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Abstract Paracoccidioidomycosis (PCM) is a granulomatous disease caused by a dimorphic fungus, Paracoccidioides brasiliensis (Pb). To determine the influence of nitric oxide (NO) on this disease, we tested cis-[Ru(bpy)2(NO)SO3](PF6), ruthenium nitrosyl, which releases NO when activated by biological reducing agents, in BALB/c mice infected intravenously with Pb 18 isolate. In a previous study by our group, the fungicidal activity of ruthenium nitrosyl was evaluated in a mouse model of acute PCM, by measuring the immune cellular response (DTH), histopathological characteristics of the granulomatous
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lesions (and numbers), cytokines, and NO production. We found that cis-[Ru(bpy)2(NO)SO3](PF6)-treated mice were more resistant to infection, since they exhibited higher survival when compared with the control group. Furthermore, we observed a decreased influx of inflammatory cells in the lung and liver tissue of treated mice, possibly because of a minor reduction in fungal cell numbers. Moreover, an increased production of IL-10 and a decrease in TNF-a levels were detected in lung tissues of infected mice treated with cis-[Ru(bpy)2(NO)SO3](PF6). Immunohistochemistry showed that there was no difference in the number of VEGF- expressing cells. The animals treated with cis-[Ru(bpy)2(NO)SO3](PF6) showed high NO levels at 40 days after infection. These results show that NO is effectively involved in the mechanism that regulates the immune response in lung of Pb-infected mice. These data suggest that NO is a resistance factor during paracoccidioidomycosis by L. G. de Franc¸a Lopes Department of Organic and Inorganic Chemistry, Federal University of Ceara´, Fortaleza, Brazil W. R. Pavanelli (&) Universidade Estadual de Londrina-UEL-Rodovia Celso Garcia Cid, Campus Universita´rio, Cx. Postal 6001, Londrina, PR 86051-990, Brazil e-mail: [email protected]
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controlling fungal proliferation, influencing cytokine production, and consequently moderating the development of a strong inflammatory response. Keywords Ruthenium nitrosyl  NO donors  Nitric oxide  Paracoccidioidomycosis



