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Abstract

:

Candida albicans is a clinically significant opportunistic fungus that is generally treated with antifungal drugs such as itraconazole and fluconazole. However, the recent emergence of fungal resistance has made treatment increasingly difficult. Therefore, novel antifungal treatment methods are urgently required. Hexanol ethosome photodynamic therapy (HE-PDT) is a method that uses photosensitizers (PS), such as hexanol ethosome, to exert antifungal effects, and can be used to treat resistant fungal strains. However, due to the high dose of PS required for antifungal treatment, excess photosensitizers may remain. Furthermore, once exposed to light, normal tissues or cells are damaged after photodynamic therapy, which limits the clinical application of HE-PDT. Therefore, improving the efficacy without increasing the dose is the key to this treatment. In this study, the antifungal effect of copper sulfate combined with HE-PDT was investigated, and its mechanism was explored. The results suggested that exogenous copper sulfate significantly increased the antifungal effect of HE-PDT by enhancing the rate of C. albicans inhibition, increasing reactive oxygen species (ROS) accumulation, increasing the rate of apoptosis, and altering the mitochondrial membrane potential (MMP) and ATP concentration, which is related to the downregulation of apoptosis-inducing factor (AIF1) expression. In conclusion, copper sulfate combined with photodynamic therapy significantly inhibited the activity of C. albicans by inducing apoptosis. The combined approach reported herein provides new insights for future antifungal therapy.
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1. Introduction


Fungal infections are a major global health concern, particularly in immunocompromised populations. On 25 October 2022, the World Health Organization (WHO) first declared Candida albicans as an ‘extreme priority’ fungus, calling for strengthening of the global response to fungal infections and antifungal resistance [1]. Because antifungal drugs are widely used, C. albicans has evolved in order to survive, leading to more serious drug resistance, making treatment substantially more difficult.



Photodynamic therapy (PDT) is facilitated by the accumulation of photosensitizers (PS), which produce a mass of toxic substances under specific light conditions, such as reactive oxygen species (ROS), which, in turn, cause the apoptosis or necrosis of pathogenic microorganisms [2]. Hexyl-aminolevulinate (HLA) is a photosensitizer and an ester derivative of ALA (5-aminolevulinic acid). It has higher fat solubility and stability than ALA and efficiently produces protoporphyrin IX [3]. Ethosomes (ES) are transdermal drug carriers with a lipid bimolecular vesicle structure; they have good permeability and stability, and can achieve higher permeability for HLA to improve its bioavailability [4]. HLA-ES has achieved significant therapeutic effects in psoriasis, acne, and C. albicans biofilms when administered during the early stages [4,5,6], and has obvious advantages over ALA and HLA, which are commonly used in clinics [7]. Although PDT has been advocated for as a therapeutic alternative to antifungal agents [8], high concentrations of PS are associated with significant disadvantages; high PS doses often remain in the body as not all of the compound is used in the reaction. In addition, light exposure causes oxidative damage to normal tissues or cells [9]. Therefore, low-dose PSs that can achieve the ideal therapeutic effects are urgently required.



Copper ions have been previously used to treat fungal infections; over the past few decades, various copper formulations have been used to treat skin diseases, such as eczema, scars, lupus, syphilis, etc. However, the use of copper has been reduced due to the emergence of antibiotics. With the abuse of antibiotics and the emergence of fungal resistance, the role of copper has been re-emphasized [10]. Studies have reported that a combination of copper sulfate and povidone can be used to treat bovine fungal infections and foot rot disease in cattle and sheep, and has an obvious curative effect [11]. Furthermore, the combination of Cu and antifungal drugs has been found to enhance the antifungal effect [12]. The potent triamino acid compound Cu-phendione can inhibit the activity of vaginal C. albicans [13]. Cu not only has antibacterial and antifungal effects [14], but also enhances the antifungal activity of combined drugs due to the accumulation of intracellular copper, which induces oxidative stress and disrupts cell function. After copper is transported to the target tissue through its chaperone protein, Cu can catalyze a variety of physiological reactions, including mitochondrial energy production and redox homeostasis. Cu is an important metal element in both prokaryotes and eukaryotes. When in excess, Cu catalyzes the Fenton/Fenton-like reaction, which converts the superoxide anion (O2−) into a more toxic hydroxyl radical (OH−), leading to the accumulation of toxic products in cells and increased cytotoxicity [12].



Because high PS concentrations are required for PDT treatment, a large proportion of the PS remains in the body, which causes oxidative damage to normal tissues or cells [9] when exposed to light. We hypothesized that copper can enhance the antifungal effects of PDT, even at a reduced PS dose. However, studies on the effects of Cu-PDT on fungal infections are scarce. In this study, for the first time, we combined copper sulfate with HE-PDT to evaluate its therapeutic effect against C. albicans infections, and to elucidate the underlying mechanisms. Understanding the mechanisms underlying Cu action in cells will provide new insights and may contribute to the development of novel antimicrobial therapies.




