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Abstract

:

Two distinct intracellular pathogens, namely Mycobacterium tuberculosis (Mtb) and Toxoplasma gondii (Tg), cause major public health problems worldwide. In addition, serious and challenging health problems of co-infections of Tg with Mtb have been recorded, especially in developing countries. Due to this fact, as well as the frequent cases of resistance to the current drugs, novel anti-infectious therapeutics, especially those with dual (anti-Tg and anti-Mtb) modes of action, are needed. To address this issue, we explored the anti-Tg potential of thiazolidinedione-based (TZD-based) hybrid molecules with proven anti-Mtb potency. Several TZD hybrids with pyridine-4-carbohydrazone (PCH) or thiosemicarbazone (TSC) structural scaffolds were more effective and more selective than sulfadiazine (SDZ) and trimethoprim (TRI). Furthermore, all of these molecules were more selective than pyrimethamine (PYR). Further studies for the most potent TZD-TSC hybrids 7, 8 and 10 and TZD-PCH hybrid molecule 2 proved that these compounds are non-cytotoxic, non-genotoxic and non-hemolytic. Moreover, they could cross the blood–brain barrier (BBB), which is a critical factor linked with ideal anti-Tg drug development. Finally, since a possible link between Tg infection and the risk of glioblastoma has recently been reported, the cytotoxic potential of TZD hybrids against human glioblastoma cells was also evaluated. TZD-PCH hybrid molecule 2 was found to be the most effective, with an IC50 of 19.36 ± 1.13 µg/mL against T98G cells.
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1. Introduction


Two distinct intracellular pathogens, namely Mycobacterium tuberculosis (Mtb) and Toxoplasma gondii (Tg), cause major public health problems worldwide; Mtb is the human etiologic agent of tuberculosis (TB), while the zootonic parasite Tg causes serious health problems in immunocompromised people and developing fetuses. Both infections share many characteristics; they can cause acute disease, or they can be latent and asymptomatic. Latent infections represent the majority of the cases after infection with either of these two pathogens. Latency could be explained by the capacity of Mtb and Tg pathogens to survive or even replicate within macrophages or other target cells, and their capacity to shield themselves from the immune response by residing within a non-fusogenic vacuole inside the macrophage. However, in immunocompromised people, both infections manifest as acute disease [1]. As per the estimation of the World Health Organization, Mtb infection is the thirteenth leading cause of death and the second leading cause of mortality from infectious diseases after COVID-19; in 2020, a total of 10 million people fell ill with TB and 1.5 million people died from this infectious disease [2]. Incorrect medication prescription by health care providers, patient non-compliance with drug regimens, and poor-quality drugs have led to the emergence of resistant Mtb strains, ranging from multidrug- [3,4] to fully drug-resistant TB [5,6]. These aspects coupled with toxicities, numerous side effects, and long-term treatment regiments associated with the use of current TB medicines indicate that new drugs are urgently needed [7,8,9,10,11,12]. In a similar manner to Mtb, the Tg pathogen infects one third of the human population and has co-evolved with the human population for centuries [13,14]. Although Tg infection in immunocompetent individuals is usually asymptomatic or minor and self-limited [15,16,17], in patients with profound T-cell deficiency, it can cause serious complications, or even be fatal [18,19,20]. Furthermore, congenital toxoplasmosis, which occurs during pregnancy, can cause spontaneous abortions, stillbirths, and some degrees of mental or physical retardation, hydrocephalus, microcephalus, intracerebral calcifications, blindness, and deafness [21]. The current gold-standard treatments, based on a combination of pyrimethamine and sulfonamide, are associated with adverse side effects, mostly pyrimethamine-related bone marrow suppression, intolerance or allergic reactions to the sulfonamide component [22,23,24,25,26,27]. Alternative therapies, such as macrolides, atovaquone, and cotrimoxazole, also have several side effects [28,29,30]. Furthermore, serious and challenging health problems of co-infections of Tg with Mtb have been recorded in some cases, especially in developing countries. These include ocular co-infection [31], cerebritis from intracranial toxoplasmosis and tuberculosis [32], cerebral toxoplasmosis combined with disseminated tuberculosis [33], neurotoxoplasmosis mimicking intracranial tuberculoma [34,35], pulmonary tuberculosis co-infection with toxoplasmosis [36], and others [37,38,39,40,41]. In particular, patients with previously diagnosed TB are at a high risk for the acquisition of Toxoplasma infection, which could reactivate the latent toxoplasmosis [42]. Therefore, alternative therapies with dual anti-infectious modes of action are needed to overcome this problem.



To address this issue, we explored the anti-Mtb modes of action of promising thiazolidinedione (TZD) molecular hybrids with negligible cytotoxic effects against human cells, expressed by a rigorous 30% cytotoxic concentration (CC30) parameter. Several TZD-based hybrids that incorporate pyridine-4-carbohydrazone (PCH) [43] or thiosemicarbazone (TSC) [44,45] and structural fragments have been recently reported and evaluated for their anti-Mtb activity. Some of these molecules (1–12) revealed excellent in vitro potency with minimal inhibitory concentrations (MICs) in the range of 0.031–1 µg/mL (Figure 1). Moreover, the most potent hybrid molecules were more effective and more selective for the Mtb pathogen than the reference drug rifampicin, indicating their potential as anti-mycobacterial agents. To extend these preliminary findings with details on the possible anti-Tg effect of TZD-based hybrid molecules, in vitro anti-Toxoplasma studies were subsequently undertaken and their promising results are presented in this paper. Several compounds were found to be more effective and more selective than sulfadiazine, trimethoprim, and pyrimethamine. Further studies for the most potent of them proved that they are non-cytotoxic, non-genotoxic and non-hemolytic. Moreover, they could cross the BBB, which is a critical factor linked with ideal anti-Tg drug development. Finally, since the possible link between Tg infection and the risk of glioblastoma has recently been reported [46], the cytotoxic potential of selected TZD hybrids against human glioblastoma cells was also evaluated. Among them, TZD-PCH hybrid molecule 2 was found to be the most effective, with an IC50 of 19.36 ± 1.13 µg/mL against T98G cells. As far as we are aware, the dual anti-infectious (anti-Tg and anti-Mtb) properties for TZD-based hybrid molecules have not been recorded.




