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Abstract

:

Environmental sustainability is an increasing challenge in the pharmaceutical field, leading to the search for eco-friendly active ingredients. Among natural ingredients, propolis arises as an excellent alternative, being a complex substance with pharmacological properties. This work aims to explore the potential of propolis as a new pharmaceutical ingredient for the replacement of conventional vulvovaginal antifungals. Propolis extracts were obtained by Ultrasound-Assisted Extraction using different solvents (water, water/ethanol (50:50, v/v), and ethanol). Afterwards, the extracts were characterized regarding total phenolic content (TPC), antioxidant/antiradical activities, radical scavenging capacity, antifungal activity against strains of Candida species, and viability effect on two female genital cell lines. The aqueous extract achieved the best TPC result as well as the highest antioxidant/antiradical activities and ability to capture reactive oxygen species. A total of 38 phenolic compounds were identified and quantified by HPLC, among which ferulic acid, phloridzin and myricetin predominated. Regarding the anti-Candida spp. activity, the aqueous and the hydroalcoholic extracts achieved the best outcomes (with MIC values ranging between 128 and 512 μg/mL). The cell viability assays confirmed that the aqueous extract presented mild selectivity, while the hydroalcoholic and alcoholic extracts showed higher toxicities. These results attest that propolis has a deep potential for vulvovaginal candidiasis management, supporting its economic valorization.
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1. Introduction


The global population continues growing, being estimated to reach totals near 8.5 billion people by 2030 and 10.9 billion by 2100 [1]. A 30% increase in food supplies will be needed in comparison to the present, while major challenges are also expected to emerge in food security and agricultural practices [2]. Therefore, the search for sustainable development has generated an attempt to use natural matrices and products that are readily available, adding value to local resources and generating profits for small producers. At the same time, the use of plant and animal extracts in traditional medicine is one of the oldest human practices, particularly in developing countries where modern medicines are not always available or affordable [3]. Fruits and vegetables have long been described as excellent sources of polyphenols with demonstrated benefits for human health, such as antioxidant and cytoprotective activities [4]. Honey and related products, including propolis, are no exception [5]. Propolis is a natural adhesive resinous material produced by honeybees that results from the mixture of collected exudates of leaves, branches, and buds around the beehive with bee salivary secretions and beeswax. This complex matrix is used to build and seal cracks in the hive, protecting it from pathogens [6,7]. Propolis has a typically dark brown color, being solid and brittle at lower temperatures and becoming softer and stickier above 20 °C due to its resinous nature. Low toxicity and multiple functionalities also justify the traditional use of propolis for medical purposes [6]. Indeed, more than 300 constituents have been identified as bioactive [6,8]. Generally, propolis has been described as a rich source of benzoic acids and derivatives, cinnamic alcohol, cinnamic acid and respective derivatives, sesquiterpenes and triterpene hydrocarbons, benzaldehyde derivatives, alcohols, ketones, and heteroaromatic compounds, terpenes and sesquiterpene alcohols and their derivatives, aliphatic hydrocarbons, minerals, sterols and steroidal hydrocarbons, sugars, and amino acids [6,8,9]. Most important, the different combinations of these compounds are responsible for the antibacterial [10,11,12], antifungal [13,14], antiviral [15], anticancer [16,17], anti-inflammatory [18] and antioxidant [19,20,21] activities of propolis.



In particular, the ability of propolis to inhibit the growth of Candida species involved in vulvovaginal candidiasis (VVC) has recently attracted the attention of researchers [22,23,24,25,26]. VVC is typically caused by Candida albicans (around 90%), although cases of non-albicans VVC also occur and are usually more challenging to manage. Indeed, the failure of pharmacological treatments has increased due to intrinsic or acquired fungal resistance and can lead to cases of recurrent VVC (RVVC) [27]. This last condition affects 4% of women worldwide, causing genitourinary discomfort and inflammatory symptoms, and interfering with quality of life [28]. Hence, new alternative treatments are greatly required. Despite several previous reports on the potential application of propolis for the management of VVC [22,23,24,25,26], the use of the crude residue lacks the potential to yield products that could be used in the preparation of reproducible or even safe pharmaceutical products. Ultrasound-assisted extraction (UAE) arises as a green alternative extraction method, its main advantages being low-cost equipment and better extraction time as well as lower energy requirements [29]. This technique is based on cavitation, a phenomenon generated by the propagation of strong ultrasound waves in liquids [30] that cause the collapse of cavitation bubbles, leading to cell disruption and promoting a good penetration of the solvent into the cells and, consequently, to a better extraction of bioactive compounds [31]. Additionally, the probe system is more powerful than the ultrasound bath, producing additional energy and faster chemical reactions [30]. Therefore, the extraction of propolis bioactive compounds to manage vulvovaginal candidiasis could benefit from this sustainable technique that can be easily scaled up, constituting a more economical and eco-friendly alternative for industrial application [30]. To the best of our knowledge, this is the first study that employs UAE to obtain active ingredients from propolis crude residue.