2. Materials and Methods


2.1. Fungal Strains, Growth Conditions, and Agents


C. albicans strain SC5314 was obtained from our research group [6,7]. C. albicans was cultivated on YPD plates at 37 °C. HLA-ES (HLA: Suzhou Namet Biotechnology Co., Ltd., Suzhou, China) was prepared according to the method described previously [6].




2.2. Measurement of Inhibition of C. albicans by HLA-ES


C. albicans was adjusted to a concentration of 1 × 107 cells/mL with Roswell Park Memorial Institute 1640 medium (RPMI 1640, Thermo Fisher Scientific, Waltham, MA, USA), mixed with configured HLA-ES (0.0625%, 0.125%), and seeded in a 96-well plate, respectively. It was then wrapped in tin foil and incubated in an incubator at 37 °C for 24 h while protected from light. After sufficient incubation time, the suspension was centrifuged and washed twice with sterile PBS to remove the drug solution, and the cells were resuspended with RPMI 1640 medium and immediately irradiated for 30 min using a light-emitting diode (LED) light source (Wuhan Yage Photonics Co., Ltd., Wuhan, China). Using the serial dilution method, in each group of the suspension, we performed gradient dilution [7], and ultimately, 10 μL of serially diluted cell suspension was coated on the YPD agar plate, subjected to 37 °C incubation for 24 h for colony counting, and we performed three independent experiments.




2.3. Inhibition of C. albicans by Copper Sulfate


Copper sulphate solution was first prepared by mixing 2 mL of RPMI 1640 with copper sulphate (Macklin Biochemical Technology Co., Shanghai, China), vortexing to allow full dissolution, and filtering twice through a sterile 0.22 µM filter membrane and setting aside. The RPMI 1640 medium was adjusted with C. albicans to a concentration of 1 × 107 cells/mL, which was mixed with copper sulphate (at concentrations of 100, 200, 400, 800, 1600, 3200, 6400, 12,800, 25,600, and 51,200 μM), seeded in 96-well plates, and incubated for 24 h. Groups of each concentration were coated on YPD agar plates using the serial dilution method and placed in an incubator at 37 °C for 24 h. The number of colonies of C. albicans was counted and converted to Log logarithm.




2.4. Evaluation of the Inhibitory Effect of HE-PDT Combined with Copper Sulfate on C. albicans


The experiments were grouped into four groups: control (C. albicans) group, copper sulphate + C. albicans group, HE-PDT + C. albicans group, and HE-Cu-PDT + C. albicans group. The four subgroups were mixed and planted in 96-well plates, respectively, and incubated for 24 h under light protection, and the photodynamic therapy group was washed twice with PBS, and the cells were resuspended in RPMI 1640 medium and immediately irradiated with light-emitting diodes for 30 min. The serial dilution method was adopted to coat all subgroups on YPD agar plates, and they were incubated at 37 °C for 24 h. CFUs were counted and converted to Log logarithm.




2.5. Measurement of Intracellular ROS, H2O2, O2−, and ATP


Observing ROS: The four subgroups were mixed and planted in 1 mL centrifuge tubes, incubated for 24 h, washed twice with PBS, resuspended in RPMI1640 medium, and irradiated with light-emitting diodes for 30 min; all subgroups were centrifuged and the supernatant was discarded. At the same time, the fluorescent DCFH-DA (2′,7′-Dichlorodihydrofluorescein diacetate) was configured according to a ratio of 1:1000 and mixed well. Then, 100 μL of DCFH-DA was added to each group, gently mixed, put into the incubator at 37 °C to avoid light and incubated for 30 min, centrifuged, and, after we discarded the supernatant, washed with 1 mL of PBS. Then, it was centrifuged again, and, after we discarded the supernatant, resuspended by adding 100 µL of PBS. Then, it was added to a new 96-well plate, and then, observed and photographed under a fluorescence microscope.



Intracellular O2− or H2O2 [15,16,17,18]: After centrifuging and discarding the supernatant of the four treated subgroups, 10 μL of DCFH—DA was added to each of them and the cells were incubated at 37 °C for 30 min, and then, the excess DCFH—DA was washed with PBS. Fluorescence was recorded with a multifunctional microplate reader. For O2−, the excitation wave was 485 nm and the emission wave was 585 nm. For H2O2, the excitation wave was 485 nm and the emission wave was 535 nm. The proportions of O2− or H2O2 were calculated using the following formula: [O2−] or [H2O2] = average cell strength of the experimental group/the average cell strength of the control group.