2. Results and Discussion


2.1. Chemistry


The previously reported TZD-PCH (1–6) and TZD-TSC (7–12) hybrid molecules were resynthesized according to a two-step synthetic procedure described in detail in Refs. [43,44,45], respectively. Briefly, a condensation reaction of (2,4-dioxo-1,3-thiazolidin-5-yl/ylidene)acetyl chlorides with hydroxybenzaldehydes afforded formylphenyl (2,4-dioxo-1,3-thiazolidin-5-yl/ylidene)acetates. Further reactions with isonicotinic acid hydrazide or thiosemicarbazide produced the final TZD-PCH (1–6) and TZD-TSC (7–12) hybrid molecules (Figure 2).




2.2. Inhibition of T. gondii Tachyzoites In Vitro


A summary of the ability of each TZD hybrid molecule (1–12) to inhibit the parasite’s growth by 50% (IC50Tg), the cytotoxic effect on the host cells (Hs27), expressed as the concentration that reduced the cells’ viability by 30% (as CC30), and the selectivity index (SI) calculated by CC30/IC50Tg are presented in Table 1 and graphically illustrated in Figure 3, respectively. In these studies, pyrimethamine (PYR) and sulfadiazine (SDZ), typically used for the treatment of human toxoplasmosis [47], atovaquone (ATO), widely used for the treatment of severe toxoplasmosis, [48] and trimethoprim (TRI), commonly used in veterinary medicine [49], were used as positive controls. Dimethyl sulfoxide (0.1%) was used as the negative control-.



According to the results presented in Table 1, all the tested TZD-PCH hybrid molecules (1–6) with IC50 values in the range of 8.37–39.02 µg/mL showed anti-Tg activity that was 32- to 150-fold higher than SDZ (IC50Tg = 1254.36 µg/mL). Among them, the most active molecules were molecule 2 with an IC50Tg of 8.37 µg/mL and 1 with an IC50Tg of 12.93 µg/mL. These compounds showed comparable or even better activity compared to TRI (IC50Tg = 14.79 µg/mL). The introduction into 2 of an electron-donating methoxy (3) and ethoxy (4) group or an electron-withdrawing chloro (5) and bromo (6) substituent led, in all cases, to a decrease in anti-Tg activity. Within the series TZD-TSC (7–12), in turn, all the hybrid molecules were more effective than SDZ and TRI. In a similar manner to the TZD-PCH series (1–6), the TZD-TSC hybrid molecules with an unsubstituted phenyl ring, i.e., 10 (IC50Tg = 5.32 µg/mL) and 7 (IC50Tg = 5.94 µg/mL), were better Tg inhibitors, as compared to the substituted ones (8, 9, 11 and 12). Among the substituted hybrid molecules, the chloro-substituted phenyl ring, as in 8 (IC50Tg = 8.74 µg/mL) and 12 (IC50Tg = 10.17 µg/mL), was preferred over bromo 9 (IC50Tg = 12.29 µg/mL) and methoxy 11 (IC50Tg = 12.07 µg/mL) substitution.



With respect to the cytotoxic effect against the host cells, all TZD hybrids (1–12) displayed negligible cytotoxicity towards the normal human foreskin fibroblast Hs27 cell line and all of them were not toxic to the host cells at anti-parasitic concentrations. Further calculation of the SI indexes showed that these compounds are promising for their anti-Tg activity, as indicated by a marked increase in their SI values, compared to SDZ, PYR, and TRI. Among them, molecule 7 with an SI > 148.28, 2 with an SI > 118.93, 8 with an SI > 110.67, and 12 with an SI > 94.59 are the most effective. Thus, it might be concluded that TZD hybrid compounds present comparably or even better anti-Tg potency compared to those recently reported hybrid compounds with thiazolidinone [50,51], TSC [52,53] or PCH [54] structural scaffolds.




2.3. In Vivo Toxicity Tests and Hemolytic Activity and Cytotoxic Effects on Host Cells


To assess the cytotoxic effect of the most potent TZD hybrid molecules (2, 7, 8 and 10) on living organisms, the increasingly popular zebrafish model was used. Rapid development of Danio rerio embryos and the transparency of the larvae allow the assessment of drug-induced changes without the use of invasive techniques. The concentrations used for in vivo testing were selected based on the IC50Tg values (5 µg/mL and 10 µg/mL). The results showed that in the therapeutic concentration range, the compounds 2, 7, 8 and 10 were not toxic to the zebrafish embryos and larvae within 96 h of observation. In the next step, higher concentrations were tested to determine the TZD hybrids’ effect on Danio rerio viability and development. Zebrafish embryos were exposed to the concentrations of 15, 25, 50, 75 and 100 µg/mL. The results showed that the compounds 7 and 8 had the smallest effect on the larvae viability (Figure 4). At the same time, the impact of these compounds on the occurrence of deformations was noticeable at a concentration of 25 µg/mL (i.e., 2.8–4.6-times higher than IC50Tg) (Figure 4 and Figure 5).



Finally, after the red blood cell treatment of molecules 2, 7, 8, and 10, no statistically significant increase in the level of free hemoglobin released to the medium was observed (Table 2), thereby indicating that the tested TZD hybrids at the concentration equal to IC50Tg showed no specific hemolytic activity.



Each value is expressed as the mean ± SD (n = 3). The results were designated as statistically significant (ANOVA with post-hoc Dunnett’s test), when p < 0.05 (vs. untreated cells). Compounds 2, 7, 8 and 10 were tested at the concentrations that were equal to their IC50Tg values.




2.4. Cytotoxic Effect against Human Glioblastoma T98G Cells


As a possible link between Tg infection and the risk of glioblastoma has recently been suggested [46], it was also of interest to characterize the cytotoxic potential of TZD hybrid molecules against human glioblastoma cells. For these studies, the most potent molecules (2, 7, 8 and 10) with experimentally confirmed ability to cross the blood–brain barrier (Table 3) were selected. According to the results presented in Table 4, compound 2 was found to be active against T98G glioblastoma cells with an IC50 of 19.36 ± 1.13 µg/mL. Although it demonstrates at least 5-fold higher activity than that of temozolomide, i.e., the anti-cancer agent routinely used in glioblastoma treatment, this concentration of 2 caused an impairment in the viability and functionality of living organisms, as shown in the zebrafish model.




