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Abstract

:

Background: Oxidative stress, associated with diseases and aging, underscores the therapeutic potential of natural antioxidants. Flavonoids, known for scavenging free radicals and modulating cell signaling, offer significant health benefits and contribute to longevity. To explore their in vivo effects, we investigated the antioxidant activity of quercetin, apigenin, luteolin, naringenin, and genistein, using Saccharomyces cerevisiae as a model organism. Methods: We performed viability assays to evaluate the effects of these compounds on cell growth, both in the presence and absence of H2O2. Additional assays, including spot assays, drug drop tests, and colony-forming unit assays, were also conducted. Results: Viability assays indicated that the tested compounds are non-toxic. H2O2 reduced yeast viability, but flavonoid-treated cells showed increased resistance, confirming their protective effect. Polyphenols scavenged intracellular reactive oxygen species (ROS) and protected cells from oxidative damage. Investigations into defense systems revealed that H2O2 induced catalase activity and oxidized glutathione accumulation, both of which were reduced by polyphenol treatment. Conclusions: The tested natural compounds enhance cell viability and reduce oxidative damage by scavenging ROS and modulating antioxidant defenses. These results suggest their potential as supplements and pave the way for further research.
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1. Introduction


Oxygen, a highly reactive molecule, can undergo partial reduction to form reactive oxygen species (ROS) such as superoxide anion (O2•−), hydroxyl radicals (•OH), hydrogen peroxide (H2O2), and singlet oxygen (1O2) [1]. While ROS play essential roles in physiological processes like apoptosis, immunity, and cell signaling [2,3,4], an excess of ROS (often triggered by environmental factors such as UV radiation, pollutants, and smoking) can lead to oxidative stress. This imbalance between ROS production and antioxidant defenses results in damage to cellular components like proteins, lipids, and DNA [5], which is linked to various diseases, including metabolic diseases, cancer, neurological and cardiovascular disorders, infertility, and aging [6,7,8,9,10,11,12]. Therefore, reducing oxidative stress is widely recognized as beneficial for human health [13].



Natural antioxidants, particularly those found in plant-derived foods such as fruits and vegetables, are effective in mitigating oxidative stress [14,15,16,17,18,19]. Among these, flavonoids have garnered attention due to their ability to scavenge free radicals, modulate redox signaling, and enhance antioxidant defenses [18,20,21,22].



Key flavonoids studied for their health benefits include quercetin (QRC), apigenin (API), luteolin (LUT), naringenin (NRG), and genistein (GEN) [23,24,25,26,27]. While the antioxidant potential of plant polyphenols has been widely investigated by in vitro analyses, recent studies have highlighted the extensive metabolism (metabolism that accounts for more than 90% of total compound elimination) [28] of phenols in vivo, leading to remarkable changes in their redox potential.



Therefore, it is crucial to investigate these effects in vivo, with simpler model systems like Saccharomyces cerevisiae providing valuable insights. Yeast is a genetically tractable organism with rapid growth and similarities to higher eukaryotes, making it an ideal model for preliminary investigations [29,30,31,32,33,34,35,36,37].



In the present study, we used S. cerevisiae cells to systematically analyze the effects of selected antioxidant molecules, some of which have been partially tested in the same model (QRC and GEN) [31,35,36], as well as other bioactive molecules that have never been tested. We assessed the compounds’ effects on cell viability and their impact on cell growth under H2O2-induced stress, and we evaluated oxidative stress markers such as intracellular ROS levels, protein carbonyl content, glutathione levels, and catalase activity.



To our knowledge, this is the first study to systematically investigate the effects of common dietary flavonoids in a yeast model, covering both physiological and molecular levels. By conducting this comprehensive analysis, we aim to elucidate the antioxidant mechanisms of these compounds and assess their potential protective roles against oxidative damage.




2. Materials and Methods


2.1. Chemicals


All chemicals were purchased from Sigma (St. Louis, MO, USA). Chemicals used in this study were QRC (CAS no. 117-39-5), NRG (CAS no. 67604-48-2), GEN (CAS no. 466-72-0), API (CAS no. 520-36-5), and LUT (CAS no. 491-70-3). Culture media components were purchased from Becton, Dickinson and Company (Franklin Lakes, NJ, USA).




