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Abstract

:

Acrylamide (AA), is a chemical with multiple industrial applications, however, it can be found in foods that are rich in carbohydrates. Due to its genotoxic and cytotoxic effects, AA has been classified as a potential carcinogen. With the use of spectrophotometry, ICP-OES, fluorescence spectroscopy, and microscopy cell growth, metabolic activity, apoptosis, ROS production, MDA formation, CAT and SOD activity, ionome balance, and chromosome segregation were determined in Schizosaccharomyces pombe. AA caused growth and metabolic activity retardation, enhanced ROS and MDA production, and modulated antioxidant enzyme activity. This led to damage to the cell homeostasis due to ionome balance disruption. Moreover, AA-induced oxidative stress caused alterations in the cell cycle regulation resulting in chromosome segregation errors, as 4.07% of cells displayed sister chromatid non-disjunction during mitosis. Ascorbic acid (AsA, Vitamin C), a strong natural antioxidant, was used to alleviate the negative impact of AA. Cell pre-treatment with AsA significantly improved AA impaired growth, and antioxidant capacity, and supported ionome balance maintenance mainly due to the promotion of calcium uptake. Chromosome missegregation was reduced to 1.79% (44% improvement) by AsA pre-incubation. Results of our multiapproach analyses suggest that AA-induced oxidative stress is the major cause of alteration to cell homeostasis and cell cycle regulation.
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1. Introduction


Acrylamide (AA) is a monomeric substrate with the chemical formula C3H5NO and a molecular weight of 71.08. It is a synthetic, water-soluble, colorless, and odorless substance [1] widely used as an industrial chemical in the textile, plastic, and paper industries [2,3]. Acrylamide was discovered in foods in 2002 as a product of the so-called Maillard reaction between asparagine residues and reducing sugars at high temperature (above 120 °C), hence fried and baked starch-rich foods such as potato chips, French fries, crackers, cookies, coffee, and bread are the main sources of the accidental AA ingestion [4]. Intake of food-derived AA is estimated to be 0.3–2.0 µg kg−1 b.w. (body weight) in the human population [5]. The toxicology of AA has gained attention as its toxic spectrum was found to be wider than expected. AA was classified as a potential carcinogen by the International Agency for Research on Cancer (IARC) as its major metabolite glycidamide triggers neurotoxicity, genotoxicity, and reproductive toxicity in animals and humans due to its ability to bind DNA [6,7,8,9]. Intracellularly, AA non-enzymatically or by glutathione-S-transferases conjugates with glutathione (GSH) resulting in the formation of N-acetyl-S-(3-amino-3-oxypropyl)-cysteine. This in turn leads to depletion of the cellular GSH, thus triggering elevation of reactive oxygen species (ROS) formation leading to oxidative stress. Additionally, enhanced sensitivity to AA of cells depleted from Cu, Zn-superoxide dismutase (Sod1p), and AA-mediated decrease in catalase (CAT) expression and increase in malondialdehyde (MDA) formation, confirmed the oxidative activity of AA [10,11,12]. Due to increasing evidence of AA toxicity, the need to understand the mechanism of AA activity and the prophylactic/protective therapy’s capability to reduce or minimize AA-induced alterations has risen. It has been shown that compounds with antioxidant properties such as curcumin, β-carotene, vanillin, caffeic acid, rosmarinic acid, Vitamin E, or 5-amino salicylic acid have the ability to inhibit AA-triggered cytotoxicity through their direct effect on ROS scavenging activity [5,13,14]. In addition, the amount of AA in the food colorant ammonia caramel that is produced by Maillard reaction and caramelization has been reduced by ascorbic acid supplementation to a mixture of glucose and ammonia, thus preserving the colorant from AA contamination [15].



Abiotic stress caused by variable substances that leads to oxidative stress of the organism has been associated with cellular ionome destabilization resulting in physiological alterations in a variety of model systems [16,17]. The term ionome determines the collection of all ions in a given biological system, as non-metal and metal elements in nutrition play an irreplaceable role in multiple biological processes. Hence, the ion composition of the cell might represent a reliable tool to study physiological responses of the organism to environmental variations, or nutritional status.