2.5. Clinical Significance of the Findings


This article describes pilot studies that explored the possible dual anti-infectious mode of action (anti-Tg and anti-Mtb) of TZD-based hybrid molecules. The most potent compounds were found to be more effective and more selective for Tg and Mtb pathogens than the reference drugs. Further studies for the selected candidates proved that they are non-cytotoxic, non-genotoxic, and non-hemolytic. Moreover, they could cross the BBB, which is a critical factor linked with ideal anti-Tg drug development. General conclusions from our studies suggest that within a series of TZD-based hybrid molecules, we are able to find new starting points for developing them into effective medicines to treat co-infections of Tg with Mtb.





3. Materials and Methods


3.1. Chemistry


TZD-PCH (1–6) and TZD-TSC (7–12) hybrid molecules were resynthesized by previously reported procedures [43,44,45]. All commercial reactants and solvents were purchased from either Alfa Aesar (Kandel, Germany) or Tokyo Chemical Industry Co. (Tokyo, Japan) with the highest purity and were used without further purification. Melting points (Gallenkamp MPD 350.BM 3.5 apparatus; Sanyo, Japan) and NMR spectra (Bruker Avance 300 MHz instrument with DMSO-d6 as a solvent and TMS as an internal standard) were found in accordance with the literature data.



	
General procedure for the synthesis of TZD-PCH (1–6) hybrid molecules






To the mixture of 0.001 mol of corresponding formylphenyl (2,4-dioxothiazolidin-5-yl/ylidene)acetate and 0.001 mol of isonicotinic acid hydrazide, 8 mL of anhydrous ethanol was added. The mixture was heated under reflux until the substrates dissolved (15 min). After this, the mixture was cooled to room temperature and the precipitate was filtered off, dried and crystallized using butanol.



	
General procedure for the synthesis of TZD-TSC (7–12) hybrid molecules






To the mixture of 0.001 mol of corresponding formylphenyl (2,4-dioxothiazolidin-5-yl/ylidene)acetate and 0.001 mol of thiosemicarbazide, 5 mL of ethanol was added. The reaction mixture was heated under reflux for 15 min. After cooling, the precipitate was filtered off and washed with ethanol. After drying, the precipitate was recrystallized using the appropriate solvents (butanol or acetic acid).




3.2. Compound and Drug Preparation


TZD hybrid molecules (1–12) were dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) to reach the concentration of 150 mM. Sulfadiazine sodium salt (S6387, Sigma-Aldrich) was dissolved in DPBS without calcium chloride and magnesium chloride (Dulbecco’s Phosphate-Buffered Saline, D8537, Sigma) to reach 250 mM. Trimethoprim, pyrimethamine and atovaquone (92131, 46706 and A7986, Sigma-Aldrich) were dissolved in DMSO to reach 25 mM. The final concentration of DMSO in the compounds and drug dilutions was not higher than 1.00%. All hybrid molecules and drugs were freshly prepared before the experiment and sterile-filtered.




3.3. Cell and Parasite Culture


The Hs27 cells (human fibroblast, ATCC® CRL-1634™) were cultured in accordance with the ATCC product sheet in DMEM (Dulbecco’s Modified Eagle Medium, ATCC® 30-2002™), supplemented with 10% fetal bovine serum (Fetal Bovine Serum, ATCC® 30-2020™), 100 I.U./mL of penicillin and 100 μg/mL of streptomycin (Penicillin-Streptomycin Solution, ATCC® 30-2300™). Cells were trypsinized (Trypsin-EDTA Solution, ATCC® 30-2101™) twice a week and seeded at a density of 1 × 106 per T25 cell culture flask (Corning®, Sigma-Aldrich) and incubated in 37 °C and 5% CO2 to achieve a confluent monolayer. The RH strain of Toxoplasma gondii (RH-GFP ATCC® 50940™, highly virulent, haplogroup first; expression of green fluorescent protein) was maintained in the tachyzoite stage, according to the ATCC product sheet, in parasite culture medium, which contains DMEM medium with 3% HIFBS (heat-inactivated FBS; 1 h in 56 °C). Infected cells were incubated in 37 °C and 5% CO2.




3.4. In Vitro Anti-Tg Assay


The influence of the hybrid molecules 1–12 and drugs on Tg RH-GFP proliferation was analyzed as follows: 1 × 104 per well of Hs27 cells were seeded on black, 96-well, tissue culture-treated plates with optical bottoms (Corning®) in DMEM cell culture medium. After 72 h of incubation, the medium was removed, and then 1 × 105 per well of tachyzoite strains (RH-GFP) were added to the cell monolayers in the parasite culture medium. One hour later, the compounds and drug dilutions in the parasite culture medium were added to the Hs27 cells with Tg. The concentration of the compounds < CC30 were as follows: sulfadiazine, 0–10,000 μM; trimethoprim and pyrimethamine, 0–200 μM and atovaquone, 0–10 μM. After a subsequent 96 h of incubation, the plates were read with covered lids, and both excitation (475 nm) and emission (509 nm) values from the bottoms were obtained using the multi-mode microplate reader SpectraMax®i3 (Molecular Devices, San Jose, CA, USA). The results were expressed as the mean fluorescent intensity (MFI) and transformed to the percentage of viability compared to the untreated cells. Finally, the inhibitory concentrations for 50% inhibition of Tg proliferation (IC50) were calculated. All experiments were performed in triplicate.




3.5. Cytotoxicity Assay


Cytotoxicity assay was performed according to international standards (ISO 10993-5:2009(E)), using tetrazolium salt (MTT, Sigma-Aldrich) and mouse, as well as human, fibroblasts. For this assay, DMEM w/o phenol red (21063, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS, 100 I.U./mL of penicillin and 100 μg/mL of streptomycin was used. Briefly, 1 × 104/well of Hs27 cells were placed into 96-well plates and incubated for 24 h in 37 °C and 5% CO2. Afterwards, an old culture medium was replaced by 100 μL of the compounds or drug dilutions in culture medium and the cells were treated for 24 h. The concentration ranges of the molecules were as follows: hybrid molecules 1–12: 0–2500 μM, sulfadiazine: 0–25,000 μM, trimethoprim, pyrimethamine and atovaquone: 0–250 μM, and DMSO as the solvent: 0–20%. Then, 50 μL of 1 mg/mL of MTT solution in DMEM w/o phenol red was added to each well and incubated for 2 h (37 °C; 10% CO2). Following this, the cell culture medium was aspirated carefully, 150 μL of DMSO was added to each well and the plates were gently mixed. Then, 25 μL of 0.1 M glycine buffer (pH 10.5) (Sigma-Aldrich) was added. The optical density at 570 nm on the multi-mode microplate reader SpectraMax®i3 was read. The results were expressed as a percentage of viability compared to the untreated cells. All experiments were performed in triplicate.




