ (p = 0.003) groups differed at 30 days of treatment. At 40 days, only the BNZ (p = 0.026) and W/O-T (p = 0.050) groups showed a difference in IgG2a levels, which continued in both groups at 50 dpt (Figure 2c). It could be concluded that the effect of nitazoxanide was not associated with an increase in IgG2a production; therefore, this drug was not able to shift the subclass of IgG-specific antibodies from IgG1 to IgG2a at the end of the acute stage of infection.





2.3. Serum Cytokine Levels


Interferon-gamma (IFN-γ) was the only serum cytokine that showed a significant increase in the NTZ group in both stages of infection: acute (40 dpi and 30 days post-treatment [dpt]) and asymptomatic chronic (60 dpi/50 dpt), unlike tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β), the serum levels of which did not differ from the baseline level determined in the NC group mice (Figure 3).




2.4. Organ Indices to Determine Cardiomegaly, Esplenomegaly and Lymphadenopathy


Although no statistically significant difference was found between the infected and healthy mice, the data showed a higher cardiac index in the mice that did not receive treatment and the lowest value was in the benznidazole-treated group, as expected (Figure 4a).



All groups of infected mice showed a statistically significant difference in the splenic index with respect to the healthy non-infected group (NC): NTZ (p = 0.000), BNZ (p = 0.000), and W/O-T (p = 0.015) groups; therefore, it was possible to affirm the existence of splenomegaly, which is a characteristic sign of ChD. In addition, differences were observed between the NTZ (p = 0.018) and BNZ (p = 0.047) groups when they were compared only with the W/O-T group, which demonstrated that splenomegaly was even greater in those animals who received treatment (Figure 4b).



Lymphadenopathy was found in all of the infected groups, NTZ (p = 0.028), BNZ (p = 0.042), and W/O-T (p = 0.005), when compared with the healthy group. This was probably due to a reaction caused by the persistence of the parasite in nearby myocytes. The infected groups did not show differences among them (Figure 4c).




2.5. Histological Findings and Severity of Inflammation


Mononuclear infiltrate was found in all mice in the infected groups, located in the myocardium (predominantly sub-epicardial) (Figure 5a) and skeletal muscle. Although there was no statistically significant difference among the groups, higher inflammation scores in heart and skeletal muscle were obtained in the group without treatment (Figure 5b,c), in addition to the presence of nests of amastigotes in the myocardium (Figure 6a) and in the midbrain (Figure 6b), follicular hyperplasia of the spleen, and sinusoidal dilatation (data not shown). No alterations were found in the other organs examined.





3. Discussion


In the present study, nitazoxanide treatment against experimental ChD was evaluated in vivo based on its effects on parasitemia, survival, body condition, immune response, and macroscopic and microscopic tissue damage in BALB/c mice in the acute stage of T. cruzi infection.



Animals treated with nitazoxanide had greater parasitemia than those that were treated with benznidazole, as reported by others [15], who observed that mice that received nitazoxanide showed greater parasitemia than those that were treated with nifurtimox (drug equivalent to benznidazole), as well as longer duration of parasitemia, even than the group without treatment. However, these data were not consistent with the present study’s findings. It should be noted that the nitazoxanide treatment scheme used by those authors had variations in dose and administration time, since they used 100 and 1000 mg/kg for 20 days, starting on the first day of parasitemia (3 dpi); in the present study, 100 mg/kg was used at the beginning of parasitemia (10 dpi) for 30 days. These small variations were enough to observe a favorable result. The NTZ group showed a lower level of circulating parasites than the group that did not receive treatment, demonstrating an effect similar to that of benznidazole with trypanocidal activity against the T. cruzi Ninoa strain, unlike the data reported by those authors who observed that their group treated with nitazoxanide showed higher parasitemia than the untreated animals [15].



In addition to the nitazoxanide therapeutic scheme, the discrepancy between results could be explained by the T. cruzi strain and the size of the inoculum used to infect the experimental mice in each of the studies. For example, Valle-Reyes et al. used 1 × 105 BT of the TPAP/MX/2002/Albarrada strain and male BALB/c mice [15], whereas in the present study, the experimental infection in female BALB/c mice was with 150 BT of the MHOM/MX/1994/Ninoa strain. There are factors inherent to the parasite that cause differential virulence and pathogenicity parameters among lineages or DTU variants of T. cruzi strains [17,18,19,20,21].



In this study, 48% reduction in parasitemia was obtained with nitazoxanide, which was comparable to 42% reported by other authors who used clomipramine (a tricyclic antidepressant) also in a murine model [22]. In comparison, the use of voriconazole (second-generation triazole antimycotic) achieved 80% reduction [23], and VNI (sterol 14α-demethylase (CYP51) inhibitor) and its derivative VFV achieved reductions in parasitemia of 99.7% and 91% to 100%, respectively [24]. These rates of reduction in parasitemia demonstrate wide ranges of effectiveness, which is related to the T. cruzi strain used in the infection as well as the therapeutic target of the drug evaluated.