In this work, eco-friendly UAE is employed to prepare different extracts of propolis obtained from the Natural Park of Montesinho, an area with protected designation of origin in northeast Portugal (Trás-os-Montes region). Extracts were screened and characterized in terms of phenolic composition, radical scavenging activity, antioxidant/antiradical properties, toxicity towards human genital cell lines, and biological activity against Candida species, aiming to select the best one to be used against VVC.




2. Results and Discussion


2.1. TPC and Antioxidant/Antiradical Activities


TPC is a spectrophotometric method widely used to evaluate the antioxidant activity of extracts from herbs, fruits, or cereals, among others [32,33,34,35]. The TPC results and antioxidant/antiradical activities of propolis extracts are summarized in Table 1.



The aqueous extract achieved the best result, followed by the hydroalcoholic and the alcoholic ones (217.7, 119.0, and 79.7 mg GAE/g dw, respectively). Significant differences were observed among all extracts (p < 0.01). According to Silva et al. [36], the TPC of propolis from Trás-os-Montes region ranged between 72.2 mg GAE/g dw and 277.2 mg GAE/g dw. Interestingly, a lower concentration was observed for the aqueous extract (72.2 mg GAE/g dw) in contrast to the present study (217.7 mg GAE/g dw). This difference may be due to the extraction method employed by the authors, which consisted of palynological processing using water, methanol, or 80% ethanol/water (1/10, v/v) as solvents [36]. In another study, Campo et al. [20] reported that the phenolic content was influenced by the sample’s origin, achieving a lower value in propolis obtained from the northern part of Portugal, probably due to the different apicultural practices implemented by beekeepers [36].



The antioxidant activity of propolis extracts was assessed by the FRAP assay, while the antiradical activity was screened via the ABTS method (Table 1). The aqueous extract presented the highest antioxidant activity, achieving an IC50 value of 77.2 μg/mL, while the hydroalcoholic and the alcoholic extracts obtained IC50 values of 169.8 μg/mL and 284.3 μg/mL, respectively, with significant differences being observed between all extracts (p < 0.05). Similarly, Lagouri et al. [37] studied the antioxidant activity of propolis collected from the Greek mainland (West Macedonia) and Rhodes (Greece), being both extracted with methanol, methanol 80% (v/v), and water, through conventional extraction procedures. The extract from West Macedonia prepared with methanol 80% obtained an IC50 value of 0.0065 mg/mL, while the aqueous extract from Rhodes reached an IC50 value of 0.1690 mg/mL [37], results considerably worse than the ones achieved in the present study.



Regarding antiradical activity, IC50 values ranged between 202.8 μg/mL and 469.7 μg/mL for the aqueous and alcoholic extracts, respectively (Table 1). Once again, significant differences were observed between the aqueous extract and the other extracts (p < 0.05), in contrast to the alcoholic and hydroalcoholic extracts (p = 0.349). Vongsak et al. [38] also analyzed the antiradical activity of propolis from three stingless bee species, Lepidotrigona ventralis Smith, L. terminata Smith, and Tetragonula pagdeni Schwarz, collected in Thailand. The extracts were prepared by sonication, with 80% of ethanol at 40 °C for 30 min, and, subsequently, with hexane at 40 °C for 20 min [38]. The ABTS assay led to IC50 values that varied between 59.5 and 605.4 μg/mL for T. pagdeni and L. terminata, respectively [38]. These results were in line with the ones obtained in the present study. As can be observed in Table 1, the aqueous extract presented the best results, followed by the hydroalcoholic and alcoholic extracts, which can be explained by the high polarity and affinity of water to the polar compounds. It should also be highlighted that the extraction yields for the aqueous, hydroalcoholic and alcoholic extracts were, respectively, 14.41 ± 0.71%, 24.63 ± 1.23%, and 48.66 ± 2.43%.




2.2. Identification and Quantification of the Phenolic Profile


The identification of the phenolic compounds of the different extracts may justify the antioxidant and antiradical activities observed. A total of 38 compounds were identified in the extracts (Table 2). Figure 1 summarizes the chromatograms attained for the polyphenol’s standard mixture, as well as the aqueous, hydroalcoholic, and alcoholic extracts. In line with the results achieved for the spectrophotometric methods (Section 3.1), the aqueous extract showed the highest phenolic content.



The main compounds present in the three extracts were phenolic acids, mostly ferulic acid. Vanillic and p-coumaric acid were also quantified in considerable amounts in the aqueous extract, while p-coumaric acid and 3,5-di-caffeoylquinic acid were the most representative phenolics (after ferulic acid) in the hydroalcoholic and alcoholic extracts. Flavonols were the second major class of compounds present in hydroalcoholic and alcoholic extracts, representing 33.30% and 33.51%, respectively. Myricetin was the main flavonol quantified in all extracts, followed by phloridzin. Catechin was identified in all extracts, although epicatechin was only identified in the hydroalcoholic extract. Additionally, apigenin, a well-known flavone, was only identified in the alcoholic extract, while chrysin was present in all extracts.