Introduction Paracoccidioidomycosis (PCM), a deep mycosis endemic in Latin America, is caused by the thermally dimorphic fungus Paracoccidioides brasiliensis (Pb) that develops as a yeast at body temperature and as a mycelium at room temperature. Pb causes natural infections by inhalation of conidia or mycelial elements [1]. Most exposed subjects develop an asymptomatic infection, although some individuals present with clinical manifestations that can vary from benign and localized to severe and disseminated forms [2]. Patients with benign PCM usually present with cellular immune response to the Th1 pattern with the production of IFN-c and TNF-a and basal levels of IL-4, IL-5, and IL-10, while those with the disseminated disease typically show immune response to the Th2 pattern with high production of IL-4, IL-5, and IL-10 and impaired secretion of IFN-c [2]. No consensus exists regarding the determinants of a Th1 or Th2 immune response in PCM [3]. However, several factors may contribute to this process, such as type of cytokine produced in the microenvironment of the infection and antigenpresenting cells, host genetic background, and dose of infectious microorganism [4, 5]. Beside these factors, previous studies have suggested that nitric oxide (NO), generated from the amino acid L-arginine by the inducible isoform of NO synthase (iNOS or NOS2), was involved in the immune response and consequent elimination of P. brasiliensis [6]. Killing of pathogens mediated by NO has been described in several infectious and parasitic diseases including those caused by Mycobacterium tuberculosis [7], Leishmania major [8], Schistosoma mansoni [9], and Histoplasma capsulatum [10]. Fungicidal and immunosuppressive properties of NO were described by studies with P. brasiliensis infection. In experimental models of PCM, some authors suggested a protective role of NO, whereas
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others showed that its persistent production is associated with susceptibility, depending on the level and persistence of NO production during infection [6, 11, 12]. A dual role of NO was shown in susceptible and resistant mice infected with P. brasiliensis, suggesting a protective effect in the early phase of infection, but a deleterious action associated with a more severe disease with time [12]. There is evidence that inflammatory cytokines and nitric oxide play an important role in the genesis and control of PCM. Therefore, a ruthenium NO donor, trans-[RuII(NO?)(NH3)4L]3?, was chosen as a good model for assessing fungicidal activity in vivo. Besides its low toxicity, it shows good water solubility and stability in aqueous media in the presence of oxygen, and the NO released by these types of compounds at the site of action can be controlled through the judicious selection of the trans ligand (L) [11]. Additionally, these compounds are activated to release NO by reducing agents present in a biological milieu [13]. Hence, the features shown by these types of compounds are quite promising for designing metallopharmaceuticals, especially to combat infectious diseases where the NO concentration has to be high enough to prevent the development of the microorganisms but not so high as to cause immunosuppression, inhibition of respiratory complexes and acotinase, DNA modifications, or apoptosis in the host cells [14]. In fact, studies have demonstrated that ruthenium complexes [Ru(Ctz)2(H2O)2](PF6)2 and [Ru(Ktz)2(H2O)Cl3] acting in synergism with anti-fungal drugs are more active than the corresponding free ligands [15, 16]. Moreover, previous studies [15, 16] have shown that ruthenium complexes are able to inhibit 70% of the proliferation of epimastigote forms of T. cruzi [17]. Following this approach, the [Ru(NH3)4L]n? moiety has been successfully tested as a NO carrier in vitro and in vivo [18, 19], because the trypanocidal effect of activated macrophages has been ascribed to NO production [18]. In addition, in a recent related work, trans-[Ru(NO)(NH3)4L]n?, where L = N-heterocyclic, SO32-, or P(OEt)3 exhibited not only low cytotoxicity but also anti-T. cruzi activity due to NO action [19]. However, in the present study, we proposed to determine the influence of a ruthenium donor of nitric oxide on the inflammatory response induced against P. brasiliensis.
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Materials and Methods Animals Female BALB/c mice, aged 6–8 weeks, were bred and maintained in microisolator cages in the animal housing facility of the Department of Pathology Science, CCB, State University of Londrina-UEL, in accordance with the local protocols of ethics in animal care. The procedures involving animals and their care were conducted in agreement with national and international policies. Fungus and Murine Infection Yeast cells of virulent strain P. brasiliensis 18 were cultured at 36°C in Fava-Netto’s medium for 7 days. The yeast cells were harvested and washed three times in phosphate-buffered saline (PBS), pH 7.2. The viability of yeast cells was determined as previously described [20]. The animals (n = 5) were infected intravenously (i.v.) with 1 9 106 viable yeast cells in 100 ll of PBS. Negative controls (n = 5) were inoculated i.v. with 100 ll of vehicle [21]. For survival determination, the animals (n = 5) were infected intravenously (i.v.) with 1 9 108 viable yeast cells in 100 ll of PBS and treated with 100 lM cis-[Ru(bpy)2(NO)SO3](PF6) or not (control group) and were followed for up to 60 days of infection. Chemicals, Drugs, and Reagents Ruthenium trichloride from Aldrich Chemical Company (ACC) was the starting material for the synthesis of the ruthenium complex described here. All solvents were purified following known procedures [22] and double-distilled water was used throughout. The synthesis and all manipulations were carried out under argon atmosphere [23].
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spectrophotometer, Hitachi (model Z-8100), with a Hitachi Hollow Cathode Lamp, 12 mA, and k = 349.9 nm. UV visible measurements were performed in a 1.0 cm quartz cell in a Hewlett-Packard diode array model 8452A spectrophotometer. IR spectra were recorded with a Bomem FTIR, model MB-102, spectrophotometer in the 400–4,000 cm-1 range, with the sample supported in potassium bromide pellets. A polarographic analyzer/stripping voltammeter model 264A from Princeton Applied Research attached to a microcomputer and employing Microquı´mica Eletrochemical software was used for the electrochemical measurements. The electrochemical cell used was a conventional three-electrode type with an aqueous saturated calomel electrode as a reference electrode and a glassy carbon and platinum wire as working and auxiliary electrodes, respectively. DTH Reaction The delayed-type hypersensitivity reaction (DTH) was evaluated by injecting 25 ll of exoantigen (EXO) derived from Pb18 (2 mg/ml) into the footpads of mice on days 19 and 39 after infection by P. brasiliensis. The size of the swelling was determined on days 20 and 40 after infection and with a caliper (Mitutoyo Corporation, Tokyo, Japan). Histological Analysis Groups of 5 mice were euthanized after 20 and 40 days of infection with P. brasiliensis. The lung and liver were fixed in 10% formaldehyde in PBS, embedded in paraffin, sectioned, stained with hematoxylin eosin, and examined by light microscopy. The number of granulomatous lesions in the lung and liver were quantified by histocytometry using an image analyzer (BioScan/OPTIMAS; Media Cybernetics, Silver Spring, MD). Values were expressed as the mean ± SEM of triplicate sections.