As expected, the survival of the group treated with benznidazole was 100%; however, it was 83% in the NTZ group, a rate much higher than that reported by Valle-Reyes et al. (2017), who observed a survival of only 20% [15]. It is known that the Albarrada strain has a polyclonal structure, which may be responsible for its differential behavior of damage and infection in different hosts [25]. This argument could explain why this strain exacerbated its virulence in nitazoxanide-treated mice in the study by Valle-Reyes et al. [15]. Despite both strains (Albarrada and Ninoa) being Mexican and belonging to discrete typing unit I (DTU I), they have different behaviors in terms of parasitemia and survival in mice, parameters that are associated with inherent factors of the parasite such as virulence and pathogenicity. In other studies in which the drug repositioning strategy has been used for the treatment of infection with T. cruzi strains Y or Tulahuen in a murine model, it was observed that survival depended on the specificity of the mechanism of action of the drug used. For example, mice treated with clomipramine (an antidepressant drug), voriconazole (antimycotic drug), and VFV and VNI drugs (aimed at inhibiting enzymes involved in parasite metabolism) had 50%, 83%, and 100% survival rates, respectively [22,23,24].



The nitazoxanide-treated group presented a lower average body weight than all of the other groups, most likely due to some side effects of the drug (anorexia, diarrhea, and nausea) that probably caused a lower feed intake and weight loss, or a direct catabolic effect of the drug, since some studies showed that although it can be well tolerated due to its good safety profile, it may be associated of adverse reactions, especially when prolonged and increased oral doses are administered [26,27,28].



The control of parasitemia by benznidazole and to a lesser extent by nitazoxanide was consistent with the findings for IgG antibodies and cytokines in acute and early chronic stages of ChD. In both groups, IgG antibody production could be observed from 15 dpt (25 dpi), which agreed in part with some results reported by Espinoza et al., who found immunoglobulins in the acute phase of the infection [29]. All of the infected groups showed significant levels of total IgG at 60 dpi in an asymptomatic chronic phase of the disease.



Negative seroconversion was not observed in the infected and treated groups, most likely due to the short evaluation time (60 dpi), since in other studies it has been reported that antibodies against T. cruzi disappeared in animals treated with benznidazole at 3–12 mpi [30,31].



There was a statistically significant increase in IgG1 production in the NTZ group but not in the BNZ group at day 60 post-infection. Therefore, it is suggested that nitazoxanide treatment preferentially promoted a shift to a Th2 immune response. In the case of benznidazole, the result was slightly different, since the prevalent isotype was IgG2a with a predominance of a Th1-type immune response, which could be related to a reduction in parasitemia [32]. In addition, antibody production influences inflammatory cell infiltration in tissues; therefore, it has been observed that the inflammatory process, mainly in cardiac tissue, is directly related to the levels of IgG [33]. This finding agrees with our work, in which nitazoxanide-treated mice were found to have slightly higher organ indices and inflammation scores than benznidazole-treated mice, with the latter showing lower IgG1 levels and higher IgG2 levels, indicating better infection control through a balanced Th1/Th2 immune response as the disease progressed.



In the NTZ group, IFN-γ was the unique cytokine observed in significantly high levels compared to other two infected groups (BNZ and W-O/T). This cytokine has been linked to host defense in the acute phase [34]. On the other hand, studies have also reported that the cytokine profile showed decreased IL-1β, IL-10, and TNF-α levels after benznidazole treatment [35]. This is consistent with the decreased IL-1β and TNF-α levels observed at 60 and 30 dpi, respectively, with both benznidazole and nitazoxanide treatments, although without a significant difference. In the NTZ group at 40 and 60 dpi, there were high concentrations of IFN-γ, which were not associated with the other results obtained such as moderate control of parasitemia and slight histological damage.



It has been reported that T. cruzi Ninoa strain induces splenomegaly [29]. It was shown that all of the infected groups had splenomegaly; the treated groups (NTZ and BNZ) showed a higher splenic index than the W/O-T group, and of these, the BNZ group presented the highest index. In turn, the BNZ group registered the shortest duration of parasitemia and the highest survival rate. Therefore, it can be deduced that the presence of splenomegaly resulted in a greater immune response and better infection control, probably due to lymphocyte proliferation with positive activity against T. cruzi infection leading to the abundance of a kind of lymphocyte with a cytotoxic phenotype in the spleen of infected mice [36,37].



The three infected groups presented statistically significant growth of lymph nodes; the group without treatment had the highest index and also showed microscopic changes such as hepatic sinusoidal dilatation, which was probably associated with giant lymph node hyperplasia, as has been reported in ChD and other pathologies [38,39,40].



Although cardiomegaly was not determined due to the absence of a statistically significant difference in the cardiac index between the infected and healthy groups, a higher cardiac index suggestive of cardiomegaly was observed in the group that did not receive treatment, unlike the BNZ group, which had a cardiac index similar to that of the NC group. The cardiac indices of the nitazoxanide-treated animals were at a midpoint between those of the BNZ and W-O/T groups, therefore affirming that the progression to cardiomegaly was partially decreased in comparison with not receiving treatment. These results were consistent with the important pathological outcome of chronic chagasic cardiomyopathy, since multiple factors such as severe myocarditis and fibrosis cause a hemodynamic overload of the heart, which represents a compensatory mechanism that leads to myocardial hypertrophy [41]. On the other hand, it has been reported that nitazoxanide induces myocardial injury by activating the oxidative stress response [42]. This may be the reason why the NTZ group’s cardiac index did not have low values similar to those of the NC group, or at least similar to those of the BNZ group. Therefore, there is a paradox in the therapeutic use of nitazoxanide against ChD, since possible heart damage as a side effect must be evaluated with greater precision.



