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Abstract

:

Acanthamoeba keratitis (AK) is a rare cornea disease caused by species of the Acanthamoeba genus. The antifungal voriconazole blocks the ergosterol synthesis in the protozoan membrane and is active against the cysts and trophozoites of Acanthamoeba spp. Due to the low stability of voriconazole, its options for eye drops are scarce. This study aimed to investigate the stability of the biological activity of voriconazole against two strains of Acanthamoeba castellanii and one clinical isolate from a patient with AK. To evaluate the stability of the biological activity of voriconazole, strains of A. castellanii (ATCC 50492) were exposed to different periods and voriconazole concentrations stored at 4 °C for 7, 15, and 30 days. The cytotoxicity assays were performed using SIRC (ATCC CCL-60™) cell line. The results indicated the amoebicidal effect of voriconazole against Acanthamoeba spp. within 24 h and 48 h of exposure, and the voriconazole solution was stable and retained antiamoebic activity when stored at 4 °C for up to 30 days. In the cytotoxicity test, the result demonstrated low cytotoxicity of the drug to the corneal rabbit cell line. However, there is a need to carry out further synergistic effects with other antiamoebic drugs and then in vivo experiments in the AK animal model.
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1. Introduction


Free-living amoeba of the genus Acanthamoeba are the etiological agents of Acanthamoeba keratitis (AK), an inflammation of the cornea [1]. Described as an ocular pathogen in the 1970s, these protozoan presents two forms in its life cycle: the metabolically active trophozoite form, capable of reproducing, feeding, and invading host cells, and the cyst form, known to be highly resistant and efficient in resisting extreme adverse conditions [2,3]. AK affects individuals with previous corneal injury and is characterized by gradual vision loss, usually affecting one eye. Approximately 90% of AK cases relate to using contact lenses (CL) and the improper cleaning and storage of the lenses and their cases [4]. The symptoms are related to corneal invasion and degradation, generating photophobia, tearing, opacity, redness, and swelling of the eyelids. Almost 85% of AK patients experience impairment of vision, followed by ocular pain, redness, excessive tearing, and a white spot on the cornea [5]. A ring infiltrate is the most typical sign observed in AK cases [6]. AK initiates through the adhesion of Acanthamoeba spp. trophozoites on the surface of the corneal tissue, followed by the production of hydrolytic enzymes degrading the extracellular matrix with subsequent cell death [7,8]. Protocols for treating AK are based on the combination of antimicrobials, which can provide synergistic effects [9]. Currently, polyhexamethylene biguanide (PHMB) 0.02–0.08% and chlorhexidine digluconate (CLX) 0.02–0.06% represent the first line of treatment, especially against trophozoites; hexamidine (Desomedine®) 0.1%, propamidine isethionate (Brolene®) 0.1% are active against Acanthamoeba spp. trophozoites and cysts [9,10]. Other drugs are also used in combination: antibiotics (aminoglycosides, neomycin) and antifungals (azoles, itraconazole, voriconazole, amphotericin B) [11,12,13]. The resistance of Acanthamoeba cysts to antimicrobials is the most difficult in treating AK, as they can remain encysted and return to the trophozoite form after using therapies [7,8,9,10,11,12,13,14]. In addition, the prolonged treatment time causes side effects triggered by drug toxicity, making it difficult to regenerate corneal tissue, causing complications such as cataracts, iris atrophy, and corneal ulceration [15]. Treatment may last several months to prevent reinfection and is usually given topically every hour for 3 to 4 weeks [8]. If the treatment fails, the infection may progress to corneal ulceration and permanent blindness, and keratoplasty may be recommended [16]. Azole derivatives are widely used by the topical ocular route to treat infectious keratitis [12,13]. Like other triazole antifungals, voriconazole inhibits the demethylation of 14-alpha-lanosterol, impairing the synthesis of ergosterol, leading to abnormalities in the cell wall of fungi and protozoa such as Acanthamoeba spp. [11]. The voriconazole demonstrated amoebicidal activity against Acanthamoeba strains, reaching adequate concentrations for ocular use [17]. The scarcity of therapeutic ocular formulations of voriconazole leads to the reformulations of the intravenous preparations available, using a lyophilized powder for injection diluted in biocompatible ocular vehicles [18]. Due to the few options of standardized specific therapies that act against both life forms of Acanthamoeba spp. and the promising data in the literature for using voriconazole to treat AK, this study aimed to evaluate the in vitro amoebicidal stability of free voriconazole against a strain of Acanthamoeba castellanii to the application in the treatment of amoebic keratitis.