Synthesis and Instrumentation Organ Colony-Forming Units The ruthenium NO donor cis-[Ru(bpy)2(NO)SO3] (PF6) was synthesized and characterized following published procedures [24, 25]. Elemental analysis of hydrogen, carbon, and nitrogen was carried out using an EA 1110 CHNS-O CE instrument. Analysis of ruthenium was performed as described elsewhere [26], using a Polarized Zeeman atomic absorption



The lung and liver fractions were removed, weighed, homogenized, and washed three times in phosphate buffered, and the resuspended pellet was plated on brain–heart infusion (BHI) agar supplemented with 4% fetal serum and 5% spent culture medium from P. brasiliensis as a growth factor. Gentamicin and
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chloramphenicol were added at 60 and 100 lg/ml, respectively. The plates were incubated at 35°C and read after 8 days. The results were expressed as the number of P. brasiliensis CFUs per mg of tissue per mouse. Cytokine Assays Concentrations of cytokines in tissue homogenates from lung were measured by ELISA. IFN-c and IL-10 (OpTEIA, BD Bioscience, San Diego-CA, USA) and IL-4 (Duoset R&D Systems, Minneapolis-MN, USA) were assayed following the manufacturer’s instructions. The reaction was revealed with peroxidase-conjugated streptavidin (Vector Laboratories, Burlingame-CA, USA) followed by the substrate containing TMB (Promega, Madison-WI, USA) as a chromogen. Optical densities (O.D.) of samples were then read at 450 nm, and the concentrations of cytokines were determined by extrapolation from a standard curve of each recombinant cytokine. Immunohistochemical Staining of Vascular Endothelial Growth Factor
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Determination of Nitrite Levels Sample nitrite was determined according to Panis et al., 2010 [27] with some modifications. Briefly, serum aliquots were deproteinized by adding 50 lL of 75 mM ZnSO4 and 70 lL of NaOH, shaken, and centrifuged at 10,000 rpm for 5 min, 25°C. The clear supernatant was recovered and diluted in glycine buffer (45 g/L, pH 9.7). Cadmium granules were rinsed in sterile distilled water for 5 min and added to a 5 mM CuSO4 solution in glycine-NaOH buffer (15 g/l, pH 9.7), and the copper-coated cadmium granules were used within 10 min. The activated granules were added to glycine buffer-diluted supernatant and stirred for 10 min. Aliquots of 200 lL were recovered in appropriate tubes for nitrite determination and the same volume of Griess reagent was added. After an incubation of 10 min at room temperature, the tubes were centrifuged at 10,000 rpm, for 2 min at 25°C, and the resuspended pellet added to 96-well microplates in triplicate. A calibration curve was prepared by dilution of NaNO2, and the absorbance was determined at 505 nm in a microplate reader. Statistical analysis