2.2. Yeast Strains and Growth Conditions


S. cerevisiae wild-type strain BY4742 (MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0) was provided by the EUROFAN resource center EUROSCARF (Frankfurt, Germany).



Yeast cells were grown in YP containing 2% (w/v) bactopeptone and 1% (w/v) yeast extract at pH 4.8 or in synthetic complete medium (0.67% w/v yeast nitrogen base, 0.1% w/v drop-out mix), at 30 °C. All media were supplemented with a fermentable (2% w/v glucose) carbon source [38]. For all the experiments, cells were grown in a YPD liquid medium to the exponential phase in an orbital shaker incubator at 30 °C.




2.3. Optimization of Bioactives Concentration


The exponentially grown wild-type cells were treated with different concentrations (1–100 μM) of each compound. After incubating for 24 h, the optical cell density (OD600) was obtained and the relative growth (%) was expressed as normalized to untreated cells grown in the presence of 10 mM DMSO, the solvent in which the molecules were solubilized. Colony-forming unit (CFU) assays were carried out by spreading the appropriate dilution of the cells on glucose-supplemented SC plates containing 1–100 μM of each compound. After incubating for 24 h, CFUs were counted and expressed as a relative percentage viability compared to the DMSO control (100%).




2.4. Assessment of Antioxidant Activity of Bioactive Chemicals


After overnight culturing of wild-type cells in YPD, cells were regrown in a glucose-supplemented SC medium in a 96-well plate and treated with 10 μM of each bioactive for 2 h followed by exposure to H2O2 (2 mM). The OD600 measurements at the indicated time were used to generate the growth curves and to calculate growth parameters such as the doubling time and growth rate. For spot assays, exponentially grown wild-type cells were treated with or without the bioactive compound for 2 h, serially diluted, and spotted on a glucose-supplemented SC plate or a glucose-supplemented SC plate containing H2O2 (2 mM). The plates were incubated at 30 °C for 2 days. For CFU counts, cells were treated as described before and spread on glucose-supplemented SC plates containing 2 mM H2O2 in triplicate. After 2 days of incubation, CFUs were counted and expressed as a relative percentage viability compared to the respective control (100%) [39].




2.5. Measurement of Oxidative Damage


Exponentially grown wild-type cells were directly stressed in presence of 2 mM H2O2 for 1 h, or previously treated with the tested compounds (10 μM) during 2 h at 30 °C in a shaker incubator. The cells were harvested by centrifugation for 5 min at 3000× g and used for the measurement of intracellular ROS and protein carbonylation.



The ROS levels in the cells were determined by using 2,7-dichlorofluorescein-diacetate (H2DCF-DA), which is cleaved by intracellular oxidants to form 2,7-dichlorofluorescein (DCF), a highly fluorescent product. The cells were washed in PBS (phosphate buffer saline, pH 7.4) and incubated with H2DCF-DA (20 μM) in the dark for 30 min at 150 rpm and 30 °C. Cells were harvested by centrifugation for 5 min at 3000× g and washed twice with PBS buffer. Cells were then centrifuged on ice, and the supernatant was collected in a 96-well plate and observed under a fluorescent microplate reader with an excitation-emission wavelength 485–525 nm [40].



Protein carbonyl content is widely used as a marker for oxidative stress. Carbonylated proteins were detected in the total extract from the yeast cells by using the OxyBlot™ Protein Oxidation Detection Kit (Merck Millipore, Billerica, MA, USA), according to the manufacturer’s instructions. Image analysis was carried out using the ChemiDoc imaging system and Image Lab 6.1.0 software (Bio-Rad Laboratories, Hercules, CA, USA) [41].




2.6. Determination of Yeast Antioxidant Capacity


Cells were cultivated and treated as previously described. Measurement of catalase (CAT) activity and determination of oxidized glutathione (GSSG) content were conducted on yeast cell-free extract. Cells, washed twice with KPi containing 0.1 mM PMSF, were suspended in the same buffer, and mixed with an equal volume of acid-washed glass beads. Cell suspensions were vortexed (5 × 15 s cycles), and cell debris was removed by centrifugation at 13,000× g for 10 min at 4 °C. According to the Bradford procedure, the protein content was determined using bovine serum albumin (BSA) as a standard [42].