2. Results


2.1. Activity of Voriconazole against Trophozoites of Acanthamoeba spp.


To evaluate the biological activity of voriconazole, two strains of A. castellanii and a regional clinical isolate were tested against different concentrations of the antifungal. In macroscopic analysis 6 and 12 h after the treatment with voriconazole, it was possible to observe rounding of the trophozoitic forms, increasing its vacuolization and granularity. The 24 h period was selected to count viable cells, as changes in the membrane, presence of cell debris, and cell lysis were observed.



The viability of trophozoites after 24 h of incubation at 0.7 μM was 86.1 ± 8.6% for A. castellanii Neff strains (ATCC30010), 82.8 ± 7.7% for the A. castellanii T4 (ATCC 50492), and 72.7 ± 5.2% for the clinical isolate AM. At a concentration of 35.8 μM of voriconazole, the viabilities were 58.9 ± 13.2%, 44.2 ± 9.4%, and 48.6 ± 14.1%, respectively. Figure 1A demonstrates the amoebic viabilities after 24 h. The IC50 value found for A. castellanii T4 (ATCC50492) was 13.5 µM. For the A. castellanii Neff strain (ATCC30010) and the clinical isolate AM T4, it was not possible to calculate the IC50 within 24 h of exposure to the drug.



The amoebic viability was evaluated in 48 h at three concentrations (0.7 µM, 1.4 µM, and 3.6 μM). At the lowest concentration tested, the trophozoites viability were 44.4 ± 2.6%, 56.8 ± 5.7%, and 61.2 ± 9.3% for the A. castellanii Neff, A. castellanii T4, and AM regional clinical isolate, respectively. At 3.6 μM, it was observed a decrease in viability with an average of 28.4 ± 2.3%, 36.8 ± 5.7%, and 45.7 ± 8.0% for the A. castellanii Neff, A. castellanii T4, and AM regional clinical isolate, respectively. Figure 1B shows the viability results after 48 h of incubation with voriconazole. Again, rounded and hyper-vacuolized trophozoites were observed in the analyzed period without forming cysts.




2.2. Evaluation of the Stability of Biological Activity of Voriconazole against Trophozoites of Acanthamoeba castellanii


The results demonstrated a significant decrease in the viability of trophozoites after treatment in all storage times. Figure 2A shows the viability percentage of A. castellanii T4 trophozoites (ATCC 50492) after 48 h of exposure to 1.4 μM, 3.6 μM, 7.2 μM, 14.3 μM, and 35.8 μM of voriconazole stored for 7, 15, and 30 days after reconstitution of SE1. After 7 days of storage and with 48 h of incubation, the viability values varied between 22.5 ± 4.5% and 29.8 ± 2.8%, while in 15 days, the viability was from 33.7 ± 4.5% to 40 ± 4.5%, and in 30 days the values were between 46.8 ± 2.8% and 52.4 ± 4.3%. Figure 3A presents the viability percentage of A. castellanii T4 trophozoites (ATCC 50492) within 72 h of incubation. The results demonstrate a decrease in the biological activity of voriconazole with trophozoite viability values ranging from 4.2 ± 1.7 and 6.5 ± 1.2% observed 7 days after preparing SE1, a decrease of 6.8 ± 1.5–11.2 ± 1.3% in 15 days after preparing the SE1, and 17.8 ± 1.6–25.0 ± 2.2% after 30 days. Micrographs demonstrate the decrease in trophozoite viability at different voriconazole concentrations (Figure 2B and Figure 3B).




2.3. Activity of Voriconazole against Cysts of Acanthamoeba castellanii


The cysticidal activity of voriconazole was evaluated against cysts of the clinical isolate AM T4 at concentrations of 0.7–35.8 µM in a 24 h period. Figure 4 presents the percentage of cyst viability compared to the negative control (DMSO 0.125%). The mean viability obtained demonstrates the performance of voriconazole against the cysts of the regional clinical isolate AM concerning the negative control in all test concentrations with values of 57.3% ± 11.3%, 62.2% ± 9.4%, 55.6% ± 10.1%, 55.8 5 ± 8.2%, 60.7% ± 8.8% and 64.3% ± 9.2% respectively, demonstrating a plateau in drug activity (p ≤ 0.05).




2.4. Evaluation of Voriconazole Cytotoxicity against SIRC Cells


The cytotoxicity of voriconazole was evaluated against the SIRC cell line (Statens Seruminstitut Rabbit Cornea) (ATCC®–CCL 60) after 24 h of exposure in concentrations ranging from 0.7 to 35.8 µM, as demonstrated in Figure 5. The average cell viability was 74%. At the lowest tested concentration (0.7 µM), 85.35 ± 3.07, while at 35.8 µM, the average viability (%) was 74.33 ± 1.41. The negative control of 0.125% DMSO proved a little toxic to SIRC cells, with a viability (%) of 90.69 ± 0.60. The biguanides used as positive controls, 0.02% chlorhexidine and 0.02% PHMB, promoted 100% cell death.