One of the limitations of the present study was that only three types of cytokines of the Th1 profile of the immune response were analyzed; therefore, a greater number of these would provide more complete information on the type of immune response triggered. Another limitation was that no adverse effects other than body weight were measured, and although these are already known, it would be useful to ascertain if these can synergize with the parasitic infection. As a perspective, it would be interesting to evaluate the parameters in a more advanced chronic stage of ChD, in which it would be possible to analyze the drug’s effect in the long term. On the other hand, nitazoxanide could be used in combination with benznidazole to improve its trypanocidal effectiveness, as noted by several authors when combining different drugs with benznidazole [22,23,31,43,44,45,46,47].




4. Materials and Methods


4.1. Model Animal


The study was carried out with 72 female, 6–8-week-old, BALB/c mice obtained from the Laboratory Animal Experimentation and Production Unit (UPEAL) of CINVESTAV-IPN, Mexico. The animals were separated into groups in cages and maintained in a macroenvironment with a 12 h/12 h light-dark cycle, 20–22 °C temperature, and 40–50% relative humidity. Water and food (Purina Lab Diet Formula 5001®, Silao, Gto., Mexico) were available ad libitum. Mice were divided into four groups, three of which were infected, with one treated with nitazoxanide (n = 12, NTZ), another with benznidazole (n = 8, BNZ), one without treatment (n = 12, W/O-T), and a fourth group was not infected nor was it given any treatment, thus representing the negative control (n = 4, NC). The experiment was performed in duplicate.



The Bioethics Committee of the Instituto Nacional de Cardiología Ignacio Chávez is ruled according to the International Guiding Principles for Biomedical Research involving Animals and the Norma Oficial Mexicana (NOM-0062-ZOO-1999) Technical Specifications for the Care and Use of Laboratory Animals [48]. This committee was responsible for reviewing and approving this research.




4.2. Infection, Parasitaemia and Survival


Mice were inoculated intraperitoneally with 150 BT of the T. cruzi Mexican Ninoa strain (MHOM/MX/199/Ninoa), a strain belonging to discrete typing unit I (DTU I), which is the most widely distributed strain throughout the Americas and causes myotropism [49,50], in 200 µL of saline solution (SS) (0.9% NaCl) using a 1 mL syringe and a 27 G × 13 mm needle (Becton- Dickinson ®, Mexico City, Mexico). From day 10, a 1:50 dilution was made adding 10 µL of peripheral blood extracted through the caudal vein to 490 µL of SS, and parasitemia was quantified every other day in a Neubauer counting chamber by light microscopy until parasites were no longer observed. Survival was monitored daily.




4.3. Nitazoxanide and Benznidazole Treatment


Drug suspensions were made using nitazoxanide (Daxon® 500 mg tablets, Siegfried-Rhein Laboratory, Mexico City, Mexico) and benznidazole (LaFepe® 100 mg tablets, Laboratório Farmaceutico do Estado de Pernambuco, Recife, Brazil) in Tween 5% and SS. Nitazoxanide and benznidazole were administered at doses of 100 and 10 mg/kg of body weight/24 h, respectively, both in a volume of 500 µL of the previously described suspension, by the orogastric route using a 1 mL syringe and a straight feeding cannula of stainless-steel No. 18 (ScientMex®, Monterrey, NL, Mexico). Treatments were administered from day 10 post-infection, lasting 30 days.




4.4. Serum Sample Collection


About 250–300 µL of peripheral blood was collected through the caudal vein before infection, at 15 and 30 days of treatment, and 60 days after infection. Blood was placed in 1.5 mL microcentrifuge tubes; once the clot was retracted, the sample was centrifuged at 3500 rpm for 15 min at 4 °C in a refrigerated micro-centrifuge (RMC-14 model, Sorvall®/DuPont®, Lynn, MA, USA). Finally, the serum was separated, and aliquots were frozen.




4.5. Antibody Quantification


Determination of immunoglobulin G and its subclasses was performed by enzyme-linked immunosorbent assay (ELISA) using the sera obtained for each group, as previously described [16]. Anti-mouse peroxidase-conjugated antibodies (Novus Biologicals, Littleton, CO, USA) and anti-mouse IgG, IgG1, and IgG2a were used. The cut-off point (mean ± standard deviation, SD) was established according to the values obtained for the samples from healthy mice (NC group).




4.6. Serum Cytokine Quantification


Commercial ELISA kits (Enzo Life Sciences, Inc.®, Farmingdale, NY, USA and R&D Systems, Inc.®, Minneapolis, MN, USA) were used to determine levels of some proinflammatory cytokines (TNF-α, IFN-γ, and IL-1β,) in the mouse sera at 40 and 60 days after infection, according to the manufacturer’s instructions and as described previously [16].




4.7. Determination of Visceral Megas


The mice were weighed before euthanasia; subsequently, the heart, spleen, and both popliteal lymph nodes were collected and weighed. Heart, splenic, and lymph node indices were obtained using the formula: Organ index = organ weight/body weight × 100. The results were compared with the indices of infected mice without treatment (W/O-T group) and those of non-infected healthy mice (NC group).




4.8. Histology


The mice were euthanized on day 60 post-infection and the following organs were collected: the heart, spleen, esophagus, large intestine, small intestine, brain, skeletal muscle, and peripheral lymph nodes (poplitei). After histological processing, the tissue sections were stained with hematoxylin and eosin for analysis, as previously described [16].