Measurement of ATP: After centrifuging and discarding the supernatant of the four treated subgroups, we added 100 μL of working solution to each group, shook and mixed it for 2 min at 25 °C for 10 min, and then, measured the luminescence value of RLU by using the multifunctional enzyme marker.




2.6. Flow Cytometry for the Detection of ROS, Apoptosis, and Mitochondrial Membrane Potential (MMP) Changes


Measurement of ROS: The 4 processed subgroups were centrifuged, the supernatant was discarded, and 100 μL DCFH-DA was added to each tube and mixed, incubated for 30 min at 37 °C, protected from light, and washed twice with sterile PBS. The 4 subgroups were resuspended with 300 μL PBS, and the cells were analyzed immediately using a BECKMAN COULTER flow cytometer (CytoFLEX S, Beckman Coulter Company, Brea, CA, USA).



Apoptosis detection: Approximately 100 μL 1 × Annexin V Binding Solution was added to each group. After blowing and mixing, 5 μL FITC conjugate and 5 μL PI were added to the cell suspension and cultured in the dark at 25 °C for 15 min. After adding 400 μL 1 × Binding Solution, the cells were analyzed by flow cytometry.



MMP detection [19]: Firstly, JC-1 was configured into a working solution with RPMI 1640 medium at a concentration of 4 μmol/L according to the instructions. Imaging Buffer (10×) was diluted 10-fold with ultrapure water. A total of 100 μL of the working solution was added into each subgroup and mixed, and then, incubated at 37 °C for 30 min and centrifuged to remove the supernatant. Then, we washed the cells with 200 μL of HBSS twice, and then, centrifuged them to discard the supernatant. The cells were analyzed by a flow cytometer machine immediately after the addition of 200 μL of the 1 × Imaging Buffer Solution.



The data obtained were analyzed by Flojow (FlowJoTM 10.8.1) and independent experiments were repeated at least 3 times.




2.7. q-PCR to Verify AIF1 Expression


The yeast RNA rapid extraction kit (Aidlab Biotechnologies Co., Ltd., Beijing, China) was used to collect RNA from each group. 5 × SweScriptAll-in-one SuperMix for qPCR (4 μL), Total RNA (1000 ng/RNA volume obtained previously), and non-enzymatic water were combined, generating a total volume of 20 μL, and then, transcribed into cDNA. cDNA was extracted for the next stage of qPCR using a Bio-Rad IQ5 microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). Amplification specificity was evaluated using a dissolution curve. The transcription level of the ACT1 gene was considered the standardized level of gene expression. Gene expression levels were determined by three independent experiments.




2.8. Data Analysis


GraphPad Prism 9 software (San Diego, CA, USA) was used to conduct statistical analysis. A one-way analysis of variance (ANOVA) test was used to evaluate the statistical significance of the differences between the experimental groups and the control group. The data represent the standard deviation of at least three biological replicates. A p-value of less than 0.05 was considered statistically significant. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.





3. Results


3.1. Copper Sulfate Increased the Suppressive Effect of HE-PDT on C. albicans


The results showed (Figure 1a) that the inhibition of C. albicans by 0.25% and 0.5% hexanol plasmapheresis was 100%, whereas the inhibition of C. albicans by 0.125% was 13.5%, and the inhibition of C. albicans by 0.0625% was 9.633%. Interestingly, copper sulphate had a growth-promoting effect on C. albicans when the concentration of copper sulphate was <1.6 mM; however, the inhibition of C. albicans was close to 0% at a copper sulphate concentration of 1.6 mM (Figure 1b). At a copper sulfate concentration of 400 μM, HE (0.0625%) inhibited C. albicans by 30.81% (Figure 1c); however, at the same concentration of copper sulfate, HE (0.125%) inhibited C. albicans by 62.1% (Figure 1d), which boosted the inhibitory rate by half when compared to HE (0.0625%); YPD agar plates (Beijing Wokai Biotechnology Co., Beijing, China) were used to visualize changes in colony numbers (Figure 1e).




3.2. Copper Sulfate Enhances Oxidative Stress and Apoptosis


Although there was green fluorescence in the HE-PDT group, it was much less than the fluorescence accumulation in the HE-Cu-PDT group (Figure 2a). Meanwhile, in the flow-through results, ROS increased from 7.59% to 55.23% (Figure 2b). The oxidation products H2O2 and superoxide radicals also accumulate gradually (Figure 2c,d), and PDT acts through cells undergoing apoptosis or necrosis [20,21]; the results showed that the apoptosis rate of HE-PDT was only 7.32%; however, the apoptosis rate was elevated from 7.32% to 20.26% when copper sulphate was combined with HE-PDT (Figure 2e).