3. Discussion


Drug repositioning is vital in the search for a safe and efficient treatment for AK. Especially due to the lack of specific therapies associated with high resistance of the cystic life form of Acanthamoeba spp. and the high toxicity of drugs used in the therapy of amoebic keratitis [9,10,11,12,13]. The triazole antifungal voriconazole acts in the ergosterol synthesis, causing cell damage [17]. Several studies have reported the voriconazole efficiency in causing cell death in Acanthamoeba spp. [16,17,18]. Martín-Navarro’s (2015) study demonstrated that voriconazole induced cell death in A. castellanii by non-necrotic mechanisms, making this a promising drug to fight AK [19]. Commercially, voriconazole is available for oral and intravenous administration (IV) [20]. To our knowledge, only one formulation for ocular use contains voriconazole as a drug. Vozole® (Aurolab) is sold as a lyophilized powder at a concentration of 0.1% w/v solution and is indicated to be used as an intravitreal injection. Still, preparations using the lyophilized powder of voriconazole diluted in water for injection, or lacrimal solution, are widely used in ophthalmologic clinics [18].



The present work investigated the biological activity of voriconazole with ≥98% purity against Acanthamoeba spp. to evaluate the in vitro amoebicidal stability against strains of A. castellanii and clinical isolate T4 genotype Acanthamoeba spp., to the application in the treatment of amoebic keratitis. The results indicate a time-dependent action of the drug, as it was observed that the amoebic viability varied between 24 h and 48 h of incubation, with a greater decrease in viability with a longer period of incubation time. Likewise, other studies have presented similar results. Cabello-Vílchez et al. (2014) evaluated the amoebicidal activity of voriconazole [21], and in 96 h of treatment, the IC50 calculated was approximately 7.7 μM. A minimum inhibitory concentration (MIC) of 1 to 2 mg/L after 48 h of incubation of the strains of Acanthamoeba polyphaga and A. castellanii confirmed the effective inhibition of trophozoite proliferation.



In the viability tests of voriconazole against trophozoites, it was observed that voriconazole did not induce encystment. This is an essential feature for the treatment of AK. The encystment process in Acanthamoeba enables the protozoan to survive disinfection by heat, chlorination, and treatment with different drugs [22,23,24]. For the patient, encystment may signify a recrudescence of the infection. The amoeba may encyst in ocular tissue, resist drug therapies, and lead to recurrent keratitis [25].



To evaluate whether the solution stored at a temperature of ±4 °C maintained its activity constant, tests were conducted to analyze amoeba viability after 7, 15, and 30 days of storage. The previous drug freezing did not result in a loss of pharmacological activity since the voriconazole remained active for up to 30 days. Some studies with voriconazole demonstrate data on its stability [26,27,28,29]. Isla Tejera et al. demonstrated that voriconazole was solubilized in water for injection and kept at 2–8 °C and 22–24 °C maintained its physicochemical characteristics for 30 days of storage [26]. However, the solution lost its biological activity after 3 weeks of preparation. Conversely, Amóros-Reboreo et al. (2005) reported that even after 90 days stored at −20 °C, a solution containing 1% voriconazole was stable and retained antifungal activity [28].



Tests to assess anti-cystic activity using Acanthamoeba spp. of the clinical isolate AM T4 were performed in the present study. Despite little incubation time and the low concentrations tested, there was a significant reduction in the number of cysts, but with the limited cystic activity of voriconazole. The result observed is due to the low metabolic activity of the cyst, which is in a latent state, as voriconazole has no direct action on membranes and cell wall of the protozoan but acts by inhibiting the synthesis of ergosterol in the active phase of formation of the trophozoite membranes and the cyst wall [11].



SIRC cells have been used to assess the cytotoxicity of chemical substances that induce lesions in eyes that do not cause irritation, according to the Eye Irritation or Serious Eye Damage test (Oecd Guidelines for The Testing Of Chemicals, Section 4, 27 June 2018. In the cytotoxicity test, despite the 24-h exposure to the treatment, the result demonstrated cell viability greater than 70%, confirming the low toxicity of the drug to the corneal tissue, bringing greater safety to continue with research. Studies have already reported the amoebicidal activity of voriconazole, demonstrating that the therapy is well tolerated and capable of treating infectious agents that cause keratitis with a low potential risk of adverse effects [30], being a promising alternative for the topical ocular use for the treatment of AK.