CAT activity was determined by following the consumption of H2O2. Briefly, 50 μL of extract was added to 1 mL of 7.5 mM H2O2 in 50 mM KPi buffer (pH 7.0), and H2O2 decomposition was monitored at 240 nm (ε240 = 43.6 M−1 cm−1). One unit of catalase activity catalyzed the degradation of 1 mmol of H2O2 per min, and results were presented as the average ± SD catalase activity from three independent cultures (n = 3) [42].




2.7. Determination of Oxidized Glutathione Content


The content of glutathione in oxidized form (GSSG) was carried on yeast extract pretreated with 10 mM 2-vinylpyridine [43,44]. An equal volume of cold 2 M HClO4 containing 4 mM ethylenediaminetetraacetate (EDTA) was added to 100 μL of the extract and mixed thoroughly. After 15 min incubation on ice, suspensions were centrifuged at 2000× g for 5 min and the supernatants were neutralized with 3 M KOH at 0 °C. To 200 μL of neutralized extract, 400 μL of 100 mM KPi buffer pH 8.0 and 10 μL of 10 mM DTNB (5,5′-dithio-bis (2-nitrobenzoic acid)) were added. After 5 min incubation on ice absorbance was measured at 412 nm. The results were expressed as μM GSSG/mg of protein.





3. Results


3.1. Effects of Selected Flavonoids on Cell Viability


To evaluate the effects of selected flavonoids on S. cerevisiae viability, cells were grown in a YPD liquid medium until the exponential phase and then treated with different concentrations (1–100 μM) of each compound for 24 h. After incubation, the optical cell density (OD600) was determined and the relative growth (%) was expressed as the normal value for untreated cells grown in the presence of 10 mM dimethyl sulfoxide (DMSO), the solvent in which the molecules were dissolved (Figure 1a).



Moreover, the exponentially growing cells were diluted and plated onto glucose-supplemented SC plates containing 1–100 μM of each compound to assess CFUs. After a 24 h incubation period, CFUs were counted (Figure 1b) and expressed as a percentage of relative viability compared to the DMSO control (100%) (Figure 1c).



As expected, we found that these compounds were not toxic to the yeast cells within the tested concentration range of 1–100 µM. The cells exhibited over 100% growth compared to the untreated control. Given that the compounds did not affect cell growth, we proceeded to investigate their antioxidant capacity using the minimum concentration (10 μM) at which the maximal percentage growth was observed compared to the untreated control.




3.2. Effect of Selected Flavonoids on Oxidative Stress Tolerance


The toxicity of H2O2 arises from the generation of highly reactive hydroxyl radicals, facilitated by transition metals like iron and copper through the Fenton reaction within cells [45]. Given the pivotal role of H2O2 in cellular damage and death, we investigated whether the flavonoids used in this study could increase the tolerance of yeast cells to H2O2.



Yeast cells, cultured in presence of glucose as carbon source, can undergo fermentation rather than mitochondrial respiration; therefore, ROS levels are reduced. As a consequence, the intracellular antioxidant defense system is repressed, and cells are highly sensitive to oxidative stress. Hence, the exposure to a sublethal concentration of 2 mM H2O2 resulted in a noticeable decline in the survival rate of the wild-type strain (Figure 2a).



To evaluate the antioxidant potential of the flavonoids, yeast cultures were supplemented with one of the compounds of interest at a concentration of 10 µM, in addition to 2 mM H2O2, revealing an increased tolerance to oxidative stress. In fact, treatment with each flavonoid led to similar or slightly improved growth compared to DMSO control cells, indicating that these compounds shielded yeast cells from H2O2-induced cellular toxicity (Figure 2a).



Additionally, to explore a potential relationship between flavonoid treatment and cell growth, we evaluated specific growth rate and doubling time. Under our experimental conditions, cells treated with 10 μM of the tested compounds demonstrated a significant increase in growth rate and a reduction in doubling time, respectively, compared to untreated cells exposed to H2O2 (Figure 2b,c; Table 1).



To assess the antioxidant capacity of the tested flavonoids, we conducted various growth recovery assays under H2O2-induced stress, including spot assays, drug drop tests, and CFU assays.