The different extracts revealed high levels of flavonoids, in accordance with a previous report for European samples of propolis [39]. Ozkok et al. [40] evaluated the phenolic composition of propolis collected from different Turkish regions and reported the presence of six phenolic acids, namely caffeic acid, p-coumaric acid, trans-ferulic acid, protocatechuic acid, trans-cinnamic acid, and caffeic acid phenethyl ester. The authors also quantified flavonoids, such as quercetin (1.12–4.14 mg/g), galangin (0.72–40.79 mg/g), apigenin (1.07–17.35 mg/g), and pinocembrin (1.32–39.92 mg/g), although some of these compounds were not evaluated in this study. Lagouri et al. [37] analyzed the phenolic composition of Greek propolis and reported the presence of caffeic acid (0.64–4.17 mg/g), ferulic acid (0.53–1.41 mg/g), p-coumaric acid (0.83–3.00 mg/g), apigenin (0.48–2.74 mg/g), and galangin (1.32–8.55). Once again, the Portuguese propolis used in the present work seems to be richer in phenolic compounds when compared to the Greek propolis. These works demonstrate the richness of propolis in phenolic compounds and, most importantly, the influence of geographic conditions and the different extraction procedures on the bioactive composition of this complex matrix.



As expected, the phenolic profile results corroborate the antioxidant/antiradical results. The main phenolic compound quantified was ferulic acid, which is associated with antioxidant, antimicrobial, anti-inflammatory, anti-thrombosis, and anti-cancer properties [41]. In addition, the aqueous extract showed high amounts of vanillic acid when compared to the other extracts (2638 mg/100 g dw), which may justify the higher antiradical activity observed, being in line with previous authors [42]. Moreover, myricetin was also found in high quantities, acting as an antifungal against C. albicans, and reducing biofilm formation [43,44]. Catechin is another excellent antioxidant identified in the extracts. When used in combination with lower doses of antimycotics, catechin significantly inhibits the growth of fluconazole-resistant C. albicans [45]. These results highlight the antioxidant and anti-candidiasis effects of the phenolic compounds present in the propolis extracts prepared.




2.3. In Vitro Scavenging Capacity against ROS


ROS production is a consequence of normal metabolism, performing various physiological functions [46]. Although the role of moderately increased ROS levels in activating antifungal activity of neutrophils and macrophages may be beneficial for host response to vulvovaginal infection [47,48], the excessive production of these reactive species can exacerbate the inflammatory state associated with VVC [49]. The ROS scavenging capacities of the different extracts are summarized in Table 3.



Regarding the O2•− uptake capacity, an IC50 value of 67.3 μg/mL was obtained for the aqueous extract, while a significantly higher value (651.4 μg/mL) was determined for the hydroalcoholic extract (p < 0.01). The scavenging capacity of the alcoholic extract was mild (inhibition percentage up to around 20%) at the highest tested concentration (1000 μg/mL). Furthermore, the aqueous extract attested a superior capacity to scavenge this oxygen species than the positive control catechin (IC50 = 84.4 μg/mL), supporting the excellent capacity of this extract.



Regarding the HOCl scavenging potential, the aqueous extract also achieved the highest activity (IC50 = 7.5 μg/mL), followed by the hydroalcoholic (IC50 = 11.3 μg/mL) and alcoholic extracts (IC50 = 38.1 μg/mL). Significant differences were observed (p < 0.05) for the alcoholic extract when compared to the other two, but not between the aqueous and the hydroalcoholic extracts (p = 0.130). Francisco et al. [50] registered IC50 values of 226.8 μg/mL and 13.3 μg/mL, respectively, for the scavenging activity against O2•− and HOCl of the Brazilian propolis, highlighting the promising results for the extracts proposed in the present study. Additionally, the results are in line with the in vitro antioxidant/antiradical activities reported in the previous sections as well as the phenolic composition described. The higher scavenging efficacy of the aqueous propolis extract may be due to its superior content in phenolic compounds, particularly ferulic acid, well-known for its capacity to neutralize free radicals and act on the reduction of xanthine oxidase and cyclooxygenase activity [51]. Phloridzin is the main flavone found in propolis extracts and may inhibit the formation of O2•− as well as lipid peroxides [52]. Flavonols, such as kaempferol, quercetin, and myricetin, have huge potential as ROS scavengers due to the number of hydroxyl groups on the B-ring [53,54]. Overall, the scavenging capacity of the aqueous and hydroalcoholic propolis extracts may be beneficial for the purpose of VVC management.




2.4. Antifungal Activity


The activity of the different extracts against six standard ATCC Candida spp. strains was determined according to the clinically relevant CLSI M27-A4 method (Table 4).