A score of 1 to 4 was given to classify microscopic damage as follows: 1, one focus of inflammation at 400× magnification; 2, more than one inflammatory focus; 3, coalescing foci or generalized inflammation, with conservation of normal structure and minimal cell necrosis; and 4, non-localized inflammation, tissue necrosis, fluid accumulation in the interstitial compartment, and alteration of tissue structure [51]. The data obtained from the score were corrected as previously described [52].




4.9. Statistical Analysis


The whole data were examined using IBM® SPSS software version 20.0.0 (Armonk, NY, USA). The Shapiro–Wilk test was applied to verify that the data had a normal distribution; depending on the distribution of the data, one-way ANOVA (Tukey’s post hoc test) or the Kruskal–Wallis test was performed, and the difference was considered significant when p ≤ 0.05.





5. Conclusions


Nitazoxanide decreased parasitemia levels, indirectly induced the production of IgG antibodies, and partially prevented histopathological damage in the infected mice; however, it did not show therapeutic superiority compared to benznidazole in any of the evaluated aspects. Therefore, nitazoxanide administered to mice in the acute stage of infection with T. cruzi was moderately effective against ChD, so it can be considered as an alternative therapeutic candidate to benznidazole since it did not trigger negative effects that worsened the pathological condition of the infected mice.







Author Contributions


Conceptualization, M.A.-F. and O.R.-M.; methodology, R.A.G.-O., J.L.R.-E., A.A.-F., J.J.C.-M., M.A.-F. and O.R.-M.; formal analysis, M.A.-F., R.A.G.-O. and O.R.-M.; resources, O.R.-M., M.A.-F. and J.L.R.-E.; data curation, M.A.-F. and R.A.G.-O.; writing—original draft preparation, M.A.-F. and O.R.-M.; writing—review and editing, M.A.-F. and O.R.-M.; supervision, M.A.-F. and O.R.-M.; funding acquisition, M.A.-F. and O.R.-M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding. The affiliation institution’s resources were the only ones that financed this study. Open Access funding for this article was supported by Instituto Nacional de Cardiología Ignacio Chávez.




Institutional Review Board Statement


The animal study protocol was approved by the Internal Committee for the Care and Use Laboratory Animals (CICUAL, for its acronym in Spanish) from Instituto Nacional de Cardiología Ignacio Chávez (protocol code INC/CICUAL/002/2017, approved on 23 May 2017).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors thank Silvia C. Carrillo-Sánchez for the training given in the performance of the ELISA technique, Lidia Baylón Pacheco for the care and management of the BALB/c mice, Olga L. Pérez-Reyes for her assistance in processing the organs for histology and Jessica Hernández-Arce for the support in the graphical abstract elaboration. The authors do not declare a specific grant for this research from any funding agency in the public, commercial, or not-for-profit sectors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Diaz-Hernandez, A.; Gonzalez-Vazquez, M.A.; Arce-Fonseca, M.; Rodriguez-Morales, O.; Cedillo-Ramirez, M.L.; Carabarin-Lima, A. Risk of COVID-19 in Chagas Disease Patients: What Happen with Cardiac Affectations? Biology 2021, 10, 411. [Google Scholar] [CrossRef]

	



PAHO Pan-American Health Organization. Chagas Disease Worksheet [Internet]. 2017. Available online: http://www.paho.org/chagasdisease (accessed on 16 December 2021).

	



Balouz, V.; Agüero, F.; Buscaglia, C.A. Chagas disease diagnostic applications: Present knowledge and future steps. Adv. Parasitol. 2017, 97, 1–45. [Google Scholar] [PubMed]

	



Arce-Fonseca, M.; Carrillo-Sánchez, S.C.; Molina-Barrios, R.; Martínez-Cruz, M.; Cedillo-Cobián, J.R.; Henao-Díaz, Y.A.; Rodríguez-Morales, O. Seropositivity for Trypanosoma cruzi in domestic dogs from Sonora, Mexico. Infect. Dis. Poverty 2017, 6, 120. [Google Scholar] [CrossRef] [PubMed]

	



Muratore, C.A.; Baranchuk, A. Current and emerging therapeutic options for the treatment of chronic chagasic cardiomyopathy. Vasc. Health Risk Manag. 2010, 6, 593–601. [Google Scholar] [CrossRef] [PubMed]

	



Machado, F.S.; Jelicks, L.A.; Kirchoff, L.V.; Shirani, J.; Nagajyothi, F.; Mukherjee, S.; Nelson, R.; Coyle, C.M.; Spray, D.C.; de Carvalho, A.C.C.; et al. Chagas Heart Disease Report on Recent Developments. Cardiol. Rev. 2012, 20, 53–65. [Google Scholar] [CrossRef]

	



Manne, J.M.; Snively, C.S.; Ramsey, J.M.; Salgado, M.O.; Bärnighausen, T.; Reich, M.R. Barriers to treatment access for Chagas disease in Mexico. PLoS Negl. Trop. Dis. 2013, 7, e2488. [Google Scholar] [CrossRef]

	



Bern, C. Chagas’ Disease. N. Engl. J. Med. 2015, 373, 456–466. [Google Scholar] [CrossRef]

	