In the spot assay, which is typically used to assess yeast cell growth on solid media, both flavonoid-treated and untreated cells displayed similar growth patterns on the glucose-supplemented SC medium without H2O2 (Figure 3a). However, flavonoid-treated cells showed significantly improved survival on glucose agar plates containing 2 mM H2O2 compared to untreated cells (DMSO) (Figure 3b). The drug drop test further demonstrated enhanced growth in the presence of flavonoids, suggesting that these compounds mitigate the harmful effects of oxidative stress (Figure 3c). Additionally, the observed increase in CFU under stress conditions with polyphenol treatment indicates that more yeast cells survived and reproduced, reinforcing the protective role of flavonoids (Figure 3d,e).



Overall, the combined results from these assays confirm that flavonoids confer a protective effect on yeast cells under oxidative stress, enhancing cell survival and growth.




3.3. Effect of Selected Flavonoids on Intracelluar Oxidation


To determine whether the tested flavonoids enhance tolerance to oxidative stress by reducing ROS levels, we measured intracellular oxidation using the fluorescent probe 2′,7′-dichlorofluorescein diacetate (H2DCF-DA). This probe is widely used to assess ROS production following oxidative stress, as it becomes fluorescent upon reaction with ROS inside the cell [46].



Following H2O2 treatment, a significant increase in intracellular oxidation was observed, reflecting heightened sensitivity to oxidative stress. However, in the presence of one of the tested flavonoids, this increase in ROS levels was notably reversed. Specifically, treatment with each selected flavonoid resulted in nearly a twofold reduction in ROS levels compared to untreated cells, highlighting their strong ROS-scavenging activity (Figure 4a).



Intracellular H2O2 and its derivatives, such as hydroxyl radicals (·OH) and singlet oxygen (1O2), are closely associated with cellular damage, affecting membrane components, proteins, and DNA. Reliable biomarkers of oxidative stress are crucial for evaluating cytotoxicity. In addition to measuring intracellular oxidation, protein carbonylation levels are a well-established indicator of oxidative stress. Therefore, to further assess the potential of tested flavonoids in mitigating oxidative damage, we analyzed protein carbonylation levels (Figure 4b).



Exposure of control cells treated with DMSO to H2O2 resulted in an increase in protein carbonyl content. Remarkably, this oxidative damage induced by H2O2 was significantly reduced in cells pretreated with the natural compounds (Figure 4b,c).



These findings strongly suggest that these polyphenolic compounds protect cells against H2O2-induced oxidative damage.




3.4. Effect of Selected Flavonoids on the Activity of Antioxidant Defense Systems


In yeast cells, as in higher eukaryotes, the maintenance of intracellular redox balance is tightly regulated by a combination of enzymatic and non-enzymatic defense systems. Among these, free radical scavenging enzymes, such as catalase, serve as the first line of defense against oxidative damage. The secondary defense mechanism relies on non-enzymatic scavengers, with glutathione (GSH) playing a critical role [47].



Catalase is responsible for catalyzing the breakdown of H2O2 into O2 and H2O. In S. cerevisiae, this function is fulfilled by two enzymes: catalase A and catalase T [48]. Catalase A is primarily involved in breaking down hydrogen peroxide in the peroxisome, thereby protecting cells from the toxic effects of hydrogen peroxide. Catalase T is involved in the detoxification of hydrogen peroxide in the cytoplasm, especially during the stress response [42].



To explore the potential role of catalase in the protective effects of natural compounds against H2O2-induced stress, we assessed catalase T activity in yeast cells subjected to various treatments. Yeast cells were treated with DMSO in the presence or absence of H2O2, or with one of the tested compounds in the presence of H2O2. A basal level of catalase activity was observed in cells treated with DMSO alone (control). Upon exposure to H2O2, catalase activity increased, reflecting the enzyme’s response to oxidative stress. Notably, when yeast cells were treated with flavonoids in the presence of H2O2, catalase activity was reduced to basal levels, suggesting that these compounds may help mitigate intracellular H2O2 concentrations through a mechanism that does not rely on catalase upregulation (Figure 5a).