3.6. Danio Rerio Culture and Fish Embryo Toxicity Test (FET)


Danio rerio (Experimental Medicine Centre, Medical University of Lublin, Poland) were maintained at 28 ± 0.5 °C, under a 14/10 h light/dark cycle with standard aquaculture conditions. After mating, the fertilized eggs were collected within 30 min. Embryos were reared in E3 embryo medium (pH 7.1–7.3; 17.4 µM NaCl, 0.21 µM KCl, 0.12 µM MgSO4 and 0.18 µM Ca(NO3)2) in an incubator (IN 110 Memmert GmbH, Germany) at 28 ± 0.5 °C. The eggs were examined to remove the unfertilized, coagulated and damaged samples. The FET test was performed based on the OECD Guidelines for the Testing Chemicals, Test No. 236. TZD hybrids were weighted, dissolved in DMSO as stock solutions, and diluted in E3 embryo medium to the indicated treatment concentrations. The stock of TZD hybrids and dilutions in E3 embryo medium were freshly prepared before testing. Embryos were incubated at each concentration (5, 10, 15, 25, 50, 75; 100 μg/mL) of TZD hybrids. The final DMSO concentration had no detectable effects on zebrafish development. The test was conducted in 24-well plates, with 5 embryos per well and 10 per group, in triplicate. The covered plates were kept at 28 ± 0.5 °C under the light/dark conditions (12 h/12 h). Embryonic viability, and the malformation rates of each treatment group were recorded at 24, 48, 72, and 96 hpf. All experiments were conducted in accordance with the National Institute of Health Guidelines for the Care and Use of Laboratory Animals and the European Community Council Directive for the Care and Use of Laboratory Animals (2010/63/EU). For the experiments on larvae up to 5 dpf, the agreement of the Local Ethical Commission is not required.




3.7. Hemolytic Activity Determination


Human red blood cell (RBC) concentrate was obtained from the Regional Blood Donation and Transfusion Centre (Lublin, Poland). The RBC concentrate (5 mL) was washed three times with sterile PBS and centrifuged at 500× g for 3 min. The obtained pellet was resuspended using sterile PBS in order to obtain a 2% suspension of RBCs, which was subsequently mixed with 1 mL of different concentrations (i.e., 5, 10 and 35 mg/mL) of 2, 7, 8, and 10. The mixtures were incubated at 37 °C for 30 min and centrifuged at 1400× g for 10 min. The amount of free hemoglobin in the supernatants was measured spectrophotometrically at 405 nm. Negative and positive controls were performed by incubating RBCs with sterile PBS and 0.1% Triton-X, respectively. Each experiment was run in triplicate.




3.8. PAMPA-BBB Assay


BBB permeability of 2, 7, 8, and 10 was investigated using a parallel artificial membrane permeability assay (PAMPA) method. The PAMPA system, which consisted of a 96-well microfilter plate, was divided into the following two chambers: a donor at the bottom and an acceptor at the top, separated by a 120 µm thick microfilter disc coated with BBB lipid solution (Pion, Inc., Billerica, MA, USA). The solutions of 2, 7, 8, and 10 were prepared in dimethylsulfoxide (DMSO) at 4 mg/mL concentration, and then diluted with Prisma buffer (pH = 7.4) to obtain the donor drug solution with the final nominal concentration of 20 µg/mL. Then, 180 µL of the donor solution was added to the donor wells. Subsequently, each filter membrane of the top plate was coated with 5 µL of BBB-1 lipid solution (Pion Inc., Billerica, MA, USA) and the acceptor well was filled with 200 µL of brain sink buffer (BSB). The acceptor plate and the donor plate were sandwiched together and incubated at 37 °C for 180 min.



The permeability coefficient value (Pe) was calculated using the following equation:


   P e  =   − l n    (  1 −    C A     C  e q u i l i b r i u m      )    S ×  (   1   V D    +  1   V A     )  × t    








where VD—donor volume, VA—acceptor volume, Cequilibrium—equilibrium concentration,    C  e q u i l i b r i u m   =    C D  ×  V D  +  C A  ×  V A     V D  +  V A     , CD—donor concentration, CA—acceptor concentration, S—membrane area and t—incubation time (in seconds).




3.9. Cytotoxicity against Human Glioblastoma T98G Cells


The T98G glioblastoma cells (ATTC, CRL-1690, Manassas, VA, USA) were cultured in Dulbecco’s Modified Eagle Medium (DMEM, high glucose) (Sigma Aldrich, St. Louis, MO, USA), supplemented with 10% heat-inactivated FBS, penicillin (100 U/mL), and streptomycin (100 U/mL) (Sigma Aldrich, St. Louis, MO, USA). Cells were maintained in a humidified atmosphere of 5% CO2 and 95% air at 37 °C. Stock solutions of the investigated compounds (2, 7, 8 and 10, and temozolomide) were prepared by dissolving solid substances in sterile DMSO. T98G glioblastoma cells were seeded into 96-well sterile plates at a density of 4 × 104 cells/mL. After 24 h of incubation, the medium was removed from each well, and then the cells were incubated for the next 24 h with different concentrations of the investigated compounds (10, 25, 35, 50, and 100 mg/mL) in the medium that contained 2% FBS. Viability of the T98G cells was evaluated using MTT assay. In brief, after 24 h of incubation of the cells with varying concentrations, 15 μL of MTT solution (5 mg/mL) was added to each well. After 3 h of incubation, 100 mL (per well) of 10% SDS buffer solution was added. After overnight incubation, the absorbance was measured at 570 nm using a microplate reader (Epoch, BioTek Instruments, Winooski, VT, USA). Experiments were repeated three times, and the measurements in each experiment were run in quadruplicate. Viability of the investigated cells was expressed as % of the viability of the untreated cells. DMSO in the concentrations present in the dilutions of the stock solutions did not influence the viability of the tested cells.