Adasme, M.F.; Bolz, S.N.; Adelmann, L.; Salentin, S.; Haupt, V.J.; Moreno-Rodríguez, A.; Nogueda-Torres, B.; Castillo-Campos, V.; Yepez-Mulia, L.; De Fuentes-Vicente, J.A.; et al. Repositioned Drugs for Chagas Disease Unveiled via Structure-Based Drug Repositioning. Int. J. Mol. Sci. 2020, 21, 8809. [Google Scholar] [CrossRef]

	



Chan-Bacab, M.J.; Hernández-Núñez, E.; Navarrete-Vázquez, G. Nitazoxanide, tizoxanide and a new analogue [4-nitro-N-(5-nitro-1,3-thiazol-2-yl)benzamide; NTB] inhibit the growth of kinetoplastid parasites (Trypanosoma cruzi and Leishmania mexicana) in vitro. J. Antimicrob. Chemother. 2009, 63, 1292–1293. [Google Scholar] [CrossRef]

	



Navarrete-Vazquez, G.; Chávez-Silva, F.; Argotte-Ramos, R.; Rodríguez-Gutiérrez, M.D.C.; Chan-Bacab, M.J.; Cedillo-Rivera, R.; Moo-Puc, R.; Hernández-Nuñez, E. Synthesis of benzologues of Nitazoxanide and Tizoxanide: A comparative study of their in vitro broad-spectrum antiprotozoal activity. Bioorg. Med. Chem. Lett. 2011, 21, 3168–3171. [Google Scholar] [CrossRef]

	



Somvanshi, V.S.; Ellis, B.L.; Hu, Y.; Aroian, R.V. Nitazoxanide: Nematicidal mode of action and drug combination studies. Mol. Biochem. Parasitol. 2014, 193, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Fox, L.M.; Saravolatz, L.D. Nitazoxanide: A new thiazolide antiparasitic agent. Clin. Infect. Dis. 2005, 40, 1173–1180. [Google Scholar] [CrossRef] [PubMed]

	



Hoffman, P.S.; Sisson, G.; Croxen, M.A.; Welch, K.; Harman, W.D.; Cremades, N.; Morash, M.G. Antiparasitic drug nitazoxanide inhibits the pyruvate oxidoreductases of Helicobacter pylori, selected anaerobic bacteria and parasites, and Campylobacter jejuni. Antimicrob. Agents Chemother. 2007, 51, 868–876. [Google Scholar] [CrossRef]

	



Valle-Reyes, J.S.; Melnikov, V.; Dobrovinskaya, O.; Rodriguez-Hernández, A.; Wookee-Zea, C.; Pimientel-Rodrigez, V.; Rueda-Valdovinos, G.; Delgado-Enciso, I.; López-Lemus, U.A.; Espinoza-Gómez, F. Antiprotozoal drug nitazoxanide enhances parasitemia, tissue lesions and mortality caused by Trypanosoma cruzi in murine model. Exp. Parasitol. 2017, 172, 44–50. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-Morales, O.; Cabrera-Mata, J.J.; Carrillo-Sánchez, S.D.C.; Gutiérrez-Ocejo, R.A.; Baylón-Pacheco, L.; Pérez-Reyes, O.L.; Rosales-Encina, J.L.; Aranda-Fraustro, A.; Hernández-García, S.; Arce-Fonseca, M. Electrolyzed Oxidizing Water Modulates the Immune Response in BALB/c Mice Experimentally Infected with Trypanosoma cruzi. Pathogens 2020, 9, 974. [Google Scholar] [CrossRef] [PubMed]

	



De Fuentes-Vicente, J.A.; Vidal-López, D.G.; Flores-Villegas, A.L.; Moreno-Rodríguez, A.; De Alba-Alvarado, M.C.; Salazar-Schettino, P.M.; Rodríguez-López, M.H.; Gutiérrez-Cabrera, A.E. Trypanosoma cruzi: A review of biological and methodological factors in Mexican strains. Acta Trop. 2019, 195, 51–57. [Google Scholar] [CrossRef]

	



Herreros-Cabello, A.; Callejas-Hernández, F.; Fresno, M.; Gironès, N. Comparative proteomic analysis of trypomastigotes from Trypanosoma cruzi strains with different pathogenicity. Infect. Genet. Evol. 2019, 76, 104041. [Google Scholar] [CrossRef]

	



Arroyo-Olarte, R.D.; Martínez, I.; Lujan, E.; Mendlovic, F.; Dinkova, T.; Espinoza, B. Differential gene expression of virulence factors modulates infectivity of TcI Trypanosoma cruzi strains. Parasitol. Res. 2020, 119, 3803–3815. [Google Scholar] [CrossRef]

	



Palma-González, C.A.; Recinos-Vázquez, H.I.; Burguete-Gutiérrez, J.C.; De Fuentes-Vicente, J.A.; Schlie-Guzmán, M.A.; Vidal-López, D.G.; Díaz-Gómez, J.; Vidal, J.E.; Gutiérrez-Jiménez, J. A Trypanosoma cruzi strain from southern Mexico is more virulent for male mice in part by blocking the immune response. J. Infect. Dev. Ctries. 2021, 15, 1714–1723. [Google Scholar] [CrossRef]

	