GSH is a crucial cellular thiol involved in various cellular processes, including protection against oxidative stress induced by free radicals. H2O2 triggers the accumulation of oxidized glutathione (GSSG), thereby exacerbating oxidative stress. The non-enzymatic defense mechanism of GSH encompasses a redox-active sulfhydryl group that reacts with oxidants.



To investigate the impact of the flavonoids used in this study on redox homeostasis, we measured oxidized glutathione levels in cells exposed to H2O2. We observed a sevenfold increase in GSSG levels in response to H2O2 compared to control cells treated with DMSO. In contrast, cells pretreated with flavonoids showed a significant reduction in H2O2-induced GSSG accumulation. Specifically, cells pretreated with GEN, QRC, LUT, or NRG exhibited only a two- to threefold increase in GSSG levels after H2O2 exposure, whereas cells pretreated with API displayed GSSG levels comparable to those of DMSO-treated cells (Figure 5b).



These results are consistent with a reduction in intracellular oxidation and suggest a correlation between the protective effects of natural compounds and the maintenance of redox homeostasis.





4. Discussion


Effective regulation of ROS is crucial for maintaining cellular health and longevity, as ROS play complex roles in both physiological processes and pathological conditions. Oxidative stress, resulting from an imbalance between ROS production and antioxidant defenses, is a significant factor in a wide range of acute and chronic diseases, as well as the aging process itself. This has led to increasing interest in natural antioxidants as potential therapeutic agents for oxidative stress-related disorders.



Natural antioxidants, including flavonoids, have garnered attention due to their ability to neutralize free radicals, chelate metal ions, and modulate cellular signaling pathways [25,26]. These compounds are believed to contribute to health benefits by reducing oxidative damage. In fact, diets rich in flavonoid-containing foods have been associated with enhanced longevity and a lower risk of age-related diseases [49].



Despite promising in vitro studies demonstrating the antioxidant properties of these compounds, their in vivo effects remain uncertain. This uncertainty arises from the extensive metabolic transformations these compounds undergo within a living organism, which may modify or diminish their beneficial effects.



To bridge this gap, we investigated the antioxidant activity and potential mechanisms of these compounds in vivo using S. cerevisiae as a eukaryotic model organism. This model was selected because it offers a straightforward, systematic, and reproducible approach to assess the antioxidant potential of bioactive molecules with nutritional and therapeutic significance.



In our study, we focused on five flavonoids (QRC, API, LUT, NRG, and GEN), all of which are prevalent in the diet. Prior research has explored the antioxidant and anti-aging potential of QRC and GEN using S. cerevisiae as a model, highlighting their beneficial effects [31,35,36]. However, the effects of API, LUT, and NRG in a yeast model have not been previously explored. Additionally, no systematic analysis has compared the effects of these compounds with similar properties from the physiological to molecular levels.



Our objective was to conduct a comprehensive analysis to evaluate the effects of selected compounds, which are known for their health benefits and therapeutic potential, under standardized experimental conditions. Specifically, we aimed to assess yeast cell growth and to elucidate the detailed mechanisms involved in their antioxidant defenses.



Our primary aim was to evaluate the growth phenotype and recovery ability of yeast cells treated with these compounds in the presence of H2O2, a potent trigger of oxidative stress. To ensure accurate analysis, the yeast cells were cultured in the presence of a fermentable carbon source, thereby excluding ROS that are generated as byproducts of normal respiratory metabolism. This approach allowed us to focus specifically on the effects of exogenously induced oxidative stress on cellular responses.



Our study began by performing viability assays to assess the potential toxicity of the tested compounds. Our results showed that the tested substances did not exhibit toxicity within a certain concentration range. Moreover, in the presence of a sublethal concentration of H2O2, a significant decrease in the viability of yeast cells was observed. However, the introduction of one of the tested flavonoids into the culture medium restored yeast cell growth to levels comparable to those of non-stressed cells, indicating the protective effect of these polyphenols against oxidative stress. Notably, cells treated with LUT, API, and NRG exhibited improved growth relative to non-stressed cells, although these differences were not statistically significant. The recovery of the growth phenotype was further validated by spot assays, drug drop tests, and CFU assays, underscoring the efficacy of these compounds in promoting cell survival under oxidative stress conditions. These findings suggest that the tested natural compounds confer protection against oxidative stress-induced damage in yeast cells.