Immunohistochemistry for VEGF was performed on 3 lm-thick paraffin-embedded sections from lung in both group by the labeled streptavidin–biotin method using an LSAB kit (DAKO Japan, Kyoto, Japan) with microwave antigen retrieval. The paraffin-embedded sections were heated for 30 min at 65°C, deparaffinized in xylene, and rehydrated through a graded ethanol series at room temperature. Incubations were performed in a humidified chamber. Sections were treated for 40 min at room temperature with 2% BSA and incubated overnight at 4°C with primary antibody (anti-VEGF rabbit polyclonal antibody diluted 1:50, Sigma). Horseradish peroxidase activity was visualized by treatment with H2O2 and 3,30 -diaminobenzidine (DAB) for 5 min. In the last step, the sections were weakly counterstained with Harry’s hematoxylin (Merck). For each case, negative controls were performed on serial sections. On the control sections, incubation with the primary antibodies was omitted. Intensity and localization of immunoreactivities against all primary antibodies used were examined on all sections using a photomicroscope (Leica DM 2500) and the score determined.
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Results are expressed as mean ± SEM of two independent experiments. Student’s t test was used to analyze the statistical significance of the observed differences. The Kaplan–Meier method was used to compare survival times of the groups studied. Values of P B 0.05 were considered significant.



Results Influence of Treatment with Ruthenium NO Donor on the Survival of P. brasiliensis-Infected mice To determine the effect of ruthenium NO donor on mortality during the acute phase of PCM, mice were treated for 20 days with 100 lM cis-[Ru(bpy)2(NO)SO3](PF6) or vehicle. We observed that 100% of infected mice treated with cis-[Ru(bpy)2(NO)SO3](PF6) survived up to 60 days p.i. The mortality of the infected mice treated with vehicle (control group) was 40% on day 19 p.i. and was as high as 80% on day 35 p.i. (Fig. 1).
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Days after infection Fig. 1 Survival curves of BALB/c mice treated with cis[Ru(bpy)2(NO)SO3](PF6) or control. BALB/c mice were infected i.v. with 1 9 108 viable yeast cells of P. brasiliensis and treated with cis-[Ru(bpy)2(NO)SO3](PF6) or vehicle for 20 days. The mortality of these mice was also evaluated. Data are representative of two independent experiments with 5 mice per group. The data shown represent the mean ± SEM of the results obtained. *P \ 0.05, cis-[Ru(bpy)2(NO)SO3](PF6)treated mice versus control mice



Treatment with NO Donor Improves Cellular Immune Response In attempt to determine whether the treatment with ruthenium NO donor improved cellular immune response in PCM, we performed the DTH test (delayed type hypersensitivity reaction). The treated animals showed a 2-fold increase in cellular immune response when compared to untreated infected animals (control mice), only on the 20th day after infection (Fig. 2). The Influence of cis-[Ru(bpy)2(NO)SO3](PF6) Administration on Inflammatory Response in Lung and Liver of P. brasiliensis-Infected Mice NO is implicated in the regulation of inflammation where it augments or decreases cell migration to inflamed tissue [28]. Therefore, we evaluated the inflammatory response in lung and liver of P. brasiliensis-infected mice. The animals treated with cis[Ru(bpy)2(NO)SO3](PF6) showed reduced and focal inflammation in lung and liver (Figs. 3a, 4a) when compared to control mice (vehicle). In fact, quantitative analysis clearly showed in both organs of treated animals a decreased number of granulomas (Figs. 3b, 4b). Accordingly, this difference was most evident at 40 days after infection. These results indicated that NO
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Days after infection Fig. 2 Evaluation of delayed type hypersensitivity reaction (DTH). BALB/c mice were infected i.v. with 1 9 106 viable yeast cells of P. brasiliensis and treated with cis-[Ru(bpy)2(NO)SO3](PF6) or vehicle for 20 days. DTH was evaluated by inoculating 25 ll of exoantigen (EXO) derived from Pb18 into the footpads of mice on days 19 and 39 after infection by P. brasiliensis. Data are representative of two independent experiments with 5 mice per group. The data shown represent the mean ± SEM of the results obtained. *P \ 0.05, cis[Ru(bpy)2(NO)SO3](PF6)-treated mice verus control mice