A simple eukaryotic model organism, yeast Schizosaccharomyces pombe, was used to investigate the role of AA in cell growth, cell morphology, cell antioxidant capacity, ROS generation, ion balance, and cell cycle progression. S. pombe is a rod-shaped, non-pathogenic, widely used, convenient model system that shares many functional similarities of biological processes with higher eukaryotes [18,19]. As the underlying mechanism of AA-induced toxicity is often linked to the overproduction of ROS that triggers oxidative stress, in the presented study we have investigated the possible role of a strong antioxidant, and free radical neutralizer, ascorbic acid (AsA, Vitamin C) [20], to prevent the cytostatic and cytotoxic effect of AA. Although the impact of AA on different model systems has been intensively studied, to our knowledge, its influence on the cell cycle progression and ionome homeostasis in S. pombe has yet not been elucidated. Thus, in our study, we provided a newly exerted approach to stress response studies through the determination of the ionome balance sustainment.




2. Results


2.1. The time and Dose-Dependent Effect of Ascorbic Acid on the Cell Growth Intensity and the Impact of Acryl Amide Addition


S. pombe cells were grown overnight (o/n) to the exponential growth phase, and OD600 was adjusted to 0.3. Cells were divided into four groups, one group was left untreated the other three groups were incubated with 1, 10, and 100 mM AsA for 30 min. Afterward, indicated AA concentrations were subjected to the cells and OD600 was measured every 3 h of incubation. As expected, increasing AA concentrations affected cell growth substantially. Cell treatment with 1 and 10 mM AsA improved the cell growth both, with and without (w/o) AA addition. However, cell treatment with 100 mM AsA either did not affect or reduced the growth of cells, indicating the prooxidative effect of such a high AsA concentration (Figure 1 and Figure S1).



Similarly, the relative cell growth ratio (RGR) representing the cell mass gain after every third hour of incubation revealed the positive effect of 1 mM AsA and an even more pronounced positive effect of 10 mM AsA on the cell growth under AA stress, while 100 mM AsA affected the RGR negatively (Figure S2). Generation time (gt) that represents the time required for the cell doubling, revealed the positive effect of 10 mM AsA pretreatment, as it shortened the generation time of AA exposed cells, although without reaching statistical significance. Similar to previous observations, 100 mM AsA pre-treatment led to prolongation of the cell growth (Figure S3). For further analyses, the 10 mM AsA concentration was used, as this concentration showed the best protective effect against AA.



To determine the toxic concentration of AA for S. pombe cells, the IC50 value representing the concentration of AA that leads to 50% cell growth inhibition was calculated (Table 1, Figure S4). Notably, the IC50 value is slightly higher under conditions of 10 mM AsA pre-treatment, meaning that a higher AA concentration is required to inhibit the growth of 50% of cells compared to AsA untreated cells, thus confirming the significant role of AsA to protect cells against AA-induced growth alterations.



Determination of cell growth on solid media confirmed the detrimental effect of increasing AA concentration. However, in this particular experiment, AsA pre-incubation was not sufficient to alleviate the negative impact of AA. Cells were allowed to grow on the solid media for 2–3 days, hence as they spent all added AsA they were no longer protected from AA (Figure S5).




2.2. Cell Morphology


As the shape of the single-celled living organism reflects its health condition, we determined changes in the length (µm), width (µm), volume (µm3), and surface (µm2) of S. pombe cells subjected to AA with and w/o AsA pre-treatment. Increasing AA concentration led to cell prolongation, while cell width remained almost constant. Accordingly, cell volume and surface increased with rising AA concentration. Interestingly, pre-treatment of AsA did not significantly improve cell shape compared to untreated cells (Figure 2).




2.3. Cell Viability and Metabolic Activity


Metabolic activity serves as an indicator of mitochondrial functionality. Mitochondria of viable and metabolically active cells reduce TTC to formazan detectable at 485 nm. Enhancement of formazan generation upon stimuli caused by a low concentration of AA (1 mM) indicates excitement of cellular metabolism aiming to protect internal homeostasis. However, higher AA concentrations markedly reduced metabolic activity, suggesting AA-induced deterioration of mitochondrial metabolism and function. Cell pre-treatment with AsA significantly protected mitochondrial function resulting in improvement of metabolic activity (Figure 3). Methylene blue staining is a very useful method to distinguish between viable and dead cells. As it permeates only dead cells, blue-stained cells are considered dead. The percentual proportion of living to dead cells is calculated. Strikingly, although the addition of AA markedly hinders cell growth, cells persist alive trying to survive and overcome the negative effect of AA. Even the highest AA concentration (40 mM) leads to only approximately 4–5% cell death despite almost complete growth retraction. AsA pre-treatment did not cause any significant differences (Figure S6).