The scavenging of intracellular ROS by natural compounds has been identified as a potential mechanism for enhancing cell viability under oxidative stress conditions [20]. In our investigation of flavonoids’ ability to mitigate ROS accumulation and protect yeast cells from oxidative stress-induced damage, we observed a significant reduction in ROS levels, bringing them close to those observed under untreated conditions. This suggests effective cellular protection. Furthermore, treatment with these compounds completely inhibited protein carbonylation induced by H2O2, providing further confirmation of their antioxidant properties.



S. cerevisiae possesses robust antioxidant defense systems, including enzymatic ROS detoxification enzymes such as superoxide dismutase, catalase, and peroxidase, alongside non-enzymatic mechanisms primarily involving GSH [50]. Sublethal doses of H2O2 trigger a stress response in yeast cells, leading to the upregulation of antioxidant defenses and stress proteins, thereby enhancing cellular resistance to oxidative stress [51]. Notably, the response to H2O2 in S. cerevisiae is closely associated with catalase activity and oxidized glutathione levels [52]. Catalase acts as a potent scavenger of H2O2, providing critical protection against oxidative damage. Additionally, GSH plays a crucial role in preventing irreversible oxidation of protein cysteine residues, thus preserving cellular integrity [51]. Previous studies have shown that upon exposure to H2O2, yeast cells induce cytosolic catalase activity and GSH production [42,53,54]. Furthermore, deletion of catalase or glutathione peroxidase 3 (Gpx3) significantly increases sensitivity to H2O2. Consistent with these findings, our study demonstrated a significant increase in catalase activity following exposure to H2O2 [42,55]. Interestingly, this increase was not observed in cells pretreated with flavonoids, suggesting that these compounds effectively scavenge ROS through alternative mechanisms. Additionally, exposure to H2O2 resulted in a notable rise in GSSG levels, indicating heightened oxidative stress and reduced yeast cell viability. However, treatment with flavonoids significantly reduced glutathione oxidation, thereby effectively alleviating cellular stress.



Our results demonstrate that all the tested molecules effectively restore cell viability under stress conditions. This protective effect is largely due to their ability to mitigate oxidative damage by modulating antioxidant defenses. Although the overall protective effects are consistent across the molecules, there are slight differences in their effectiveness. Specifically, the common structural features of the flavonoids tested—particularly the presence of hydroxyl groups and conjugated systems—can be directly related to their antioxidant activity. Variations in structural elements, such as the number and position of hydroxyl groups, can contribute to differences in their antioxidant capacity and overall efficacy.




5. Conclusions


This study highlights the significant antioxidant potential of selected flavonoids, as demonstrated using S. cerevisiae as a model organism. Our findings reveal that QRC, API, LUT, NRG, and GEN possess notable antioxidant properties. In particular, these molecules were shown to enhance cell viability, reduce oxidative damage, and modulate antioxidant defenses effectively in yeast cells.