All extracts presented fungistatic activity, with MIC values varying from 128 to 512 μg/mL, with mild differences between extracts. The higher activity of the aqueous and hydroalcoholic extracts when compared to the alcoholic one may be related to their superior polyphenol content. Touzani et al. [55] also suggested that the antifungal activity of propolis is related to the presence of this type of compound. Values of MFC higher than 512 μg/mL for nearly all strains further reinforce the fungistatic nature of the tested extracts. Importantly, anti-Candida activity appeared to be maintained for strains resistant or featuring dose-dependent susceptibility to fluconazole, suggesting that the extracts could be useful in cases of azole-resistant VVC, particularly those with scarce availability of alternative treatment options [56]. According to Tobaldini-Valerio et al. [57], propolis extracts with MIC values < 800 μg/mL are potentially useful inhibitors of Candida spp. and considered suitable for topical therapy. Additionally, Duarte et al. [58] proposed a broader classification for plant products, stating that MIC values around 0.5 mg/mL indicate strong antifungal inhibitory activity. According to these authors, MIC values up to 2 mg/mL are still indicative of suitable activity for medical use. Thus, all tested extracts seem to be suitable as promising antifungal candidates for managing candidiasis.




2.5. Cytotoxicity Activity


The effect of propolis extracts on the viability of two relevant human cell lines of genital origin, viz. HEC-1-A and Ca Ski [59,60], was tested after 4 h of incubation. The relatively short time of exposure was selected to better mimic the typically brief residence time of drug products in the vagina [61]. The results are summarized in Table 5.



The mean CC50 values for the aqueous extract were above the maximum tested concentration (2048 μg/mL) in both cell lines and at least four times higher than the MIC values. These results suggest, at least, mild selectivity of the aqueous extract between host and pathogen cells. Moreover, the toxicity was higher for the hydroalcoholic and alcoholic extracts, with CC50 values of 896 μg/mL and 813 μg/mL in HEC-1-A cells and 1264 μg/mL and above 2048 μg/mL in Ca Ski cells, respectively.



Generally, lower CC50 values were reported by other authors for propolis extracts. For example, Banskota et al. [62] stated values from 51 μg/mL to over 100 μg/mL for different extracts of Brazilian propolis after 4 days of incubation with HT-1080 fibrosarcoma and murine colon 26-L5 cells. Bonamigo et al. [63] established CC50 values around 0.4-0.5 mg/mL for ethanolic extracts of propolis from Apis mellifera when tested in peripheral blood mononuclear cells and an erythroleukemia cell line upon 24 h of contact. Recently, Campoccia et al. [64] reported CC50 values for various poplar-type propolis extracts ranging from 70 to 85 μg/mL for MG63 osteosarcoma cells and lower than 40 μg/mL for L929 fibroblasts after overnight incubation. Therefore, the extracts prepared in the present study seem to be suitable for vaginal application, presenting low toxicity for both cell lines.





3. Materials and Methods


3.1. Chemicals


Gallic acid, sodium carbonate (Na2CO3), catechin, nitrotetrazolium blue chloride (NBT), ascorbic acid, 2,2′-azinobis-3-ethylbenzothiozoline-6-sulfonic (ABTS), potassium persulfate (K2S2O8), dihydrorodamine (DHR), and sodium hypochlorite (NaOCl) were purchased from Sigma-Aldrich, Taufkirchen, Germany. Ferric chloride (FeCl3), sodium hydroxide (NaOH), dimethylformamide (DMF), disodium (Na2HPO4), monopotassium phosphate (KH2PO4) phenol reagent appropriate for Folin-Ciocalteu (Folin) and Sabouraud dextrose broth (SDA) were obtained from Merck, Darmstadt, Germany. 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), ferrous sulfate, β-nicotinamide adenine dinucleotide (NADH), and phenazine methosulfate (PMS) were purchased from Sigma-Aldrich, Buchs (Switzerland), Anekal Taluk (India), and Burlington, VT, (USA), respectively. Sodium acetate, RPMI 1640 and morpholinopropanesulfonic acid (MOPS) was sourced from Sigma Chemical Co., Burlington, VT, USA, acetic acid from Chem-Lab NV, Zedelgem, Belgium, and anhydrous absolute ethanol from Carlo Erba Reagents, Val-de-Reuil, France. Ultra-pure water was obtained in-house using a Milli-Q water purification system (TGI Pure Water Systems, San Diego, CA, USA). All other chemicals were of analytical grade or equivalent.




3.2. Propolis Samples and Extraction


Propolis was collected from Apis mellifera L. bee hives in apiaries located in the Natural Park of Montesinho (41°53′49″ N, 6°51′58″ W) in September 2021. The crude extracts were packed in sealed plastic bags and stored at −18 °C until further use. The propolis extraction was conducted by UAE using ethanol, water, or an hydroalcoholic mixture (50:50, v/v) as solvent, according to the procedure described by Cavalaro et al. [65]. Briefly, the extracts were obtained using an ultrasonic processor (Sonics Vibra-cellTM, VCX 500/VCX 750, Lutterworth, UK) with a frequency of 20 KHz and a probe (630–0220) with 13 mm diameter. For extraction, 0.86 g of sample was added to 30 mL of solvent for 20 min, at 25 °C and with 30% sonication amplitude. The samples were subsequently centrifuged at 4700× g for 15 min at 25 °C and filtered using Whatman no. 2 filters. The aqueous extracts were frozen at −80 °C until lyophilization (Telstar LyoQuest, Barcelona, Spain), while the alcoholic and hydroalcoholic extracts were kept under refrigeration at 4 °C until evaporation in a rotary evaporator (Vacuum Controller V-800, Büchi, Aesch, Switzerland) at 40 °C. The yield was calculated using the dry weight of the extract and soaked samples.