2.4. Ascorbic Acid Mitigates Aa-Induced Enhancement of ROS Production and Oxidative Stress


Generation of ROS was determined by the use of fluorescence spectroscopy. H2DCFDA converts to fluorescent DCF in the presence of ROS, thus serving as an undirect ROS indicator. The addition of AA led to an increase in ROS production. Cell pre-treatment with AsA (10 mM) reduced AA-derived production of ROS significantly (Figure 4). Enhanced ROS formation may lead to oxidative stress. To test this, the formation of malondialdehyde (MDA), the end product of lipid peroxidation, was investigated. As the MDA content is calculated in relation to the protein content, the amount of the protein from the whole-cell extract was determined (Figure S7A). Interestingly, OD600 values and protein content (µg mL−1) showed a positive mutual correlation upon AA and AsA treatment of cells, meaning that the increase in the protein content is related to the cell amount (Figure S7B). As assumed, MDA formation increased upon AA addition, in particular, the addition of 10 mM AA enhanced the generation of MDA dramatically. Cell pre-treatment with AsA reduced MDA formation significantly, thereby protecting cells from AA-mediated oxidative stress (Figure 5).




2.5. Acrylamide-Reduced Antioxidant Cell Capacity Is Significantly Restored by AsA


Cells undergoing oxidative stress activate protective machineries to eliminate the detrimental consequences of stress. Catalase (CAT) is the enzyme that catalyzes the decomposition of hydrogen peroxide to water and molecular oxygen. Presence of AA in the growth media increases CAT activity in the time and dose dependent manner. AsA pre-treatment protects cells from the negative impact of AA thus CAT activity is significantly lower, compared to the untreated control (Figure 6A). It is worth to mention that CAT activity affects MDA content logarithmically, as the increasing CAT activity reduces MDA content, with the more pronounced positive effect in the samples supplemented with AsA (Figure S8).



Superoxide dismutase (SOD) is the enzymatic antioxidant that helps to maintain redox balance by converting the highly reactive superoxide anion to oxygen and less reactive hydrogen peroxide. Acrylamide at lower concentration (1 mM) induces SOD activation that protects cells from oxidative stress, however, at the same AA concentration, AsA treatment serves as protective antioxidant and defends cells with the need of significantly less SOD activation. Cell incubation with high AA concentration (10 mM) increased SOD activation substantially, AsA pretreatment contributed to the cell protection by additional enhancement of SOD activation (Figure 6B).




2.6. Acrylamide Toxicity Triggers Mild Apoptotic Events in S. pombe


As yeast cells exposed to AA displayed an intracellular overload of ROS which is often connected to cell death by apoptosis, double staining with Annexin V-FITC and PI was performed. Annexin V-FITC detects the exposure of PS at the outer layer of the plasma membrane, an early sign of apoptosis. The uptake of PI requires detrimental alteration of the cell membrane referring to its irreversible damage with permanent loss of barrier function, resulting in cell death. Hence, cells that were Annexin V positive and PI negative are considered apoptotic, and PI-positive cells are considered necrotic.



Although AA exposure to mammalian cells has been associated with events resulting in programmed cell death, S. pombe cells showed only mild signs of apoptosis from AA exposure as only the highest AA concentration (40 mM) enhanced cell apoptosis (Figure 7). Additionally, PI staining revealed only a moderate increase in necrotic cells compared to the untreated control (Figure 7) which is consistent with the cell viability determination by methylene blue staining (Figure S6). Despite the compelling endurance of S. pombe cells against AA-triggered death, AsA pre-treatment enhanced cell ability to survive, thus, preserving their vitality.



Altogether, the results show that the loss of cultivability particularly in the presence of lower AA concentration is not connected to cell death as the cell undergoes apoptosis to a similar extent as the control group unexposed to AA.




2.7. Acrylamide Triggers Errors in Chromosome Segregation during Cell Cycle


The cell cycle ensures the growth and development of living organisms, and its error-free progression is thus fundamental for normal life. Segregation of chromosomes during mitosis results in the production of two identical daughter cells from one mother cell. S. pombe strain JG 15,457 carries chromosome II marked with GFP (GFP-tagged LacI molecules bind to lacO repeats inserted within the centromere II, cen2-GFP). Segregation of sister chromatids of chromosome II was determined during anaphase in PFA fixed cells 6 h after AA addition. Sister chromatids of the control and AsA pre-treated cells segregated to opposite poles, while AA addition led to sister chromatid non-disjunction in 4% of anaphase cells. However, AsA pre-treatment significantly reduced the non-disjunction of sister chromatids to 1.79% in AA incubated cells. This suggests that AA mediates alterations in the regulation of chromosome segregation most likely through enhancement of ROS production, therefore AsA pre-treatment and its antioxidant property is able, at least to some extent, to protect cells from errors in chromosome segregation (Figure 8).