4. Conclusions


We report herein the anti-Tg characterization of TZD hybrid molecules that incorporated PCH (1–6) or TSC (7–12) structural fragments. By comparison of the biological data of TZD-PCH hybrids (1–6) with those of 7–12, it emerges that TSC could be an important pharmacophoric requirement for anti-Tg activity. All the tested TZD-TSC hybrids (7–12) were more effective and more selective than SDZ and TRI. In addition, all of the hybrids were more selective than PYR. Further studies for the most potent TZD-TSC hybrids 7, 8 and 10 and TZD-PCH hybrid 2 proved that the compounds at the concentrations equal to IC50Tg are non-cytotoxic, non-genotoxic and non-hemolytic. Moreover, they could cross the BBB, which is a critical factor linked with ideal anti-Tg drug development. Finally, the anti-proliferative evaluation of 2, 7, 8, and 10 disclosed the anti-cancer effect of 2 against human glioblastoma cells. Thus, the most potent TZD-based hybrid molecules could serve as a template for the development of novel therapeutics with dual anti-infectious (anti-Tg and anti-Mtb) modes of action and anti-glioma potency.







Author Contributions


Conceptualization, N.T.; methodology, K.D., N.T., A.B., B.K. and T.P.; formal analysis, N.T., B.K., T.P. and K.D.; investigation, A.B., N.T., B.K. and T.P.; data curation, N.T.; writing—original draft preparation, A.P., N.T., T.P. and B.K.; writing—review and editing, N.T., K.D. and P.P.; visualization, B.K. and N.T.; supervision, N.T.; funding acquisition, K.D., A.B. and N.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Centre, Poland (no. 2018/31/N/NZ6/03004); Faculty of Biology and Environmental Protection, University of Lodz (B1711000000263.01); Medical University of Lublin (DS15).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author (N.T.)




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Petit-Jentreau, L.; Tailleux, L.; Coombes, J.L. Purinergic signaling: A common path in the macrophage response against Mycobacterium tuberculosis and Toxoplasma gondii. Front. Cell. Infect. Microbiol. 2017, 7, 347. [Google Scholar] [CrossRef]

	



Tuberculosis. Available online: https://www.who.int/news-room/fact-sheets/detail/tuberculosis (accessed on 27 September 2022).

	



Cohen, T.; Jenkins, H.E.; Lu, C.; McLaughlin, M.; Floyd, K.; Zignol, M. On the spread and control of MDR-TB epidemics: An examination of trends in anti-tuberculosis drug resistance surveillance data. Drug Resist. Updat. 2014, 17, 105–123. [Google Scholar] [CrossRef] [PubMed]

	



Mishra, R.; Shukla, P.; Huang, W.; Hu, N. Gene mutations in Mycobacterium tuberculosis: Multidrug-resistant TB as an emerging global public health crisis. Tuberculosis 2015, 95, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



Noor, R.; Akhter, S.; Rahman, F.; Munshi, S.K.; Kamal, S.M.M.; Feroz, F. Frequency of extensively drug-resistant tuberculosis (XDR-TB) among re-treatment cases in NIDCH, Dhaka, Bangladesh. J. Infect. Chemother. 2013, 19, 243–248. [Google Scholar] [CrossRef]

	



Parida, S.K.; Axelsson-Robertson, R.; Rao, M.V.; Singh, N.; Master, I.; Lutckii, A.; Keshavjee, S.; Andersson, J.; Zumla, A.; Maeurer, M. Totally drug-resistant tuberculosis and adjunct therapies. J. Intern. Med. 2015, 277, 388–405. [Google Scholar] [CrossRef] [PubMed]

	



Tiberi, S.; Munoz-Torrico, M.; Duarte, R.; Dalcolmo, M.; D’Ambrosio, L.; Migliori, G.-B. New drugs and perspectives for new anti-tuberculosis regimens. Pulmonology 2018, 24, 86–98. [Google Scholar] [CrossRef]

	



Kumar, K.; Kon, O.M. Diagnosis and treatment of tuberculosis: Latest developments and future priorities. Ann. Res. Hosp. 2017, 1, 1–15. [Google Scholar] [CrossRef]

	



Santos, N.C.S.; Scodro, R.B.L.; de Almeida, A.L.; Baldin, V.P.; Nakamura de Vasconcelos, S.S.; Siqueira, V.L.D.; Caleffi-Ferracioli, K.R.; Campanerut-Sa, P.A.Z.; Cardoso, R.F. Combinatory activity of linezolid and levofloxacin with antituberculosis drugs in Mycobacterium tuberculosis. Tuberculosis 2018, 111, 41–44. [Google Scholar] [CrossRef]

	



Francis, J.K.; Higgins, E. Permanent peripheral neuropathy: A case report on a rare but serious debilitating side-effect of fluoroquinolone administration. J. Investig. Med. High Impact Case Rep. 2014, 2, 2324709614545225. [Google Scholar] [CrossRef]

	



Warner, D.F.; Mizrahi, V. Shortening treatment for tuberculosis—Back to basics. N. Engl. J. Med. 2014, 371, 1642–1643. [Google Scholar] [CrossRef]

	



Horsburgh, C.R.; Barry, C.E.; Lange, C. Treatment of tuberculosis. N. Engl. J. Med. 2015, 373, 2149–2160. [Google Scholar] [CrossRef] [PubMed]

	



McLeod, R.; Kieffer, F.; Sautter, M.; Hosten, T.; Pelloux, H. Why prevent, diagnose and treat congenital toxoplasmosis? Mem. Inst. Oswaldo Cruz 2009, 104, 320–344. [Google Scholar] [CrossRef] [PubMed]

	



Tenter, A.M.; Heckeroth, A.R.; Weiss, L.M. Toxoplasma gondii: From animals to humans. Int. J. Parasitol. 2000, 30, 1217–1258. [Google Scholar] [CrossRef] [PubMed]

	



Robert-Gangneux, F.; Darde, M.L. Epidemiology of and diagnostic strategies for toxoplasmosis. Clin. Microbiol. Rev. 2012, 25, 264–296. [Google Scholar] [CrossRef]

	