4. Materials and Methods


4.1. Preparation of Voriconazole


Voriconazole (≥98%, HPLC: Sigma-Aldrich) was reconstituted in dimethylsulfoxide (DMSO—P.A Neon, Brazil) at a final concentration of 2 mg/mL, called stock solution 1 (SE1). SE1 was stored in 100 µL aliquots at −80 °C, according to instructions described by the manufacturer. Samples were stored at 4 °C and protected from light to perform stability tests. One batch was analyzed immediately after preparation, and other batches were stored at −20 °C until 30 days to test activity antiamoebic stability.




4.2. Amoebicidal Activity Experiments


4.2.1. Culture of Acanthamoeba spp.


The amoebicidal activity tests were performed with A. castellanii Neff (ATCC 30010), A. castellanii (ATCC 50492), and the regional clinical isolate AM T4 genotype characterized at LADIPE—Research Laboratory Applied to Emerging Protozoa [3]. Trophozoites were cultivated axenically in PYG medium [0.75% (w/v) protease peptone, 0.75% (w/v) yeast extract, and 1.5% (w/v) glucose with penicillin-streptomycin antibiotics 400 UI/mL (each)] and incubated at 30 °C. To obtain the cysts, 5 × 105 trophozoites/mL of the clinical isolate AM were incubated for 72 h in an encystment medium (95 mM NaCl, 5 mM KCl, 8 mM MgSO4, 0.4 mM CaCl2, 1 mM NaHCO3, 20 mM Tris-HCl, pH 9.0) [31]. Afterward, the encystment medium was removed, and a 0.5% SDS solution was added for 5 min for the lysis of immature cysts and trophozoites still present.




4.2.2. Activity of Voriconazole against Trophozoites of Acanthamoeba spp.


To evaluate the biological activity of voriconazole against Acanthamoeba spp., 8 × 104 trophozoites/mL in PYG medium of A. castellanii Neff (ATCC 30010), A. castellanii T4 (ATCC 50492), and the clinical isolate AM were aliquot in 96-well plates. Voriconazole were tested at concentrations of 0.7 µM, 1.4 µM, 3.6 µM, 7.2 µM, 14.3 µM, and 35.8 µM. The plates were incubated at 30 °C for 24 and 48 h, with an observation of the growth kinetics at 6, 12, 24, and 48 h of incubation. As a negative control, 0.125% DMSO solution in PYG was used. Viable cells were quantified using the Fuchs–Rosenthal counting chamber, and the cell viability was analyzed using 0.4% trypan blue. The experiments were performed in independent triplicates. The results obtained were expressed as a percentage of viable trophozoites.




4.2.3. Activity of Voriconazole against Trophozoites of Acanthamoeba castellanii after Storage of Voriconazole


The stability of biological activity of voriconazole after 7, 15, and 30 days of preparation of SE1 were evaluated by aliquoting 8 × 104 trophozoites/mL of A. castellanii T4 (ATCC 50492) in 96-well plates. Concentrations of 0.7 µM, 1.4 µM, 3.6 µM, 7.2 µM, 14.3 µM, and 35.8 µM of voriconazole were tested within 48 and 72 h of incubation at 30 °C. As a negative control, a 0.125% DMSO solution in PYG was evaluated. Viable cells were quantified using the Fuchs–Rosenthal counting chamber, and the cell viability was analyzed using 0.4% trypan blue. The experiments were performed in independent triplicates. The results obtained were expressed as a percentage of viable trophozoites.




4.2.4. Activity of Voriconazole against Cysts of Acanthamoeba castellanii


The biological activity of voriconazole was tested against the clinical isolate AM, T4 genotype. To obtain the cysts, 5 × 105 trophozoites/mL of the isolate AM were incubated in a Tris-HCl encystment medium. After the encysting medium was removed, a 0.5% SDS solution was added to lyse the immature cysts and trophozoites still present. The cysts were suspended in PBS and inoculated into 96-well plates in 8 × 104 cysts/mL density. Concentrations of 1.4 µM, 7.2 µM, 14.3 µM, and 35.8 µM of voriconazole were tested within 24 h of incubation at 30 °C. As a negative control, PBS with 0.125% DMSO was evaluated, with 0.02% of CLX and 0.02% of PHMB as the positive control. Cyst viability was determined by hemocytometer count using trypan blue viability dye.