2.8. Ionome Balance


Maintaining intracellular ionome homeostasis is an important mechanism by which cells adapt to the stress caused by cell disrupting agents such as AA. Accordingly, AA-mediated cell homeostasis alterations triggered an imbalance in the intracellular mineral element content. Relative to the untreated control, 1 mM AA exposure for 3 h caused a decrease in the content of most of the evaluated elements, except for Cu, while cells exposed to 10 mM AA displayed increased (Ca, Cu, Mg, Mn, Sr) or slightly decreased (Fe, K, Zn) ion concentrations. Marked enhancement of all determined element levels was detected upon cell pre-incubation with AsA as compared to the untreated control. This, in turn, resulted in the increase in the ion content of cells co-treated with AA and AsA compared to AA-exposed cells revealing the positive impact of AsA treatment in the protection of ion homeostasis maintenance (Figure 9A). The second messenger Ca was the dominant component that accumulated in the cell to prevent the ionome balance disruption. Strikingly, Sr content increased in the same fashion as the Ca level possibly due to utilization of the open Ca channels. Changes in levels of ions related to the enzymatic antioxidant system (Cu, Mn, Zn) might be connected to AA-triggered ROS overproduction and oxidative stress. Variables standardization by Z-scores reveals that in general, AsA treatment led to enhancement of the concentration of most of the analyzed elements compared to AsA untreated cells (Figure 9B). Moreover, correlation analyses show positive mutual interactions among all tested elements after 3 h of AA exposure (Figure 9C). A different situation was observed after 9 h of incubation, as most of the evaluated mineral elements showed reduced concentration relative to the untreated control (Figure 9D). The most prominent drop in the concentration was observed with K of AsA preincubated cells, which is probably related to the form of ascorbate used in our study, the Na salt. After 9 h of incubation, all AsA was spent, therefore K was no longer required to compensate for the boost of Na. Interestingly, AsA treatment led to enhancement of Fe levels resulting in Cu regulation. Standardized Z-scores clearly created clusters of cell responses dependent on the treatment revealing that the treatment is the variable responsible for changes in the ion content (Figure 9E). Ion interactions display positive mutual correlations, except for K due to its marked drop in concentration. The most prominent positive correlation of all tested ions emerged toward Ca (Figure 9F). Altogether our results clearly show that AA exposure causes marked ion balance disruption in the cell that leads to cell homeostasis alterations. However, to our surprise, yeast cells subjected to long-term AA exposure show signs of adaptation to the toxicant.