3.3. Effect of Copper Sulfate on Mitochondria


Mitochondria provide energy for cells and regulate apoptosis [22,23]; it has been shown that HE-Cu-PDT increases the apoptosis rate from 7.32% to 20.26% (Figure 2e). JC-1 acts as a probe, for which the red/green fluorescence ratio is considered to be an assessment of the state of mitochondrial polarization. The experimental results showed that HE-Cu-PDT had a lower wave peak than HE-PDT (Figure 3a) and a decreased red/green fluorescence ratio (Figure 3b). MMP impairment also led to a decrease in ATP energy supply, and the HE-Cu-PDT group presented energy supply values of C. albicans that were closer to the horizontal line compared to the HE-PDT group (Figure 3c). Normally AIF1 is an apoptosis-inducing factor located on mitochondria, and the expression of AIF1 was elevated in the HE-PDT group (Figure 3d); however, AIF1 expression was suppressed in the HE-Cu-PDT group.





4. Discussion


There is a wide range of antifungal drugs available, such as amphotericin B, fluconazole, echinocandin, and pyrimethamine, often accompanied by side effects such as impaired hepatic and renal function and gastrointestinal tract problems [24]; while resistance is constantly being developed and is accentuated by the prolonged prophylactic use of antifungal drugs [25,26,27,28], the emergence of drug-resistant fungi and the increasing number of high-risk patients has put the inclusion of antifungal resistance on the research agenda of international funding agencies [29].



PDT has been clinically used to treat cancer and viral, bacterial, and fungal infections [30,31,32]; however, its therapeutic effect on fungi is limited, mainly because the passage of PS is hindered by the purine channel in the fungal cell wall. Therefore, a large PS concentration is required to achieve the desired therapeutic effect [32]. Studies have reported that when ALA-PDT is used to treat C. albicans, the minimum inhibitory concentration of ALA is 500 mg/mL [33]. However, excessive drug concentrations lead to PS residues remaining in the body, causing damage to tissues and cells [9].



This study demonstrated that the HE-Cu-PDT group significantly increased the inhibition rate of C. albicans from 13.5% to 62.1% compared with the HE-PDT group, and this inhibition rate was not a simple two-by-two addition, but reflected a synergistic effect. Some studies have reported that the mechanism by which PDT causes cell death includes apoptosis or necrosis [20,21]. Relevant studies reported that the apoptosis rate of ALA-PDT against C. albicans was only 19.4% at 15 mM [34]. However, the findings in this paper showed that the HE-Cu-PDT group significantly increased the apoptosis rate of C. albicans from 7.32% to 20.26% compared with the HE-PDT group (Figure 2e); similar synergistic effects have been more extensively studied in tumor and bacterial treatments, especially in tumors, whereas they are rarely seen in antimicrobial treatments, which makes the study of the effect of HE-Cu-PDT on fungus somewhat innovative [35,36,37,38,39,40].



Studies have shown that mitochondria play a role in the efficacy of PDT [22,23]. Our experimental results confirmed that the effect of HE-Cu-PDT is related to mitochondria. The addition of copper sulfate can lead to changes in MMP, ATP concentration, and AIF1 expression. The main reason for this is that copper can lead to mitochondrial oxidative stress [41,42,43], and the cytotoxicity of copper is closely related to oxidative stress. O2− and Cu2+ react to generate O2 and Cu1+, providing oxygen for PDT. In addition, Cu1+ can react with hydrogen peroxide produced by PDT to form hydroxyl radicals [12], and hydroxyl radicals (OH−) are one of the strongest oxidants described thus far [44,45].



It has been reported that apoptosis-inducing factor (AIF1), as a member of the mitochondrial respiratory electron transport chain, has the biochemical nature of NADH dehydrogenase, which is able to promote mitochondrial respiratory function [46,47]; when it is inhibited, electron transport is blocked, resulting in downstream reactions that cannot proceed normally, and impaired ATP production will result in insufficient energy supply for C. albicans growth, thus accelerating C. albicans apoptosis. So, is it possible that C. albicans fails to grow during this process because of respiration inhibition? The synergistic effect of copper sulphate and HE-PDT not only reduces mitochondrial membrane potential, but also leads to a decrease in the production of ATP, which are the main indicators for detecting the function of mitochondria; C. albicans was inhibited, probably because of damage to mitochondria, which blocked electron transfer, affecting its respiratory function, and ultimately failed to grow; the specific mechanism of its death deserves further exploration.



In the clinic, there have been different clinical strains of C. albicans, such as ATCC 24433 and 90029. However, the C. albicans strain SC5314, as a standard strain, was used in this study, and our results showed that photodynamic therapy combined with copper sulfate will provide a new therapeutic idea for the current issue of fungal drug resistance.
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