The results suggest that the yeast model is a valuable tool for demonstrating that these natural compounds have potential as dietary supplements or therapeutic agents in mitigating disorders related to oxidative stress. However, further research is essential to assess their in vivo efficacy and to explore their potential applications in health promotion and longevity.
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Figure 1. Sensitivity of S. cerevisiae cells to selected flavonoids. (a) Cells were grown in synthetic complete (SC) medium supplemented with glucose 2% in the presence of different concentrations of bioactive compounds, and the optical cell density (OD600) was obtained at 24 h. The relative growth (%) was expressed as normalized to untreated cells grown in the presence of 10 mM DMSO. (b) To perform the CFU assay, exponentially grown cells were spread onto glucose-supplemented SC plates containing 10 μM of each compound, the concentration at which cells showed the maximum percentage growth compared to the untreated control. Images were taken 24 h after cell seeding and were representative of three independent experiments. (c) The CFU assay data were expressed as a relative percentage of viability, setting the total number of cells in the DMSO control as 100%. Data are mean ± S.D. of three independent experiments. 
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Figure 2. Effect of selected flavonoid treatment on S. cerevisiae cell growth. (a) Cells were grown with or without tested compounds (10 μM) in liquid glucose-supplemented SC medium containing 2 mM H2O2. Untreated cells grown in the absence of H2O2 (DMSO) were used as a control. The optical density values at 600 nm refer to cell cultures after the indicated growth time. Growth curves data are expressed as the mean ± S.D. of three independent experiments. (b) Growth rates of yeast cells grown in the glucose-supplemented SC medium with H2O2 in the presence or absence of the tested compounds were compared to growth rate of yeast cells grown without H2O2, which was set to 100%. (c) The doubling times of yeast cells grown in glucose-supplemented SC medium with H2O2 in the presence or absence of the tested compounds were compared to the doubling time of yeast cells grown without H2O2, which was set to 100%. Growth rate data are the mean ± S.D. of three independent experiments, each performed in triplicate. * p < 0.005. 
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Figure 3. Antioxidant effect of selected flavonoids in S. cerevisiae. (a) Yeast cells were grown until the exponential phase in the presence of each tested compound (10 μM) or DMSO (10 mM). Then, cells were serially diluted, and spotted onto glucose-supplemented SC control plates, and (b) glucose-supplemented SC plates containing 2 mM H2O2. Plate images were taken at 48 h and are representative of three different experiments. (c) 1.5 × 106 cells were spread on a 120 × 120 mm square plate containing solid SC medium supplemented with glucose 2%. Sterile filters were added on the agar surface. Each filter was loaded with 5 μL of one of the tested compounds at the concentration of 10 μM and 5 μL of 2 mM H2O2. One filter was loaded with the same amount of DMSO without H2O2. Cell growth was evaluated after 48 h incubation at 30 °C by the halo around the filters. (d) Yeast cells were grown with 10 μM of each compound or DMSO for 24 h. Then, an appropriate dilution of the cells was spread onto glucose-supplemented SC plates containing 2 mM H2O2 to perform CFU assays. Images were representative of three independent experiments. (e) CFU assay data were expressed as a relative percentage of viability, setting the total number of cells in DMSO control as 100%. Data are mean ± SD of three independent experiments. * p < 0.005. 
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Figure 4. Measurement of oxidative stress markers. (a) Quantification of intracellular ROS accumulated during treatment with H2O2 in yeast cells pretreated with tested polyphenols. At least three independent experiments were performed in triplicate with # p value < 0.001 when compared to DMSO control cells, * p value < 0.001 when compared to H2O2-treated cells in the absence of bioactive compounds. (b) Quantification of protein carbonyl content accumulated during treatment with H2O2 in yeast cells pretreated with tested polyphenols. Densitometry was used for quantitative analysis, with protein carbonyl content in DMSO control cells set to 100%. Data were taken from the same membrane. (c) Protein carbonyl content immunodetection with the corresponding control loading (α-tubulin). 
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Figure 5. Measurement of antioxidant enzymatic and non-enzymatic defense systems. (a) Catalase activity in yeast cells pretreated with different polyphenols (10 µM) for 1 h, followed by incubation with 2 mM H2O2 for another 1 h. (b) GSSG levels in yeast cells pretreated with different polyphenols (10 µM) for 1 h, followed by incubation with 2 mM H2O2 for another 1 h. The data represent the mean of three independent experiments. # p value < 0.001 when compared to DMSO control cells, * p value < 0.001 when compared to H2O2-treated cells in absence of bioactive compounds. 
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Table 1. Growth rate and doubling time of yeast cells grown in glucose-supplemented SC medium with or without H2O2 in the presence of the tested bioactives. Growth rate data are the mean ± S.D. of three independent experiments, each performed in triplicate. * p < 0.005.
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Growth Rate (h−1)

	
Doubling Time (h)






	
−H2O2

	
DMSO

	
0.120 ± 0.012

	
5.78




	
+H2O2

	
DMSO

	
0.047 ± 0.015 *

	
14.61




	
API

	
0.143 ± 0.012

	
4.87




	
GEN

	
0.109 ± 0.009

	
6.37




	
QRC

	
0.118 ± 0.011

	
5.88




	
LUT

	
0.145 ± 0.011

	
4.79




	
NRG

	
0.119 ± 0.013

	
5.82




	
API

	
0.143 ± 0.012

	
4.87
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