3. Discussion


Acrylamide is a chemical substance often used in industry, however, with a potential unintended human exposure. Due to the reported risks linked with its use, the effect of its exposure to eukaryotic cells requires adequate assessment. In the present study, we used fission yeast Schizosaccharomyces pombe as a eukaryotic model organism to investigate the effect of AA-induced oxidative stress on chromosome segregation during mitosis. Yeast S. pombe represents a convenient model system for elucidating a variety of biological processes including growth, division, metabolic activity, and antioxidant capacity of the organism. This nonpathogenic single-celled eukaryote is easy to grow and manipulate. Additionally, its genome contains protein-coding genes responsible for cell division and cellular organization, which are also found in the genome of higher eukaryotes. Hence, it became a popular model system to study the basic principles of a cell that can be used to understand more complex organisms [21,22]. The eukaryotic mitotic cell cycle is a highly complex event that guarantees duplication and faithful segregation of all components required for cell survival to daughter cells. To ensure genomic integrity, the error-free DNA synthesis phase (S-phase), and the mitosis phase (M-phase) are required to occur exactly once per cell cycle [23]. Progression of the cell cycle is regulated by a variety of not only internal but also external factors. Within the last decades, attention has been paid to reactive oxygen species (ROS) that seem to play an indisputable role in the regulation of cell cycle progression [24,25]. Although ROS are important mediators of natural physiological processes, their overproduction contributes to oxidative stress that might cause cell damage through oxidization of physiologically important biomolecules and alteration of cell signaling pathways [26,27]. Despite the relative resistance of S. pombe cells toward AA toxicity determined by the IC50 value (Table 1), the addition of AA to growth media resulted in the dose and time-dependent growth retardation (Figure 1) and AA-mediated enhancement of ROS production (Figure 4). This is related to the cellular metabolic activity, which was at first slightly stimulated upon 1 mM AA concentration, whereas higher concentrations of AA dramatically reduced the mitochondrial functionality (Figure 3). Similarly, many studies on a variety of model systems showed that AA decreases cell viability, induces protein modifications, increases the production of ROS, and alters mitochondrial function [26,28,29,30]. Therefore, to counteract the toxic impact of AA, we investigated the possible protective effect of a strong natural antioxidant, ascorbic acid (AsA, Vitamin C). Growth of AA exposed cells upon pre-treatment of AsA significantly improved, however only 1 mM and even more pronounced 10 mM concentrations were able to improve cell growth, 100 mM AsA caused growth alterations, suggesting pro-oxidative properties of such high concentration. Hence, 10 mM AsA was used throughout the experiments. The significant positive effect of AsA pre-treatment resulted in the reduction of ROS production, and improved metabolic activity. Other authors tested various compounds with antioxidant properties to eliminate AA toxicity. Jackfruit flake digest and a naturally occurring flavonoid myricitrin reduced excessive ROS production resulting in alleviation of AA-triggered mitochondrial disorders in Caco-2 cells [31,32], in HepG2 cells AA-induced ROS overproduction was reduced by curcumin or mulberry digest [33,34]. As ROS-induced oxidative stress often triggers membrane lipid peroxidation, we determined the level of MDA, the end product of lipid peroxidation, upon AA addition. MDA content increased significantly even after cell exposure to 1 mM AA, while 10 mM AA led to marked enhancement of MDA levels. Notably, cell pre-incubation with AsA for 30 min led to significant protection against oxidative stress resulting in the reduction of MDA content. These results are supported by a previous study showing that AsA reduces enhanced ROS production or MDA content triggered by the AA metabolite, glycidamide, and exposure to Sertoli cells [35]. The enzymatic antioxidant defense system of the cell is activated upon exposure of the organism to oxidative stress. The activity of the superoxide scavenging enzyme SOD which converts superoxide radicals to less toxic H2O2 and CAT which catalyzes the direct decomposition of H2O2 to H2O was determined every three hours after cells were exposed to AA. Our results reveal that 1 mM AA enhances the formation of superoxide already after 3 h of exposure, as the SOD activity increases significantly. Interestingly, AsA pre-treatment reduced the formation of superoxide, as the activity of SOD is lower as compared to AsA untreated cells. Cell treatment with 10 mM AA for 3 h led to increased SOD activity of both pre-treated and untreated cells with AsA suggesting the supportive role of AsA in cell protection against AA toxicity. Six hours of cell incubation with AA led to a noticeable enhancement of SOD activity with AsA protective effect similar to that observed at three hours of incubation. Apparently, after 9 h of AA exposure, the formed superoxide was neutralized as the SOD activity decreased as compared to its activity after 6 h of incubation (Figure 6B). In accordance with our observations, the SOD activity of human erythrocytes exposed to AA increased in a dose-dependent manner [36]. We assume that due to SOD-triggered superoxide radical decomposition to H2O2, CAT activity increased upon AA exposure. Its activity depended on the time of exposure and the dose of AA. AsA pre-treatment reduced the CAT activity of AA exposed cells, as its own antioxidant activity protected cells, and the CAT activity was therefore not required at such a high level (Figure 6A). Similarly, Celik et al. [37] detected increased CAT activity upon AA addition to HEK293 cells, although the activity of the enzyme was dependent on the dose of AA exposed to cells. Several scientific publications present decreased SOD and CAT activity of various model systems after AA exposure. This might result from the different behavior and sensitivity of the used model organism toward AA, different doses, and exposition times of AA, and/or due to manipulation of the model organism that already caused stress. However, the remaining common characteristic is the protection of the model organism against AA-induced oxidative stress via substances with antioxidant properties [38,39,40]. Taken together, the presented results showed that AsA pre-treatment significantly reduces ROS levels and promotes SOD and CAT activity to protect cells exposed to AA. Rod-shaped S. pombe cells are normally 6–7 µm in length and 2–3 µm in width. Before undergoing the G2–M transition, they grow until their length reaches approximately 14 µm. However, the size at which cells enter mitosis largely depends on environmental stimuli such as nutrient availability or stress. Poor nutrient conditions force cells to divide at a smaller size than in nutrient-rich media. Cell exposure to challenging conditions initiates signaling through the regulatory network, so the shape of cells is often the result of the prior signaling. The size modulation typically occurs through the MAP (mitogen-activated protein) kinase and TOR (target of rapamycin) signaling pathways acting on Cdc25 [19,41]. AA exposure significantly modulated the shape of S. pombe cells in a dose-dependent manner, the higher the concentration, the bigger the cell (Figure 2). Interestingly, AsA pre-treatment had only minor effects on the cell shape regulation of AA-exposed cells.