Xiao, J.; Yolken, R.H. Strain hypothesis of Toxoplasma gondii infection on the outcome of human diseases. Acta Physiol. 2015, 213, 828–845. [Google Scholar] [CrossRef]

	



Opsteegh, M.; Kortbeek, T.M.; Havelaar, A.H.; van der Giessen, J.W. Intervention strategies to reduce human Toxoplasma gondii disease burden. Clin. Infect. Dis. 2015, 60, 101–107. [Google Scholar] [CrossRef]

	



Eza, D.E.; Lucas, S.B. Fulminant toxoplasmosis causing fatal pneumonitis and myocarditis. HIV Med. 2006, 7, 415–420. [Google Scholar] [CrossRef]

	



Paquet, C.; Yudin, M.H. Society of Obstetricians and Gynaecologists of Canada. Toxoplasmosis in pregnancy: Prevention, screening, and treatment. J. Obstet. Gynaecol. Can. 2013, 35, 78–81. [Google Scholar]

	



Li, X.L.; Wei, H.X.; Zhang, H.; Peng, H.J.; Lindsay, D.S. A meta-analysis on risks of adverse pregnancy outcomes in Toxoplasma gondii infection. PLoS ONE 2014, 9, e97775. [Google Scholar] [CrossRef]

	



Ballard, A.R. Toxoplasmosis. In Neonatal Infections; Cantey, J., Ed.; Springer: Cham, Switzerland, 2018. [Google Scholar]

	



Neville, A.J.; Zach, S.J.; Wang, X.; Larson, J.J.; Judge, A.K.; Davis, L.A.; Vennerstrom, J.L.; Davis, P.H. Clinically available medicines demonstrating anti-toxoplasma activity. Antimicrob. Agents Chemother. 2015, 59, 7161–7169. [Google Scholar] [CrossRef]

	



Hopper, A.T.; Brockman, A.; Wise, A.; Gould, J.; Barks, J.; Radke, J.B.; Sibley, L.D.; Zou, Y.; Thomas, S. Discovery of selective Toxoplasma gondii dihydrofolate reductase inhibitors for the treatment of toxoplasmosis. J. Med. Chem. 2019, 62, 1562–1576. [Google Scholar] [CrossRef]

	



Montoya, J.G.; Liesenfeld, O. Toxoplasmosis. Lancet 2004, 363, 1965–1976. [Google Scholar] [CrossRef]

	



Anderson, A.C. Targeting DHFR in parasitic protozoa. Drug Discov. Today 2005, 10, 121–128. [Google Scholar]

	



Porter, S.B.; Sande, M.A. Toxoplasmosis of the central nervous system in the acquired immunodeficiency syndrome. N. Engl. J. Med. 1992, 327, 1643–1648. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Y.; Wu, T.; Zhai, S.Q.; Li, C.H. Recent progress on anti-Toxoplasma drugs discovery: Design, synthesis and screening. Eur. J. Med. Chem. 2019, 183, 111711. [Google Scholar] [CrossRef]

	



Abdullahi, S.A.; Unyah, N.Z.; Nordin, N.; Basir, R.; Nasir, W.M.; Alapid, A.A.; Hassan, Y.; Mustapha, T.; Majid, R.A. Therapeutic targets on Toxoplasma gondii parasite in combating toxoplasmosis. Annu. Res. Rev. Biol. 2019, 32, 49444. [Google Scholar]

	



Lai, B.S.; Witola, W.H.; El Bissati, K.; Zhou, Y.; Mui, E.; Fomovska, A.; McLeod, R. Molecular target validation, antimicrobial delivery, and potential treatment of Toxoplasma gondii infections. PNAS 2012, 109, 14182–14187. [Google Scholar] [CrossRef]

	



Angel, S.O.; Vanagas, L.; Ruiz, D.M.; Cristaldi, C.; Saldarriaga Cartagena, A.M.; Sullivan, W.J., Jr. Emerging therapeutic targets against Toxoplasma gondii: Update on DNA repair persponse inhibitors and genotoxic drugs. Front. Cell. Infect. Microbiol. 2020, 10, 289. [Google Scholar] [CrossRef]

	



Agarwal, M.; Patnaik, G.; Khetan, V.; De-la-Torre, A. Ocular co-infection with Mycobacterium tuberculosis and Toxoplasma gondii in an immunocompetent patient—A case report. Ocul. Immunol. Inflamm. 2021, 30, 1022–1026. [Google Scholar] [CrossRef] [PubMed]

	



Dimal, N.P.M.; Santos, N.J.C.; Reyes, N.G.D.; Astejada, M.N.; Jamora, R.D.G. Hemichorea—Hemiballismus as a presentation of cerebritis from intracranial toxoplasmosis and tuberculosis. Tremor Other Hyperkinetic Mov. 2021, 11, 2. [Google Scholar] [CrossRef]

	



Hwang, E.H.; Ahn, P.G.; Lee, D.M.; Kim, H.S. Cerebral toxoplasmosis combined with disseminated tuberculosis. J. Korean Neurosurg. Soc. 2012, 51, 316–319. [Google Scholar] [CrossRef] [PubMed]

	



Doraiswamy, V.; Vaswami, R.K.; Lahiri, K.R.; Kondelar, S.S. Neurotoxoplasmosis mimicking intracranial tuberculoma. J. Postgrad. Med. 2010, 56, 31–34. [Google Scholar] [PubMed]

	



Madi, D.; Achappa, B.; Rao, S.; Adhikari, P.; Makalingam, S. Cerebral toxoplasmosis mimicking intracranial tuberculoma. J. Clin. Diagn. Res. 2012, 6, 1083–1085. [Google Scholar]

	



Vasantham, V.; Jahan, A.; Dogra, R.K.; Singh, S.; Singh, G.; Gupta, R.; Sarin, N. Codetection of pulmonary tuberculosis and toxoplasmosis in a pediatric bronchoalveolar lavage specimen: A cytologist’s assistance to clinical management. Diagn. Cytopathol. 2021, 49, E20–E23. [Google Scholar] [CrossRef]

	



Kita, W.M.; Tume, C.B. Toxoplasma gondii and tuberculosis co-infection among tuberculosis patients at the Bamenda Regional Hospital, North West Region, Cameroon. Asian J. Res. Biochem. 2018, 3, 1–8. [Google Scholar] [CrossRef]