Queiroga, T.B.D.; Pereira, N.S.; da Silva, D.D.; Andrade, C.M.; de Araújo Júnior, R.F.; Brito, C.R.D.N.; Galvão, L.M.D.C.; da Câmara, A.C.J.; Nascimento, M.S.L.; Guedes, P.M.M. Virulence of Trypanosoma cruzi Strains Is Related to the Differential Expression of Innate Immune Receptors in the Heart. Front. Cell. Infect. Microbiol. 2021, 11, 696719. [Google Scholar] [CrossRef]

	



Strauss, M.; Rodrigues, J.H.S.; Presti, M.S.L.; Bazán, P.C.; Báez, A.L.; Paglini-Oliva, P.; Nakamura, C.V.; Bustamante, J.M.; Rivarola, H.W. In vitro and in vivo drug combination for the treatment of Trypanosoma cruzi infection: A multivariate approach. Exp. Parasitol. 2018, 189, 19–27. [Google Scholar] [CrossRef] [PubMed]

	



Gulin, J.E.N.; Eagleson, M.A.; López-Muñoz, R.A.; Solana, M.E.; Altcheh, J.; García-Bournissen, F. In vitro and in vivo activity of voriconazole and benznidazole combination on Trypanosoma cruzi infection models. Acta Trop. 2020, 211, 105606. [Google Scholar] [CrossRef] [PubMed]

	



Guedes-Da-Silva, F.H.; Batista, D.G.J.; Da Silva, C.F.; De Araújo, J.S.; Pavão, B.P.; Simões-Silva, M.R.; Batista, M.M.; Demarque, K.C.; Moreira, O.C.; Britto, C.; et al. Antitrypanosomal Activity of Sterol 14α-Demethylase (CYP51) Inhibitors VNI and VFV in the Swiss Mouse Models of Chagas Disease Induced by the Trypanosoma cruzi Y Strain. Antimicrob. Agents Chemother. 2017, 61, e02098-16. [Google Scholar] [CrossRef]

	



Melnikov, V.; Espinoza-Gomez, F.; Newton-Sanchez, O.A.; Delgado-Ensiso, I.; Montesinos-Lopez, O.A.; Dalin, M.V.; Espinoza, B.; Martinez, I.; Sheklakova, L.A.; Dobrovinskaya, O.; et al. Integral approach to evaluation of the pathogenic activity of Trypanosoma cruzi clones as exemplified by the Mexican strain. Bull. Exp. Biol. Med. 2013, 156, 70–72. [Google Scholar] [CrossRef]

	



Bolia, R. Nitazoxanide: Jack of All, Master of None? Indian J. Pediatr. 2020, 87, 4–5. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Kuang, H.; Zhan, X. Nitazoxanide in the Treatment of Intestinal Parasitic Infections in Children: A Systematic Review and Meta-Analysis. Indian J. Pediatr. 2020, 87, 17–25. [Google Scholar] [CrossRef]

	



Khalid, H.; Batool, S.; Din, F.U.; Khan, S.; Khan, G.M. Macrophage targeting of nitazoxanide-loaded transethosomal gel in cutaneous leishmaniasis. R. Soc. Open Sci. 2022, 9, 220428. [Google Scholar] [CrossRef]

	



Espinoza, B.; Rico, T.; Sosa, S.; Oaxaca, E.; Vizcaino-Castillo, A.; Caballero, M.L.; Martínez, I. Mexican Trypanosoma cruzi T. cruzi I strains with different degrees of virulence induce diverse humoral and cellular immune responses in a murine experimental infection model. J. Biomed. Biotechnol. 2010, 2010, 890672. [Google Scholar] [CrossRef]

	



Rial, M.S.; Scalise, M.L.; Arrúa, E.C.; Esteva, M.I.; Salomon, C.J.; Fichera, L.E. Elucidating the impact of low doses of nano-formulated benznidazole in acute experimental Chagas disease. PLoS Neg. Trop. Dis. 2017, 11, e0006119. [Google Scholar] [CrossRef]

	



Rial, M.S.; Scalise, M.L.; López-Alarcón, M.; Esteva, M.I.; Búa, J.; Benatar, A.F.; Prado, N.G.; Riarte, A.R.; Fichera, L.E. Experimental combination therapy using low doses of benznidazole and allopurinol in mouse models of Trypanosoma cruzi chronic infection. Parasitology 2019, 146, 305–313. [Google Scholar] [CrossRef]

	



Rial, M.S.; Seremeta, K.P.; Esteva, M.I.; Búa, J.; Salomon, C.J.; Fichera, L.E. In vitro studies and preclinical evaluation of benznidazole microparticles in the acute Trypanosoma cruzi murine model. Parasitology 2020, 148, 566–575. [Google Scholar] [CrossRef] [PubMed]

	



De Castro Nobre, A.C.; Pimentel, C.F.; do Rêgo, G.M.S.; Paludo, G.R.; Pereira Neto, G.B.; de Castro, M.B.; Nitz, N.; Hecht, M.; Dallago, B.; Hagström, L. Insights from the use of erythropoietin in experimental Chagas disease. Int. J. Parasitol. Drugs Drug Resist. 2022, 19, 65–80. [Google Scholar] [CrossRef]

	



De Lima Pereira Dos Santos, C.; Vacani-Martins, N.; Cascabulho, C.M.; Pereira, M.C.S.; Crispe, I.N.; Henriques-Pons, A. In the Acute Phase of Trypanosoma cruzi Infection, Liver Lymphoid and Myeloid Cells Display an Ambiguous Phenotype Combining Pro- and Anti-Inflammatory Markers. Front. Immunol. 2022, 13, 868574. [Google Scholar] [CrossRef] [PubMed]