Strikingly, AA exposure in a dose close to IC50 value (40 mM) hindered cell growth substantially, however, the cell’s vital functions and its metabolism were preserved as only approximately 3–4% of cells were unviable (Figure S4). Moreover, S. pombe cells show fairly high resistance against AA-triggered cell death by apoptosis (Figure 7). This suggests that despite attenuated cell vitality, most of the cells are able to survive. A negative condition of such survival is the accumulation of cell cycle regulation alterations as AA exposure leads to marked cell cycle delay and errors in chromosome segregation (Figure 8). The entry of mitosis is a strictly regulated process that controls the attachments between kinetochores and microtubules through sophisticated pathways including error correction (EC) and spindle assembly checkpoint (SAC) pathways. The Aurora B kinase, Ark1 in S. pombe, is the major kinase of these pathways that facilitates the establishment of accurate kinetochore–microtubule attachments. Alterations of its function have been associated with frequent occurrence of sister chromatids non-disjunction during mitosis [42,43] Hence, we assume that AA might negatively influence Ark1 function that in turn leads to erroneous segregation of chromosomes. However, Sickles et al. [44] also presented a potential mechanism of acrylamide-induced disruption of cell cycle mitotic activity that results in genomic instability. According to their study, the microtubule-depolymerizing kinesins may be inhibited by AA, which results in the failure of the migration of chromosomes from the metaphase plate. Similarly, Adler et al. [45] already in 1993 in their report suggested that AA might induce aneuploidy in mammalian cells through concentration-dependent spindle disturbances resulting in improper functioning of the spindle. Many studies showing AA altered cell cycle [46,47] are consistent with our findings that AA induces improper segregation of chromosomes and thus reduces mitotic activity. However, the underlying mechanism of its impact on cell cycle regulation remains unclear. One of the most important mechanisms of AA-induced toxicity is oxidative stress caused by ROS overproduction. As AsA pre-treatment reduced chromosome missegregation events we suggest that ROS-derived alterations of the cell cycle regulators are responsible for the alteration of mitotic chromosome segregation.



Ionome is critical for a variety of biological processes including growth or defense responses however, conditions for the regulation of the ionome homeostasis in the fission yeast under stress are only partially known. Despite the conserved role of each particular element, the yeast ion composition varies according to changes in the surrounding environment. As we have shown previously, acute contamination by Cd or Ni causes not only dramatic changes in the ion content of the cell but also affects ion trafficking through mutual mineral element interactions [48]. In line with this, AA-triggered stress results in ion balance disruption in S. pombe cells, leading to changes in mineral element concentrations of cells exposed to AA (Figure 9A,D). Cell response to AA toxicity resulted in a reduction in Fe levels which leads to an increase in Cu content. In addition, levels of Cu, Mn, and Zn ions that are involved in the antioxidant defense system of the cell were modulated by AA exposure, hence supporting AA-induced oxidative stress. Moreover, AA exposure caused accumulation of the second messenger and enzyme co-factor Ca, in order to reduce the negative impact of AA on the cell. Similarly, an influx of Ca from extracellular sources was reported by Popa et al. [49] in Saccharomyces cerevisiae cells exposed to high levels of oxidative stress. The authors concluded that Ca overload upon oxidative stress mediates the cytotoxic effect of the stressor rather than serving as an adaptation mediator for the cell. However, we believe that Ca protects cell viability as cells exposed to AA concentrations that almost completely hinder cell growth; only a small percent of such cells underwent apoptosis or lost vitality. In accordance, cell co-treatment with the strong antioxidant, AsA, caused a marked boost in Ca levels. This implies that Ca uptake is involved in the reduction of oxidative stress, thus protecting cells from AA toxicity. In line with this, in our previous study, we described the positive effect of AsA against another toxicant causing oxidative stress that disrupts the ionome, cadmium (Cd) [50]. AA-induced perturbations in the ionome led to changes in mineral elements’ content and their mutual interactions in the dose in a time-dependent manner. Long-term exposure to AA led to downregulation of previously upregulated ion contents indicating initialization of cell adaptation (Figure 9A–F). Cell homeostasis, however, largely depends on the ionome balance referring to the complexity of the regulation of its sustainability. Over 600 genes in the yeast genome have been described to significantly impact the ionome. Clustering based on the ionome phenotype identified genes that target physical and genetic interaction networks between genes within a particular mineral nutrient regulatory function [51]. Thus, a possible explanation of the AA’s ability to alter ion balance might arise from the AA-mediated changes in the expression of transporter genes resulting in ion accumulation in the cell although the exact mechanism still needs to be elucidated.