3.3. Determination of Total Phenolic Content


The total phenolic content (TPC) was calculated spectrophotometrically, based on a complex redox reaction, as described by Pinto et al. [66]. The reaction mixture occurred in each well of a 96-well microplate and consisted of a mixture of sample, Folin-Ciocalteu reagent, and Na2CO3 solution (7.5%, w/v). Samples were in a concentration of 500 µg/mL. The absorbance was read at 765 nm using a Synergy HT Microplate Reader (BioTek Instruments, Winooski, VT, USA). Gallic acid was used as standard (linearity range = 5–100 µg/mL; R2 = 0.9992). The results were expressed as milligrams of gallic acid equivalents (GAE) per gram of dry weight (dw) (mg GAE/g dw).




3.4. Determination of In Vitro Antioxidant/Antiradical Activities


3.4.1. Ferric Reducing Antioxidant Power


The ferric ion reduction antioxidant capacity (FRAP) was calculated based on the reduction of a ferric 2,4,6-trypyridyl-s-triazine complex (Fe2+-TPTZ) to the ferrous form (Fe3+-TPTZ), as described by Benzie and Strain [67], with minor modifications. The assay was performed directly in a 96-well microplate, adding sample and FRAP reagent to each well. The reaction mixture was incubated at 37 °C for 30 min and the absorbance was read at 595 nm in a Synergy HT Microplate Reader. Ferrous sulfate 1 mM (FeSO4∙7H2O) was used as standard (linearity range: 25–500 μM; R2 = 0.9997). The results were presented as half-maximal inhibitory concentration (IC50) values.




3.4.2. ABTS Radical Scavenging Assay


The evaluation of the ABTS radical sequestration capacity was performed according to the methodology described by Re et al. [68], with minor modifications. The assay was performed directly in a 96-well microplate by adding ABTS solution and sample to each well. Ascorbic acid was used as standard (linearity range: 5–100 μg/ mL; R2 > 0.9922). The results were expressed as IC50 values.





3.5. Phenolic Profile Analysis


Propolis extracts were analyzed by high performance liquid chromatography with a diode-array detector (HPLC-DAD), as described by Moreira et al. [69]. The chromatographic separation was carried out on a reversed-phase Phenomenex Gemini C18 column (250 × 4.6 mm, 5 µm particle size) at 25 °C. The mobile phase comprised methanol and water, both with 0.1% of formic acid, and a gradient program was used. The chromatograms were acquired at a wavelength of 280 nm by a photodiode array detector (Merck® Hitachi Diode Array Detector L-2455, Kent, UK). The results were expressed as mg of each phenolic compound per 100 g of extract on dw (mg/100 g dw).




3.6. Assessment of Reactive Oxygen Species Scavenging Capacity


3.6.1. Superoxide Radical Scavenging Assay


The superoxide anion radical (O2•−) scavenging capacity was determined spectrophotometrically, as described by Gomes et al. [70]. Absorbance was read at 560 nm for 6 min at 37 °C in a Synergy HT Microplate Reader. The results were expressed as IC50 values of the reduction of NBT to a purple-colored diformazan upon reaction with O2.




3.6.2. Hypochlorous Acid Scavenging Assay


The uptake capacity of hypochlorous acid (HOCl) was determined by monitoring the effect of propolis on the HOCl-induced oxidation of DHR to rhodamine, according to Gomes et al. [70]. The fluorescence was read at 37 °C for 5 min, at wavelengths of 485 ± 20 nm and 528 ± 20 nm. The results were expressed as the inhibition (IC50 values) of HOCl-induced DHR oxidation.





3.7. Determination of Antifungal Activity


The activity of propolis extracts against Candida spp. was determined using the CLSI M27-A4 broth microdilution method [71]. Six reference strains from the American Type Culture Collection (ATCC, Manassas, VA, USA) were used, namely C. albicans (ATCC 90028 and ATCC 64550), C. glabrata (ATCC 2001), C. parapsilosis (ATCC 22019), C. krusei (ATCC 6258) and C. tropicalis (ATCC 750). In brief, isolates were subcultured on Sabouraud Dextrose Broth (SDA) for 24 h at 37 °C before being dispersed in RPMI 1640 medium supplemented with MOPS (pH = 7.0) to a final concentration of 0.5–2.5 × 103 cells/mL. The assay was performed in 96-well microplates by mixing 100 µL of Candida spp. dispersions with 100 µL of extracts dispersed in the same medium. Final concentration of propolis extracts ranged from 4 to 512 µg/mL. The minimum inhibitory concentration (MIC; defined as the lowest concentration without growth) was determined after 48 h of incubation at 37 °C by visual inspection. Experiments were performed in triplicate. Additionally, the minimal fungicidal concentration (MFC) was assessed by collecting 20 µL of the content of wells at MIC and higher concentrations and plating it onto SDA in duplicate for 24 h at 37 °C. MFC values were defined as the lowest concentration at which no apparent growth was observable.