	



Castro Eiro, M.D.; Natale, M.A.; Alvarez, M.G.; Shen, H.; Viotti, R.; Lococo, B.; Bua, J.; Nuñez, M.; Bertocchi, G.L.; lbareda, M.C.; et al. Reduced Trypanosoma cruzi-specific humoral response and enhanced T cell immunity after treatment interruption with benznidazole in chronic Chagas disease. J. Antimicrob. Chemother. 2021, 76, 1580–1592. [Google Scholar] [CrossRef] [PubMed]

	



Pino-Martínez, A.M.; Miranda, C.G.; Batalla, E.I.; González-Cappa, S.M.; Alba Soto, C.D. IL-10 participates in the expansion and functional activation of CD8+ T cells during acute infection with Trypanosoma cruzi. J. Leukoc. Biol. 2019, 105, 163–175. [Google Scholar] [CrossRef] [PubMed]

	



Barbosa, C.-H.D.; Canto, F.B.; Gomes, A.; Brandao, L.M.; Lima, J.R.; Melo, G.A.; Granato, A.; Neves, E.G.; Dutra, W.O.; Oliveira, A.-C.; et al. Cytotoxic CD4+ T cells driven by T-cell intrinsic IL-18R/MyD88 signaling predominantly infiltrate Trypanosoma cruzi-infected hearts. eLife 2022, 11, e74636. [Google Scholar] [CrossRef]

	



Curciarello, J.; Castelletto, R.; Barbero, R.; Belloni, P.; Gelemur, M.; Castelletto, E.; Jmelnitzky, A. Hepatic sinusoidal dilatation associated to giant lymph node hyperplasia (Castleman’s): A new case in a patient with periorbital xanthelasmas and history of celiac disease. J. Clin. Gastroenterol. 1998, 27, 76–78. [Google Scholar] [CrossRef]

	



Verma, A.; Pan, Z. Chagas disease initially diagnosed in a lymph node. Blood 2020, 136, 2478. [Google Scholar] [CrossRef]

	



Karakuş, V.; Dere, Y.M.; Soysal, D.E. Long-Lasting Follow-up with Low-Dose Steroid in an 18-Year-Old Male with Rosai-Dorfman Disease. Case Rep. Med. 2020, 2020, 5727569. [Google Scholar] [CrossRef]

	



Tucci, A.R.; Oliveira, F.O.R., Jr.; Lechuga, G.C.; Oliveira, G.M.; Eleuterio, A.C.; Mesquita, L.B.; Farani, P.S.G.; Britto, C.; Moreira, O.C.; Pereira, M.C.S. Role of FAK signaling in chagasic cardiac hypertrophy. Braz. J. Infect. Dis. 2020, 24, 386–397. [Google Scholar] [CrossRef]

	



Gong, F.; Shen, T.; Zhang, J.; Wang, X.; Fan, G.; Che, X.; Xu, Z.; Jia, K.; Huang, Y.; Li, X.; et al. Nitazoxanide induced myocardial injury in zebrafish embryos by activating oxidative stress response. J. Cell. Mol. Med. 2021, 25, 9740–9752. [Google Scholar] [CrossRef]

	



Cunha, E.L.A.; Torchelsen, F.K.V.D.S.; Fonseca, K.D.S.; Sousa, L.R.D.; Vieira, P.M.A.; Carneiro, C.M.; Pinto, K.M.C.; Torres, R.M.; Lana, M. Benznidazole, itraconazole, and their combination for the treatment of chronic experimental Chagas disease in dogs. Exp. Parasitol. 2022, 238, 108266. [Google Scholar] [CrossRef]

	



Bustamante, J.M.; Craft, J.M.; Crowe, B.D.; Ketchie, S.A.; Tarleton, R.L. New, combined, and reduced dosing treatment protocols cure Trypanosoma cruzi infection in mice. J. Infect. Dis. 2014, 209, 150–162. [Google Scholar] [CrossRef]

	



Gulin, J.E.N.; Bisio, M.M.C.; Rocco, D.; Altcheh, J.; Solana, M.E.; García-Bournissen, F. Miltefosine and Benznidazole Combination Improve Anti-Trypanosoma cruzi In Vitro and In Vivo Efficacy. Front. Cell. Infect. Microbiol. 2022, 12, 855119. [Google Scholar] [CrossRef] [PubMed]

	



Barbosa, J.M.C.; Pedra Rezende, Y.; de Melo, T.G.; de Oliveira, G.; Cascabulho, C.M.; Pereira, E.N.G.D.S.; Daliry, A.; Salem, K.S. Experimental Combination Therapy with Amiodarone and Low-Dose Benznidazole in a Mouse Model of Trypanosoma cruzi Acute Infection. Microbiol. Spectr. 2022, 10, e0185221. [Google Scholar] [CrossRef] [PubMed]

	



Pandey, R.P.; Nascimento, M.S.; Franco, C.H.; Bortoluci, K.; Silva, M.N.; Zingales, B.; Gibaldi, D.; Castaño Barrios, L.; Lannes-Vieira, J.; Cariste, L.M.; et al. Drug Repurposing in Chagas Disease: Chloroquine Potentiates Benznidazole Activity against Trypanosoma cruzi In Vitro and In Vivo. Antimicrob. Agents Chemother. 2022, 66, e0028422. [Google Scholar] [CrossRef] [PubMed]

	



NOM-062-ZOO 1999; Norma Oficial Mexicana. Especificaciones Técnicas Para el Cuidado y Uso de Animales de Laboratorio; [Technical Specifications for the Care and Use of Laboratory Animal]. Diario Oficial de la Federación: Mexico City, Mexico, 1999.