4. Materials and Methods


4.1. Yeast Cultivation and Growth Conditions


The wild-type Schizosaccharomyces pombe strain SP72 h+ ade6-M210 ura4-D18 leu 1–32 was used for all studies except for the immunostaining experiment, for which the JG 15,457 strain (cen2(D107)::KanR-ura4 + -lacO his7 + ::lacI-GFP) carrying chromosome II labeled with GFP was used. Yeast cells were cultured in the complete YES liquid medium containing 0.5% yeast extract, and 3% glucose, supplemented with 225 mg L−1 of amino acids (adenine, L-histidine, L-leucine, L-lysine, and uracil) at 30 °C, under aerobic conditions with vigorous shaking (150 rpm). The fission yeast grows at temperatures ranging from 18 to 37 °C with the optimum at 30 °C [52]. To avoid the collateral effect of the restrictive growth conditions and the AA-mediated effect on the cell behavior, cells were cultured at the optimum temperature and on the complete nutrient media.




4.2. Growth Intensity Determination


Cells from the overnight (o/n) culture were divided into four equal portions, three of which were supplemented with either 1, 10, or 100 mM of L-ascorbic acid (AsA) (Sigma–Aldrich, St. Louis, MO, USA), respectively, diluted in distilled water, for 30 min, while the third was left untreated, and incubated at 30 °C and 150 rpm. The density of cultured cells was then adjusted to an OD600 = 0.3, transferred to 24 well plates, and treated with various concentrations of AA (0, 1, 10, 20, 30, and 40 mM). Optical density at 600 nm of the culture incubated at 30 °C and 150 rpm for 9 h was measured every 3 h by Glomax Multi Detection System (Promega Corporation, Madison, WI, USA). Hence, as one life cycle of S. pombe takes approximately 3 h, the cell growth intensity upon AA addition was analyzed within three life cycles. The total growth intensity (OD600 ratio) is calculated as a ratio in the cell density at 3 h, 6 h, or 9 h, respectively, to the 0 h time point [41].




4.3. Relative Growth Rate (RGR) and Generation Time (gt)


RGR represents the cell mass gain determined as the increase in the OD600 value after each third hour of incubation and is calculated by Equation (1):


  R G R =   l o g   Δ O  D  600       Δ t    



(1)




where ΔOD600 represents the difference between optical cell density measured at time t + 1 and previous time t, and Δt is the time interval (3 h).



Generation time (gt) represents cell doubling time and is calculated by Equation (2):


  g t =   l o g    2   m   



(2)




where m is the gradient of the regression line.




4.4. IC50 Value


Represents concentration of AA that leads to 50% cell growth reduction. To calculate the IC50 value, cells were treated with serially diluted AA using log 2 dilution starting at 400 mM. Cells without (w/o) AA treatment were used as a control. Cells were incubated in 96 well plates for 9 h at 30 °C w/o shaking, and OD600 was determined every hour. For the calculation, the freely available online calculator was used, Quest Graph™ IC50 Calculator (https://www.aatbio.com/tools/ic50-calculator/, last accessed on 22 November 2021; AAT Bioquest, Sunnyvale, CA, USA).




4.5. Characterization of the Yeast Morphology


Yeast morphology analysis was performed as previously described [50]. Briefly, cells incubated with AA for 9 h with and w/o ASA pre-treatment were visualized under bright-field microscopy at 40× magnification (Leica DMI 6000, Leica microsystems, Wetzlar, Germany). Microscopy images were captured, and cell morphometric analyses were determined by the ImageJ software v. 1.52r (National Institutes of Health, CA, USA).