3.8. Cell Viability Assays


The toxicity of propolis extracts to human cell lines of female genital tract origin, namely HEC-1-A endometrial cells and Ca Ski cervical cells (ATCC), was determined through the resazurin reduction assay [72]. These cell lines were selected since they are representative in vitro models of the female genital epithelia and have been used in the past for screening the toxicity of drugs, excipients and formulations intended for vaginal use [73,74]. HEC-1-A cells and Ca Ski cells were maintained in McCoy’s 5A medium and RPMI 1640 medium, respectively, in both cases supplemented with 10% (v/v) fetal bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin, and kept at 37 °C, 95% relative humidity (RH), and 5% CO2. Cells were seeded at a density of 5000/well in 96-well plates and incubated for 24 h, after which propolis extracts were added at different concentrations (128–2048 μg/mL) and cells incubated for an additional 4 h. Cells incubated with plain culture medium and 1% (w/v) Triton X-100 were also used as controls. Resazurin was then added at a concentration of 10 μg/mL and cells left to incubate for 3 h. Finally, supernatants (100 μL) were transferred to an opaque 96-well plate and the fluorescence was measured at 590/530 nm using a Synergy HT Multi-Mode plate reader (BioTek). Experiments were performed in triplicate and cell viability was used to calculate half-maximal cytotoxic concentration (CC50) values by log-logistic regression using Prism 8 (Graph-Pad, La Jolla, CA, USA).




3.9. Statistical Analysis


The results are presented as mean ± standard deviation (n = 3). Microsoft Office Excel 2020 and SPSS Statistics 28.0 software were used for data analysis. One-way ANOVA test, followed by HSD Tukey’s post-hoc test, was applied to assess differences between trials. A paired sample Student’s t-test was also performed to compare the means of the variables with each other. Values of p < 0.05 were considered as statistically significant.





4. Conclusions


The present work reported for the first time the assessment of propolis from the Natural Park of Montesinho, a protected Portuguese region, as a potential new antifungal ingredient for pharmaceutical applications. The green extraction methodology employed, coupled with the sustainable solvents used, allowed us to obtain extracts rich in bioactive compounds, with considerable antioxidant and antiradical activities. The aqueous extract achieved the best outcomes in the spectrophotometric tests employed, exhibiting a phenolic profile mainly characterized by the presence of ferulic acid, vanillic acid, p-coumaric acid, and myricetin. Also, this extract was shown to be effective against the tested Candida species. The cell viability assay attested the low toxicity of the aqueous extract in both cell lines used (Ca Ski and HEC-1-A). Therefore, the aqueous extract was revealed to be the most promising, presenting antioxidant and anti-candidiasis effects commonly involved in VVC. In the future, complementary studies, such as in vitro permeability assays, should be performed to ensure the safety and efficacy of this extract against VVC. Moreover, to complement the anti-fungal activity, the antimicrobial capacity should be analyzed.
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Figure 1. HPLC-DAD chromatograms at 280 nm for (a) polyphenols standard mixture of 5 mg/L, (b) propolis aqueous extract, (c) propolis hydroalcoholic (50:50; v/v) extract and (d) propolis alcoholic extract. Peak identification: (1) gallic acid, (2) protocatechuic acid, (3) neochlorogenic acid, (4) (+)-catechin, (5) caftaric acid, (6) caffeine, (7) chlorogenic acid, (8) 4-O-caffeyolquinic acid, (9) vanillic acid, (10) caffeic acid, (11) syringic acid, (12) (−)-epicatechin, (13) p-coumaric acid, (14) ferulic acid, (15) sinapic acid, (16) trans-polydatin, (17) naringin, (18) 3,5-di-caffeoylquinic acid, (19) quercetin-3-O-galactoside, (20) resveratrol, (21) quercetin-3-O-glucopyranoside, (22) rutin, (23) phloridzin, (24) ellagic acid, (25) 3,4-di-O-caffeoylquinic acid, (26) myricetin, (27) cinnamic acid, (28) quercitrin, (29) kaempferol-3-O-glucoside, (30) isorhamnetin-3-O-glucoside, (31) kaempferol-3-O-rutinoside, (32) isorhamnetin-3-O-rutinoside, (33) naringenin, (34) trans-epsilon viniferin, (35) quercetin, (36) phloretin, (37) tiliroside, (38) kaempferol, (39) apigenin, and (40) chrysin. 
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Table 1. Total phenolic content (TPC) and antioxidant/antiradical activities of propolis extracts based on their abilities to reduce ferric iron (Fe3+) to ferrous iron (Fe2+) and to sequester the ABTS radical. Results are expressed as mean ± standard deviation (n = 3). Different letters (a, b, c) in the same column indicate significant differences between mean values (p < 0.05).
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Propolis Extracts

	
TPC

	
FRAP

	
ABTS




	
mg GAE/g dw

	
IC50 (μg/mL)

	
IC50 (μg/mL)