	



Mashaly, M.; Nabih, N.; Fawzy, I.M.; El Henawy, A.A. Tuberculosis/toxoplasmosis co-infection in Egyptian patients: A reciprocal impact. Asian Pac. J. Trop. Med. 2017, 10, 315–319. [Google Scholar] [CrossRef]

	



Ali, E.N.; Majeed, S.Z.; Kadhem, A.A.; Alubadi, A.E.M. Prevalence of toxoplasmosis as co-infection in Iraqi patients infected with tuberculosis. Biomed. Res. 2019, 30, 401–405. [Google Scholar]

	



Zhao, Y.J.; Zhao, Y.H.; Zhang, X.Y.; Sun, X.J.; Liu, Y.Q.; Hou, Y.J.; Wu, J.Q.; Jia, H.; Han, Y.H.; Dong, W.; et al. First report of Toxoplasma gondii infection in tuberculosis patients in China. Vector Borne Zoonotic Dis. 2017, 17, 799–803. [Google Scholar] [CrossRef]

	



Guneratne, R.; Mendis, D.; Bandara, T.; Fernando, S.D. Toxoplasma, Toxocara and tuberculosis co-infection in a four year old child. BMC Pediatr. 2011, 11, 44. [Google Scholar] [CrossRef]

	



Parsaei, M.; Spotin, A.; Matini, M.; Mahjub, H.; Aghazadeh, M.; Ghahremani, G.; Taherkhani, H. Prevalence of toxoplasmosis in patients infected with tuberculosis; a sero-molecular case-control study in northwest Iran. Comp. Immunol. Microbiol. Infect. Dis. 2022, 81, 101720. [Google Scholar] [CrossRef]

	



Trotsko, N.; Golus, J.; Kazimierczak, P.; Paneth, A.; Przekora, A.; Ginalska, G.; Wujec, M. Synthesis and antimycobacterial activity of thiazolidine-2,4-dione based derivatives with halogenbenzohydrazones and pyridinecarbohydrazones substituents. Eur. J. Med. Chem. 2020, 189, 112045. [Google Scholar] [CrossRef] [PubMed]

	



Trotsko, N.; Golus, J.; Kazimierczak, P.; Paneth, A.; Przekora, A.; Ginalska, G.; Wujec, M. Design, synthesis and antimycobacterial activity of thiazolidine-2,4-dionebased thiosemicarbazone derivatives. Bioorg. Chem. 2020, 97, 103676. [Google Scholar] [CrossRef] [PubMed]

	



Trotsko, N.; Przekora, A.; Zalewska, J.; Ginalska, G.; Paneth, A.; Wujec, M. Synthesis and in vitro antiproliferative and antibacterial activity of new thiazolidine-2,4-dione derivatives. J. Enzyme Inhib. Med. Chem. 2018, 33, 17–24. [Google Scholar] [CrossRef] [PubMed]

	



Hodge, J.M.; Coghill, A.E.; Kim, Y.; Bender, N.; Smith-Warner, S.A.; Gapstur, S.; Teras, L.R.; Grimsrud, T.K.; Waterboer, T.; Egan, K.M. Toxoplasma gondii infection and the risk of adult glioma in two prospective studies. Int. J. Cancer 2021, 148, 2449–2456. [Google Scholar] [CrossRef] [PubMed]

	



Hill, D.E.; Dubey, J.P. 3-Update on Toxoplasma gondii as a parasite in food: Analysis and control. Adv. Microb. Food Saf. 2015, 2, 59–80. [Google Scholar]

	



Liesen, A.P.; de Aquino, T.M.; Carvalho, C.S.; Lima, V.T.; de Araújo, J.M.; de Lima, J.G.; de Faria, A.R.; de Melo, E.J.T.; Alves, A.J.; Alves, E.W.; et al. Synthesis and evaluation of anti-Toxoplasma gondii and antimicrobial activities of thiosemicarbazides, 4-thiazolidinones and 1,3,4-thiadiazoles. Eur. J. Med. Chem. 2010, 45, 3685–3691. [Google Scholar] [CrossRef]

	



Mzabi, A.; Aubert, D.; Villena, I. Mechanisms of drug resistance in Toxoplasma gondii. In Antimicrobial Drug Resistance; Mayers, D.L., Sobel, J.D., Ouellette, M., Kaye, K.S., Marchaim, D., Eds.; Springer: Berlin/Heidelberg, Germany, 2017; Volume 1, pp. 677–684. [Google Scholar]

	



Trotsko, N.; Bekier, A.; Paneth, A.; Wujec, M.; Dzitko, K. Synthesis and in vitro anti-Toxoplasma gondii activity of novel thiazolidin-4-one derivatives. Molecules 2019, 24, 3029. [Google Scholar] [CrossRef]

	



Carradori, S.; Secci, D.; Bizzarri, B.; Chimenti, P.; De Monte, C.; Guglielmi, P.; Campestre, C.; Rivanera, D.; Bordon, C.; Jones-Brando, L. Synthesis and biological evaluation of anti-Toxoplasma gondii activity of a novel scaffold of thiazolidinone derivatives. J. Enzyme Inhib. Med. Chem. 2017, 32, 746–758. [Google Scholar] [CrossRef]

	



Paneth, A.; Węglińska, L.; Bekier, A.; Stefaniszyn, E.; Wujec, M.; Trotsko, N.; Dzitko, K. Systematic identification of thiosemicarbazides for inhibition of Toxoplasma gondii growth in vitro. Molecules 2019, 24, 614. [Google Scholar] [CrossRef]

	



Paneth, A.; Węglińska, L.; Bekier, A.; Stefaniszyn, E.; Wujec, M.; Trotsko, N.; Hawrył, A.; Hawrył, M.; Dzitko, K. Discovery of potent and selective halogen-substituted imidazole-thiosemicarbazides for inhibition of Toxoplasma gondii growth in vitro via structure-based design. Molecules 2019, 24, 1618. [Google Scholar] [CrossRef]

	



Sanford, A.G.; Schulze, T.T.; Potluri, L.P.; Watson, G.F.; Darner, E.B.; Zach, S.J.; Hemsley, R.M.; Wallick, A.I.; Warner, R.C.; Charman, S.A.; et al. Derivatives of benzoquinone acyl hydrazone with activity against Toxoplasma gondii. Int. J. Parasitol. Drugs Drug Resist. 2018, 8, 488–492. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 02069 g001 550] 





Figure 1. TZD-PCH (1–6) and TZD-TSC (7–12) hybrid molecules with promising anti-Mtb potency [43,44,45]. For the numbers used to identify the hybrid molecules (1–12), see Table 1. 