released in the lung and liver of P. brasiliensis-infected mice contributed to the abrogation of an inflammatory response, consequently reducing tissue injury. Fungicidal Activity of cis-[Ru(bpy)2(NO)SO3](PF6) in PCM We observed that at 40 days post-infection, mice treated with NO donor showed lesions with compact granulomas containing a small number of cells (CFUs) of P. brasiliensis in the lung and liver (Fig. 5a, b), without spreading to the spleen (data not shown). This result demonstrates that treatment with the ruthenium NO donor was able to eliminate the fungus at an early stage of infection. Detection of VEGF-Positive Cells in Lung of P. brasiliensis-Infected Mice Treated with cis-[Ru(bpy)2(NO)SO3](PF6) Vascular endothelial growth factor (VEGF) is widely regarded as a potent stimulator of angiogenesis, edema, inflammation, and vascular remodeling [29]. Immunohistochemistry was performed to detect VEGF cells, with positive immunostaining found present in lung sections from mice treated with cis[Ru(bpy)2(NO)SO3](PF6) or vehicle. The results
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Days after infection Fig. 3 NO release lessens histological alteration in the lung of mice infected with P. brasiliensis. BALB/c mice were infected i.v. with 1 9 106 viable yeast cells of P. brasiliensis and treated with cis-[Ru(bpy)2(NO)SO3](PF6) or vehicle, and the lung removed, fixed, and examined using photomicrography. a Representative photomicrography of lung pathology of BALB/c mice treated with cis-[Ru(bpy)2(NO)SO3](PF6) or



vehicle at days 20 and 40 p.i. b Quantification of inflammatory score. Data are representative of two independent experiments with 5 mice per group. The data shown represent the mean ± SEM of the results obtained. *P \ 0.05, cis[Ru(bpy)2(NO)SO3](PF6)-treated mice versus control mice. Scale bars = 50 lm



demonstrated that the treatment with NO donor did not change the distribution of VEGF-positive cells at the two times examined when compared with the control group (Fig. 6a). In fact, quantitative analysis revealed no differences between the treated and control mice (Fig. 6b).



Effect of Ruthenium NO Donor Administration on Cytokine Production in P. brasiliensis-Infected Mice
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Several works show the importance of a different profile of cytokines during PCM. Therefore, we
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Days after infection Fig. 4 NO release lessens histological alteration in the liver of mice infected with P. brasiliensis. BALB/c mice were infected i.v. with 1 9 106 viable yeast cells of P. brasiliensis and treated with cis-[Ru(bpy)2(NO)SO3](PF6) or vehicle, and the liver removed, fixed, and examined using photomicrography. a Representative photomicrography of liver pathology of BALB/c mice treated with cis-[Ru(bpy)2(NO)SO3](PF6) or



vehicle on days 20 and 40 p.i. b Quantification of inflammatory score. Data are representative of two independent experiments with 5 mice per group. The data shown represent the mean ± SEM of the results obtained. *P \ 0.05, cis[Ru(bpy)2(NO)SO3](PF6)-treated mice versus control mice. Scale bars = 50 lm



determined the kinetics of cytokine production (TNF-a, IL-4 and IL-10) in the lung of infected mice treated with ruthenium NO donor or vehicle (controls). The cis-[Ru(bpy)2(NO)SO3](PF6) treatment caused a significant decrease in TNF-a levels in the lung by 20 days p.i., compared to control mice (Fig. 7a). However, the production of IL-10 in treated animals was higher in both periods analyzed when compared with control mice (Fig. 7b). However, the production of IL-4 was significantly higher in the control group than in NO-treated mice (Fig. 7c). Therefore, these results demonstrate that NO delivery directly induced an anti-inflammatory condition, but not a Th2 profile.