	
Aqueous

	
217.7 ± 5.1 a

	
77.2 ± 2.1 a

	
202.8 ± 14.9 a




	
Hydroalcoholic

	
119.0 ± 5.3 b

	
169.8 ± 4.4 b

	
463.1 ± 39.6 b




	
Alcoholic

	
79.7 ± 3.8 c

	
284.3 ± 6.7 c

	
469.7 ± 33.9 b











 





Table 2. Phenolic compounds identified and quantified in propolis extracts through HPLC-DAD analysis (n = 3). Results are expressed as mean ± standard deviations (mg of phenolic compound/100 g dw).
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Phenolic Compound

	
Aqueous

	
Hydroalcoholic

	
Alcoholic




	
(mg/100 g dw)

	
(mg/100 g dw)

	
(mg/100 g dw)






	
Phenolic acids

	

	

	




	
Gallic acid

	
34.1 ± 1.7

	
26.6 ± 1.3

	
13.9 ± 0.7




	
Protocatechuic acid

	
74.0 ± 3.7

	
17.1 ± 0.9

	
<LOD




	
Neochlorogenic acid

	
49.1 ± 2.5

	
<LOD

	
6.1 ± 0.3




	
Caftaric acid

	
26.3 ± 1.3

	
27.1 ± 1.4

	
9.5 ± 0.5




	
Chlorogenic acid

	
168 ± 8

	
27.6 ± 1.4

	
22.0 ± 1.1




	
4-O-caffeyolquinic acid

	
293 ± 15

	
112 ± 6

	
44.4 ± 2.2




	
Vanillic acid

	
2638 ± 132

	
29.4 ± 1.5

	
7.1 ± 0.4




	
Caffeic acid

	
<LOQ

	
12.2 ± 0.6

	
6.4 ± 0.3




	
Syringic acid

	
26.6 ± 1.3

	
29.0 ± 1.4

	
14.4 ± 0.7




	
p-coumaric acid

	
767 ± 38

	
585 ± 29

	
256 ± 13




	
Ferulic acid

	
2833 ± 142

	
2193 ± 110

	
1081 ± 54




	
Sinapic acid

	
<LOQ

	
ND

	
ND




	
3,5-di-caffeoylquinic acid

	
507 ± 25

	
241 ± 12

	
113 ± 6




	
Ellagic acid

	
<LOD

	
60.9 ± 3.0

	
32.9 ± 1.6




	
3,4-di-O-caffeoylquinic acid

	
20.9 ± 1.0

	
<LOQ

	
18.8 ± 0.9




	
Cinnamic acid

	
215 ± 11

	
ND

	
ND




	
Σ Phenolic acids

	
7652.0 ± 382.5

	
3360.9 ± 168.5

	
1625.5 ± 81.7




	
Flavanols

	

	

	




	
(+)-Catechin

	
95.0 ± 4.7

	
72.4 ± 3.6

	
19.6 ± 1.0




	
(−)-Epicatechin

	
<LOQ

	
16.6 ± 0.8

	
ND




	
Σ Flavanols

	
95.0 ± 4.7

	
89.0 ± 4.4

	
19.6 ± 1.0




	
Flavanones

	

	

	




	
Naringin

	
35.7 ± 1.8

	
529 ± 26

	
249 ± 12




	
Naringenin

	
9.0 ± 0.5

	
<LOQ

	
<LOD




	
Σ Flavanones

	
44.7 ± 2.3

	
529.0 ± 26.0

	
249.0 ± 12.0




	
Flavonols

	

	

	




	
Quercetin-3-O-galactoside

	
17.3 ± 0.9

	
ND

	
ND




	
Quercetin-3-O-glucopyranoside

	
<LOQ

	
ND

	
ND




	
Rutin

	
<LOD

	
ND

	
ND




	
Myricetin

	
1783 ± 89

	
2839 ± 142

	
1444 ± 72




	
Kaempferol-3-O-glucoside

	
63.5 ± 3.2

	
39.5 ± 2.0

	
3.2 ± 0.2




	
Kaempferol-3-O-rutinoside

	
58.0 ± 2.9

	
22.2 ± 1.1

	
<LOD




	
Isorhamnetin-3-O-rutinoside

	
<LOD

	
40.1 ± 2.0

	
22.6 ± 1.1




	
Isorhamnetin-3-O-glucoside

	
ND

	
ND

	
ND




	
Quercetin

	
<LOQ

	
20.1 ± 1.0

	
17.2 ± 0.9




	
Quercitrin

	
ND

	
ND

	
ND




	
Tiliroside

	
55.4 ± 2.8

	
12.2 ± 0.6

	
3.0 ± 0.2




	
Kaempferol

	
24.6 ± 1.2

	
17.5 ± 0.9

	
13.0 ± 0.6




	
Σ Flavonols

	
2001.8 ± 100.0

	
2990.06 ± 149.6

	
1503.0 ± 75.0




	
Flavones

	

	

	




	
Apigenin

	
<LOD

	
<LOQ

	
7.6 ± 0.4




	
Chrysin

	
10.9 ± 0.5

	
5.0 ± 0.3

	
2.9 ± 0.1




	
Σ Flavones

	
10.9 ± 0.5

	
5.0 ± 0.3

	
10.5 ± 0.5




	
Others

	

	

	