	



Velásquez-Ortiz, N.; Herrera, G.; Hernández, C.; Muñoz, M.; Ramírez, J.D. Discrete typing units of Trypanosoma cruzi: Geographical and biological distribution in the Americas. Sci. Data 2022, 9, 360. [Google Scholar] [CrossRef]

	



Vizcaíno-Castillo, A.; Jiménez-Marín, A.; Espinoza, B. Exacerbated skeletal muscle inflammation and calcification in the acute phase of infection by Mexican Trypanosoma cruzi DTUI strain. Biomed. Res. Int. 2014, 2014, 450389. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-Morales, O.; Carrillo-Sánchez, S.C.; García-Mendoza, H.; Aranda-Fraustro, A.; Ballinas-Verdugo, M.A.; Alejandre-Aguilar, R.; Rosales-Encina, J.L.; Vallejo, M.; Arce-Fonseca, M. Effect of the plasmid-DNA vaccination on macroscopic and microscopic damage caused by the experimental chronic Trypanosoma cruzi infection in the canine model. Biomed. Res. Int. 2013, 2013, 826570. [Google Scholar] [CrossRef]

	



Barr, S.C.; Schmidt, P.S.; Brown, C.C.; Klei, T.R. Pathologic features of dogs inoculated with North American Trypanosoma cruzi isolates. Am. J. Vet. Res. 1991, 52, 2033–2039. [Google Scholar]








[image: Pharmaceuticals 16 00826 g001 550] 





Figure 1. Parameters evaluating the effect of nitazoxanide treatment in a mouse model of experimental Chagas disease. (a) Parasitemia: using the Kruskal–Wallis test, the experimental groups were compared with the W/O-T control group, with statistical significance when * p ≤ 0.05. The blue line represents the period of time of administration of the treatments (from days 10 to 40 post-infection). (b) Body weight: using one-way ANOVA, body weight means of the experimental groups were compared with those of the NC group (negative control, healthy mice). (c) Survival rate: Kaplan–Meier curves demonstrating a significant difference when * p ≤ 0.05 between the W/O-T and NTZ groups compared to the BNZ group. 
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Figure 2. Serum antibody titers in a mouse model of Chagas disease after nitazoxanide treatment. (a) Total IgG, (b) IgG1 and (c) IgG2a. Using the Kruskal–Wallis test or one-way ANOVA, significant differences are shown with * p ≤ 0.05 when the infected groups were compared with the NC group (negative control, healthy mice), whose levels were below the cut-off value, and ** p ≤ 0.05 when the NTZ group was compared with the W/O-T group. 
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Figure 3. Quantification of serum cytokines in a mouse model of Chagas disease after nitazoxanide treatment. The values represent the group mean ± S.D. for detection of IL-1β (a), IFN-γ (b), and TNF-α (c). Using the Kruskal–Wallis test or one-way ANOVA, significant differences are shown with * p ≤ 0.05 when comparing the infected groups with the NC group (negative control, healthy mice). 
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Figure 4. Organ indices in a mouse model of Chagas disease after nitazoxanide treatment. Cardiac (a), splenic (b), and lymph node (c) indices were evaluated at 60 dpi. Using the Kruskal–Wallis test, significant differences are shown with * p ≤ 0.05 when the infected groups were compared with the NC group (negative control, healthy mice), and ** p ≤ 0.05 when the infected groups were compared with the W/O-T group. 






Figure 4. Organ indices in a mouse model of Chagas disease after nitazoxanide treatment. Cardiac (a), splenic (b), and lymph node (c) indices were evaluated at 60 dpi. Using the Kruskal–Wallis test, significant differences are shown with * p ≤ 0.05 when the infected groups were compared with the NC group (negative control, healthy mice), and ** p ≤ 0.05 when the infected groups were compared with the W/O-T group.



[image: Pharmaceuticals 16 00826 g004]







[image: Pharmaceuticals 16 00826 g005a 550][image: Pharmaceuticals 16 00826 g005b 550] 





Figure 5. Histological damage and degree of inflammation of cardiac and skeletal muscle in a mouse model of Chagas disease after nitazoxanide treatment. (a) Microscopic damage of representative micrographs of cardiac tissue: NC group (negative control, healthy mice) (A); BNZ group with a score of 1 (B) and a score of 2 (C); NTZ group with a score of 3 (D), and W/O-T with a score of 4 (E) are shown. (b) Heart and (c) skeletal muscle inflammation scores. The score was obtained as previously described [16]. Using the Kruskal–Wallis test, no significant differences were observed when comparing the NTZ and BNZ groups with the W/O-T group. 
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Figure 6. Amastigotes nests in brain and heart of a mouse model of Chagas disease without treatment. (a) Parasites (asterisks) in the center of midbrain area with vacuolization and ischemia (not photographed). (b) Amastigotes nest (arrowhead) in myocardium section from an untreated mouse. Hematoxylin and eosin stain, 40X objective. 
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