Effect of Ruthenium NO Donor Administration on Nitric Oxide Production in Infected Mice Nitric oxide (NO) is one of the most important mediators involved in fungicidal mechanisms during P. brasiliensis infection [6, 11, 12]. Therefore, we measured NO levels in the serum of mice treated with cis-[Ru(bpy)2(NO)SO3](PF6) or vehicle. At 40 days after infection, the animals treated with NO donor showed higher serum levels of NO when compared to control mice (Fig. 8). This finding suggests that the elevated production of NO in mice treated with cis[Ru(bpy)2(NO)SO3](PF6) was responsible for the elimination of P. brasiliensis, principally in the liver.
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Days after infection Fig. 5 Fungicidal activity of cis-[Ru(bpy)2(NO)SO3](PF6) in BALB/c mice with PCM, treated with NO donor or not. BALB/c mice were infected i.v. with 1 9 106 viable yeast cells of P. brasiliensis and treated with cis-[Ru(bpy)2(NO)SO3](PF6) or vehicle for 20 days; the lung and liver were removed, fixed, stained with gray nitrate, and examined using photomicrography. Figure 5a and b showed the numbers of viable fungal cells in lung and liver, respectively. Data are representative of two independent experiments with 5 mice per group. The data shown represent the mean ± SEM of the results obtained. *P \ 0.05 and **P \ 0.01, cis-[Ru(bpy)2(NO)SO3](PF6)-treated mice versus control mice



Discussion In human and experimental PCM, several findings suggest that nitric oxide (NO) plays an essential role in host defense against P. brasiliensis. In fact, in evaluating the influence of treatment with cis-[Ru(bpy)2(NO)SO3](PF6) (NO donor) in experimental PCM, we found that NO release induced host resistance against P. brasiliensis infection, since 100% of treated mice survived for at least 60 days (Fig. 1). Animals that are resistant to these microorganisms release high concentrations of this mediator and
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become susceptible to infection when treated with NOS inhibitors, as observed also in animals that are genetically deprived of iNOS [7, 30, 31]. These results suggest that endogenously produced NO is involved in the control of fungal infection. Confirming this notion, Bocca et al. (1998) [11] observed that treating the infected animals daily with Nx-nitro-Larginine (nitro-Arg) blocked NO production and caused a significant increase in the lung fungal burden by day 60 of infection, and the time to death of the Nitro-Arg-treated animals was sorted compared with untreated animals. In our laboratory, using a model of T. cruzi infection, the treatment for infected animals with an NO donor, similar to that used in this study, markedly increased survival (to 60%) [19]. It is known that one of the most prominent functions of NO in the immune system is its participation in protective immunity, which may directly and indirectly modulate the inflammatory response. The immunosuppressor activity of NO has been reported in vitro and in several in vivo models of infection, including T. gondii [32], L. monocytogenes [33], and P. vinckei [34]. Teixeira et al. (1987) [35] previously showed that P. brasiliensis infection in susceptible mice leads to the suppression of humoral and cellular responses. Later, it was found that the low lymphoproliferative response of B6 mice infected with P. brasiliensis was prevented by treatment with Nx-nitro-L-arginine, an inhibitor of NOS1 and NOS2, during infection [11]. In our studies, we found no differences in cellmediated immune response between the groups analyzed (Fig. 2). This effect has been associated with the low concentration of the compound utilized in treatment. Knowing that the lung is one of the most compromised organs in PCM disease, with consequent deterioration of pulmonary function, we then evaluated the inflammatory response to this organ and observed that NO release induced a mild and focal inflammatory response (Fig. 3a) In the animals that were treated with NO donor, these lesions were present in smaller numbers and were well defined, compact, and circumscribed, mainly consisting of epithelioid cells surrounding most of the fungi present in the center of the granuloma. The number of granulomas was reduced in the lung and liver of the cis-[Ru(bpy)2(NO)SO3](PF6)-treated animals