Figure 1. TZD-PCH (1–6) and TZD-TSC (7–12) hybrid molecules with promising anti-Mtb potency [43,44,45]. For the numbers used to identify the hybrid molecules (1–12), see Table 1.



[image: Ijms 24 02069 g001]







[image: Ijms 24 02069 g002 550] 





Figure 2. Synthetic route for TZD-PCH (1–6) and TZD-TSC (7–12) hybrid molecules. Reagent and conditions: (i) corresponding hydroxybenzaldehyde, pyridine, 1,4-dioxane, rt, 2h, acidified with dilute HCl; (ii) isonicotinic acid hydrazide, anhydrous ethanol, reflux; (iii) TSC, anhydrous ethanol, reflux. For the numbers used to identify the TZD hybrid molecules (1–12), see Table 1. 
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Figure 3. Anti-Tg activity (IC50Tg), cytotoxicity (CC30), and selectivity index (SI) of TZD hybrid molecules (1–12). ATO—atovaquone, PYR—pyrimethamine, TRI—trimethoprim; SDZ—sulfadiazine. For details, see Table 1. 
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Figure 4. Overview of zebrafish embryo toxicity test after 96 h of exposure to TZD hybrid molecules 2, 7, 8, and 10 (n = 30). (A) Toxicity of 2, 7, 8, and 10 measured by the FET test at 96 hpf. (B) Impact of tested compounds on zebrafish development. Statistical significance was calculated using ANOVA analysis, followed by Dunnett’s post hoc test (vs negative control group). Concentrations above 50 μg/mL resulted in 100% mortality and deformity. 
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Figure 5. Effects of the investigated TZD hybrid molecules 2, 7, 8, and 10 on zebrafish after 96 h of exposure. Representative morphological alterations in 96 hpf larvae are indicated by arrows. EM—eye malformations; HM—head malformations; MM—mandibular malformations; PE—pericardial edema; L—lordosis; TM—tail malformations. 
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Table 1. Cytotoxicity (CC30), anti-Tg activity (IC50Tg), and selectivity index (SI) of TZD hybrid molecules (1–12) a.
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TZD Hybrid Molecules

	
CC30 b

in Hs27 Cells

(µg/mL)

	
IC50Tg c 

in Tg-Infected Hs27 Cells

(µg/mL)

	
SI d






	
1

	
 [image: Ijms 24 02069 i001]

	
128.27

	
12.93

	
9.92




	
2

	
 [image: Ijms 24 02069 i002]

	
>995.98

	
8.37

	
>118.93




	
3

	
 [image: Ijms 24 02069 i003]

	
>1071.05

	
22.15

	
>48.35




	
4

	
 [image: Ijms 24 02069 i004]

	
654.42

	
39.02

	
16.77




	
5

	
 [image: Ijms 24 02069 i005]

	
>1082.10

	
24.33

	
>44.48




	
6

	
 [image: Ijms 24 02069 i006]

	
>1193.22

	
27.24

	
>43.81




	
7

	
 [image: Ijms 24 02069 i007]

	
>880.97

	
5.94

	
>148.28




	
8

	
 [image: Ijms 24 02069 i008]

	
>967.09

	
8.74

	
>110.67




	
9

	
 [image: Ijms 24 02069 i009]

	
>1078.21

	
12.29

	
>87.75




	
10

	
 [image: Ijms 24 02069 i010]

	
312.27

	
5.32

	
58.71




	
11

	
 [image: Ijms 24 02069 i011]

	
>951.00

	
12.07

	
>78.81




	
12

	
 [image: Ijms 24 02069 i012]

	
>962.05

	
10.17

	
>94.59




	
ATO

	
 [image: Ijms 24 02069 i013]

	
54.26

	
0.24

	
227.55




	
PYR

	
 [image: Ijms 24 02069 i014]

	
49.62

	
2.86

	
17.38




	
TRI

	
 [image: Ijms 24 02069 i015]

	
81.82

	
14.79

	
5.53




	
SDZ

	
 [image: Ijms 24 02069 i016]

	
2230.61

	
1254.36

	
1.78








a Each value is expressed as the mean ± SD (n = 3). b CC30—the highest dilution of the samples to reduce the viability of the Hs27 cells by 30%. c IC50Tg—the concentration required to reduce Tg-infected Hs27 cell growth by 50%. d SI—selectivity index calculated by CC30/IC50. Reference drugs: ATO—atovaquone, PYR—pyrimethamine, TRI—trimethoprim; SDZ—sulfadiazine.
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Table 2. Effect of TZD hybrid molecules 2, 7, 8 and 10 on red blood cell hemolysis.
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	TZD Hybrid Molecules
	Hemolysis (%)





	2
	0.68 ± 0.09



	7
	0.73 ± 0.1



	8
	0.69 ± 0.04



	10
	0.66 ± 0.02



	Untreated cells
	0.59 ± 0.06



	Triton-X (0.1%)
	99.85 ± 1.65 ****







****—p < 0.0001.
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Table 3. PAMPA-BBB permeabilities of TZD hybrid molecules 2, 7, 8, and 10.
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	TZD Hybrid Molecules
	PAMPA-BBB Pe (×10−6 cm·s−1) a





	2
	12.45 ± 1.02



	7
	23.05 ± 0.71



	8
	26.11 ± 1.30



	10
	24.37 ± 0.93







a Pe—permeability values. Data are the mean of three independent experiments ± SD. High BBB permeation (CNS+) is expected for compounds with Pe > 5.19, whereas low BBB permeation (CNS−) is expected for compounds with Pe < 2.07.
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Table 4. Cytotoxic effect of TZD hybrids 2, 7, 8, and 10 against human glioblastoma T98G cells.
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IC50 (µg/mL) ± SD






	
2

	
7

	
8

	
10

	
Temozolomide




	
19.36 ± 1.13

	
>100

	
>100

	
94.57 ± 6.16

	
>100
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