	
Caffeine

	
75.9 ± 3.8

	
75.5 ± 3.8

	
12.3 ± 0.6




	
trans-polydatin

	
163 ± 8

	
54.0 ± 2.7

	
48.3 ± 2.4




	
Resveratrol

	
<LOQ

	
<LOQ

	
ND




	
Phloridzin

	
2036 ± 102

	
1834 ± 92

	
996 ± 50




	
Phloretin

	
24.6 ± 1.2

	
44.7 ± 2.2

	
20.0 ± 1.0




	
trans-epsilon viniferin

	
<LOD

	
<LOQ

	
ND




	
Σ Others

	
2299.5 ± 115.0

	
2008.2 ± 100.7

	
1076.6 ± 54.0








ND: not detected; LOD: limit of detection; LOQ: limit of quantification.













 





Table 3. O2•− and HOCl scavenging capacities of propolis extracts. Values are expressed as mean ± standard deviation (n = 3). Different letters (a, b) in the same column indicate significant differences between mean values (p < 0.05).
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ROS




	
O2•−

	
HOCl




	
IC50 (μg/mL)






	
Propolis extracts

	

	




	
Aqueous

	
67.3 ± 1.0 a

	
7.5 ± 1.2 a




	
Hydroalcoholic

	
651.4 ± 11.2 b

	
11.3 ± 0.8 a




	
Alcoholic

	
>1000

	
38.1 ± 3.9 b




	
Positive Controls

	

	




	
Gallic acid

	
24.6 ± 1.5

	
0.7 ± 0.1




	
Catechin

	
84.4 ± 4.6

	
0.1 ± 0.01











 





Table 4. Anti-Candida activity of propolis extracts. Results are presented as MIC and MFC values against ATCC strains and vaginal isolates of Candida species. Results are presented singly or as range values (n = 3). Sensitivity of each strain to fluconazole is presented for reference purposes.
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Strains

	
Fluconazole Susceptibility

	
Aqueous

	
Hydroalcoholic

	
Alcoholic




	
MIC

(μg/mL)

	
MIC

(μg/mL)

	
MFC

(μg/mL)

	
MFC

(μg/mL)

	
MIC

(μg/mL)

	
MFC

(μg/mL)




	
C. albicans ATCC 90028

	
S

	
256

	
128–256

	
>512

	
>512

	
512

	
>512




	
C. albicans ATCC 64550

	
R

	
128–256

	
128–512

	
>512

	
>512

	
512

	
>512




	
C. glabrata ATCC 2001

	
S-DD

	
≈512

	
≈512

	
>512

	
>512

	
≈512

	
>512




	
C. parapsilosis ATCC 22019

	
S

	
256

	
128

	
512

	
>512

	
512

	
>512




	
C. krusei ATCC 6258

	
S-DD

	
512

	
256–512

	
>512

	
>512

	
≈512

	
>512




	
C. tropicalis ATCC 750

	
S

	
≈512

	
256–512

	
>512

	
>512

	
≈512

	
>512








S: susceptible; S-DD: susceptible (dose-dependent); R: resistant.













 





Table 5. Effects of propolis extract exposure on the viability (%) of HEC-1-A and Ca Ski cell lines at different concentrations, as measured by the resazurin assay. Values are expressed as mean ± standard deviation (n = 3). Different letters (a, b, c, d) in the same line indicate significant differences between mean values (p < 0.05).
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Sample

	

	
Concentration (μg/mL)




	
128

	
256

	
512

	
1024

	
2048




	

	

	

	
HEC-1-A

	

	






	
Aqueous extract

	
102.70 ± 5.14 a

	
102.50 ± 6.01 a

	
59.30 ± 2.97 b

	
56.60 ± 5.83 b

	
66.11 ± 8.06 b




	
Hydroalcoholic extract

	
91.80 ± 4.00 a

	
90.70 ± 6.80 a

	
60.40 ± 7.80 b

	
33.60 ± 1.70 c

	
36.60 ± 1.80 c




	
Alcoholic extract

	
121.80 ± 5.14 a

	
78.50 ± 6.01 b

	
69.90 ± 2.97 b

	
34.80 ± 5.83 c

	
7.30 ± 0.20 d




	
Positive control

	
99.55 ± 4.09




	
Negative control

	
0.00 ± 0.45




	

	

	

	
Ca Ski

	

	




	
Aqueousextract

	
127.80 ± 5.14 a

	
123.90 ± 6.01 a

	
90.00 ± 2.97 b

	
87.00 ± 5.83 b

	
85.60 ± 8.06 b




	
Hydroalcoholic extract

	
111.70 ± 6.63 a

	
104.50 ± 6.05 a

	
74.10 ± 2.20 b

	
54.80 ± 0.10 c

	
16.00 ± 0.81 d




	
Alcoholic extract

	
112.60 ± 6.62 a

	
114.10 ± 5.72 a

	
108.50 ± 5.43 a

	
59.50 ± 2.97 b

	
26.60 ± 1.60 c




	
Positive control

	
101.60 ± 6.08




	
Negative control

	
0.00 ± 0.56
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