Mycopathologia (2011) 172:95–107 Fig. 6 Vascular endothelial growth factor (VEGF) immunoreactivity in lung of BALB/c mice, treated with NO donor and control. BALB/c mice were infected i.v. with 1 9 106 viable yeast cells of P. brasiliensis and treated with cis [Ru(bpy)2(NO)SO3](PF6) or vehicle for 20 days, and the lung removed, fixed, and examined using photomicrography. a Representative photomicrography of VEGF presence in lung of BALB/c mice treated with NO donor or vehicle at days 20 and 40 p.i. b Percentage of VEGF per area in lung. Data are representative of two independent experiments with 5 mice per group. The data shown represent the mean ± SEM of the results obtained
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(Fig. 4a). In fact, the quantification (inflammatory index) of the inflammatory cells confirmed these data. Our results are in consonance with a previous report showing that NOS2-deficient mice were more susceptible to P. brasiliensis infection, as revealed by extensive granulomatous lesions in the lungs and parenchyma of the liver in these animals [11, 35]. It is possible that this attenuated inflammatory response found in the lung of animals treated with an NO donor is due in part to increased production of IL-10 (Fig. 6a), which has immunomodulatory



activity. A known function of IL-10 is its ability to modulate the production of several proinflammatory mediators, including cytokines and chemokines, thus reducing the severity of the inflammatory response to P. brasiliensis infection. In fact, the suppressor effects of IL-10 on protective immune responses against fungi have also been detected in several models of murine infections with C. albicans [36–38], Histoplasma capsulatum [39], Aspergillus fumigatus [37], and Coccidioides immitis [40].
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Days after infection Fig. 7 Kinetics of cytokine production during P. brasiliensis infection. BALB/c mice were infected i.v. with 1 9 106 viable yeast cells of P. brasiliensis and treated with cis-[Ru(bpy)2(NO)SO3](PF6) or vehicle for 20 days; the animals were euthanized at different time points after infection. The concentrations of TNF-a (7A), IL-10 (7B), and IL-4 (7C) were determined in tissue homogenate by ELISA. Data are representative of two independent experiments with 5 mice per group. The data shown represent the mean ± SEM of the results obtained. *P \ 0.05, cis-[Ru(bpy)2(NO)SO3](PF6)treated mice versus control mice. The dashed line represents values obtained on day zero for mice not infected and treated
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In addition, we examined the production of TNFa, an important cytokine responsible for the increased expression of vascular endothelial growth factor (VEGF) in various tissues [41–43], and the recruitment/activation of leukocytes during the immune response, contributing to the formation of a functional granuloma [44]. In our investigation, we found that cis-[Ru(bpy)2(NO)SO3](PF6)-treated mice showed reduced levels of TNF-a, compared to untreated mice (Fig. 6b), but no difference was found regarding VEFG staining in the lung (Fig. 7a, b). These results together showed that treatment with the NO donor reduced cell migration (inflammatory response), by increasing the production of the immunomodulatory cytokine IL-10 and decreasing the synthesis of proinflammatory TNF-a. Interestingly, this modulating effect of the inflammatory response had already been seen in a model of T. cruzi infection [45]. These findings were associated with reduced or absent damage (fibrosis) in lung and liver during experimental PCM (data not show). Several experimental infection models demonstrated that fibrosis induced by S. mansoni, M. tuberculosis [46], and M. avium [47] are regulated by differential ARG-1 and iNOS expression. Thus, an anti-fibrotic role was attributed to NO. Nitric oxide could decrease the accumulation of ECM deposits by modulating the expression and activity of zinc-dependent matrixdegrading enzymes, called MMPs. These proteases are produced as inactive forms, called zymogens or pro-MMPs and require a proteolytic cleavage to become active MMPs [48]. Since cis-[Ru(bpy)2(NO)SO3](PF6)-treated mice had high levels of circulating nitric oxide, as shown in this Fig. 8, we evaluated the microbicidal activity of this agent. We found that treatment with the NO donor reduced the fungal cell numbers in both organs examined (Fig. 5a, b) at 20 days p.i., showing that circulating NO is able to kill fungi and hence control parasite multiplication. In accordance with our data, published studies in the literature [7, 12] also report this phenomenon. Nascimento et al. (2002) [12] also found that in both mouse strains (BALB/c and B6) transient NOS2 inhibition exacerbated the infection, i.e., the infection spread extensively to the lungs and liver. These data suggest that regardless of the mouse strain, NO plays an essential role in the control of fungal dissemination.
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Days after infection Fig. 8 Kinetics of nitric oxide production in serum of BALB/c mice, treated with NO donor and control. BALB/c mice were infected i.v. with 1 9 106 viable yeast cells of P. brasiliensis and treated with cis-[Ru(bpy)2(NO)SO3](PF6) or vehicle for 20 days. Serum levels of nitrite/nitrate are shown for BALB/c mice treated with cis-[Ru(bpy)2(NO)SO3](PF6) or vehicle at days 20 and 40 p.i. Data are representative of two independent experiments with 5 mice per group. The data shown represent the mean ± SEM of the results obtained. *P \ 0.05, cis[Ru(bpy)2(NO)SO3](PF6)-treated mice versus control mice. The dashed line represents values obtained on day zero for mice not infected and treated