4.3. Evaluation of Voriconazole Cytotoxicity against SIRC Cells


To assess ocular toxicity, SIRC cells (SIRC; Statens Seruminstitut Rabbit Cornea, ATCC®CCL-60™) were cultivated in DMEM medium supplemented in 10% with fetal bovine serum (FBS) and incubated in an atmosphere of 5% CO2 at 37 °C. The 5 × 105 cells/well concentration was cultivated in 96-well plates and incubated for 24 h. After, the medium was removed, and the treatments were added. The concentrations of voriconazole tested were 0.7 µM, 1.4 µM, 3.6 µM, 7.2 µM, 14.3 µM, and 35.8 µM. The following solutions were used as controls: DMSO 0.125% as the negative control. All treatments were in contact with the cells for 24 h, followed by adding 0.5 mg/mL MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide/Sigma-Aldrich) for 2 h. After the MTT was removed and DMSO was added for the solubilization of the MTT reduction product to be revealed. The reading was performed in an ELX800 spectrophotometer (BIOTEK®, USA) at a wavelength of 540 nm. The percentage of cell viability was calculated to the negative control (100% viability). The experiments were performed in triplicate.




4.4. Statistical Analysis


Statistical analyses were performed using Graph Pad Prism (La Jolla, CA, USA) for analysis of variance (ANOVA) with a comparison of means, followed by the Kruskal-Wallis post-test. The results obtained in the antiamoebic and cytotoxicity tests were expressed as percent viability, mean ± standard error of the mean (SEM) for at least 3 replicates, and p-values less than 0.05 were considered significant.





5. Conclusions


The voriconazole solution prepared was stable and retained antiamoebic activity when stored at 4 °C for 30 days, and well tolerated due to the low cytotoxic potential to corneal cells, concluding that the voriconazole can be used for topical ocular formulation therapy and with a low potential risk of causing adverse effects. Voriconazole has the potential for use in formulations composed with potent antiamoebics, improving tolerance and for use in cases of polymicrobial infections by Acanthamoeba spp. and fungi.
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Figure 1. Amoebicidal activity of voriconazole against Acanthamoeba spp. (A) Viability assays for the trophozoite strain A. castellanii Neff (ATCC 30010), A. castellanii T4 (ATCC 50492), and the regional clinical isolate AM T4 after 24-h incubation with voriconazole; (B) Viability assays of trophozoite strain A. castellanii Neff (ATCC 30010), A. castellanii T4 (ATCC 50492), and the regional clinical isolate AM, after 48 h of incubation with voriconazole. The results correspond to the mean ± SEM of three independent experiments in triplicate. # Value of p < 0.05 compared to the negative control (DMSO 0.125%) and test concentrations of voriconazole with * p < 0.05 compared to each other (Kruskall-Wallis post-test). The dashed line indicates the IC50 calculated through linear regression. 
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Figure 2. Evaluation of the stability of the biological activity of voriconazole against Acanthamoeba castellanii T4 trophozoites. (A) Viability for the A. castellanii T4 trophozoite strain (ATCC 50492) after incubation for 48 h with free voriconazole stored for 7, 15, and 30 days. The results correspond to the mean ± SEM of the mean of three independent experiments. * p-value < 0.05 compared to the negative control (Kruskall-Wallis post-test). (B) Micrographs demonstrate the decrease in viability at different voriconazole concentrations. Images at 200× magnification. 
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Figure 3. Evaluation of the stability of the biological activity of voriconazole against Acanthamoeba castellanii T4 trophozoites. (A) Viability for the A. castellanii T4 trophozoite strain (ATCC 50492) after incubation for 72 h with free voriconazole stored for 7, 15, and 30 days. * p-value < 0.05 compared to the negative control (Kruskall-Wallis post-test). The results correspond to the mean ± SEM of the mean of three independent experiments. (B) Micrographs demonstrate the decrease in viability at different voriconazole concentrations. Images at 200× magnification. 
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Figure 4. Evaluation of the cysticidal activity of voriconazole against Acanthamoeba spp. Viability of cysts of the regional clinical isolate AM T4 of Acanthamoeba spp. after 24 h of incubation with voriconazole. The results correspond to the mean ± standard error of the mean of three independent experiments in triplicate. * p-value < 0.05 compared to the negative control (Kruskall-Wallis post-test). 
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Figure 5. Cell viability of SIRC after voriconazole treatment. Cytotoxicity assay with SIRC cells (Statens Seruminstitut Rabbit Cornea) (ATCC®–CCL 60) in exposure to voriconazole for 24 h followed by the addition of MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide) 0.5 mg/mL. The results correspond to the mean ± standard error of the mean of three independent experiments in triplicate. * p-value < 0.05, compared to the negative control—DMSO 0.125% (Kruskall-Wallis post-test). The dashed line indicates 70% viability. 
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