In general, when the fungus enters a host, it has to interact with various effector cells (macrophage, polymorphonuclear leukocytes, and monocytes), and for successful colonization, it needs to resist their microbiostatic and microbicidal mechanisms. Several groups have studied the interactions of murine and human effector cells, with both the infective conidia and the parasitic yeast forms of P. brasiliensis [49]. Gonzales et al. (2000) (6) revealed that in vitro the inhibitory and/or killing mechanism used by activated murine macrophage against this pathogen involves NO production, confirming the results obtained in vivo by Bocca et al. (1998) [11] and suggesting that NO is important in fungal killing. The cellular diffusion and half-life of the NO molecule are important factors in a better understanding of the fungicidal activity of NO. NO molecules released by our NO donors probably do not act only at the site of release but also at considerable distances. This NO property is an important factor to be considered as charged, inorganic, water-soluble NO scavengers should remain preferentially in the bloodstream instead of crossing lipophilic host cell membranes [50]. It is likely that the NO donor studied may



also face some resistance in crossing these membranes, but the extracellularly released NO could still diffuse into the cell [14]. This explains the results obtained from analyses of the lung and liver photomicrographs. These micrographs showed that the compound cis-[Ru(bpy)2(NO)SO3](PF6) was able to eliminate intracellular as well as extracellular yeast cells of P. brasiliensis, thus reducing the inflammatory infiltrates in the tissues. Thus, it is clear that NO plays a fundamental role in the effector mechanism underlying resistance and may act intra- and extracellularly through different metabolites. Our results clearly show that NO donor treatment for infected mice resulted in fungal killing (blocking parasite multiplication), amelioration of the inflammatory response in the lung and liver, protection of the mice against tissue damage, and significant increase in survival. In conclusion, this work showed that the compound modulates the immune response against the fungus by regulating the influx of inflammatory cells, consequently reducing fungal burden. Acknowledgments The authors would like to acknowledge the financial support from Fundac¸a˜o Arauca´ria/SETI-PR, Coordenac¸a˜o de Aperfeic¸oamento de Pessoal de Nı´vel Superior (CAPES) and Special Program for Research and Training in Tropical Diseases (TDR/WHO). Dr. A. Leyva provided English editing of the manuscript. Conflict of Interest interest.
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