Cell volume (V; µm3) was calculated according to Equation (3):


  V =  4 3  π L  W 2   



(3)




where L represents the cell length, and W is the cell width.



Cell surface (S; µm2) was calculated according to Equation (4):


  S = 2 π    W 2  + L W   a r c s i n ε  ε     



(4)




where, factor ε is calculated as   ε =      L 2  −  W 2     L   .




4.6. Spot Test


To solid YES media 0, 0.1, 1, 10, and 20 mM of AA was added. Cells from the overnight culture were divided into two groups, one was left untreated, and the second was pre-treated with 10 mM AsA. Serially diluted cells resulting approximately in 10,000, 1000, 100, and 10 cells/spot, were placed on plates. After 2–3 days of incubation at 30 °C, the size and density of spots were compared.




4.7. Preparation of the Cell Extract for Biochemical Analyses


Control and AA-treated cells with and w/o AsA preincubation were collected by centrifugation at 8500 rpm for 90 s, washed 3 times with sterile H2O, and resuspended in PBS (pH 7.0). Cells were either directly used for further analyses or stored at −80 °C. Cell homogenization was achieved by sonication (Digital Sonifier 450, Branson Ultrasonics Corp, Danbury, CT, USA) at 3 × 30 s intervals (repeated 1s pulses followed by a 1 s pause giving 15 pulses within 30 s, and power 80 W representing 20% of the full power capacity) on ice. Cell debris was removed after 15 min centrifugation at 14,000× g and 4 °C. In the collected supernatant the protein level, metabolic activity, catalase (CAT) activity, superoxide dismutase (SOD) activity, and malondialdehyde (MDA) content were determined.




4.8. Metabolic Activity


Metabolic activity of yeast was calculated according to [53] with a few modifications. Briefly, yeast suspensions were centrifugated for 90 s at 10,000× g and washed with PBS (pH 7.0). Pellets were resuspended in 1 mL 0.5% 2,3,5-triphenyltertrazolium chloride (TTC) diluted in PBS and incubated for 20 h in the dark at 30 °C. After incubation, the pellet was washed twice with PBS, and generated red formazan was extracted by addition of 1 mL ethanol:acetone (2:1) mixture prior to cell lysis by sonication. Absorbance was measured at 485 nm and metabolic activity was calculated as relative units (r.u.) of absorbance per mg protein.




4.9. Cell Viability


Cells un- and pre-treated with AsA exposed to AA for 6 h were washed in PBS and 0.05% of methylene blue (Sigma–Aldrich) with 0.1% natrium citrate (Sigma–Aldrich) was added for 5 min. Methylene blue is able to penetrate only dead cells, hence blue-stained cells are considered as dead. Microscopic slides were prepared and a percentual portion of the dead to living cells was determined.




4.10. Biochemical Analysis


Agilent Cary 60 UV/VIS spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) was used to determine CAT activity represented as the stepwise decrease in the absorbance at 240 nm for 90 s which determines the H2O2 decomposition. Addition of 50 µL of 30 mM H2O2 to 100 µL of the solution containing sample initialized reaction; the final volume of the reaction was 600 µL. The molar absorption coefficient of 36 mM−1 cm−1 was used to calculate specific catalase activity.



Total superoxide dismutase (SOD) activity was assayed according to [54] with slight modifications. Briefly, 100 µL of homogenized sample solution was added into 880 µL of a reactive mixture of 50 mM phosphate buffer (pH 7.8) containing 1 mM EDTA, 13 mM L-methionine, and 75 µM NBT (nitroblue tetrazolium). Finally, 20 µL of 2 mM riboflavin was added and the reaction was started by light irradiation (5000 lux) for 10 min at 20 °C. Absorbance of the samples was measured spectrophotometrically at 560 nm.



Malondialdehyde (MDA) content that represents lipid peroxidation was evaluated as previously described by [50]. Briefly, the TBA solution (15% trichloroacetate (TCA) containing 0.375% (w/v) thiobarbituric acid (TBA) was added to the supernatant of each sample and incubated at 95 °C for 30 min. The sample was rapidly cooled on ice and centrifuged at 8500 rpm for 60 s, the absorbance of the supernatant was measured at 532 and 600 nm at the Agilent Cary 60 UV/VIS spectrophotometer. The molar absorption coefficient 153 mM−1 cm−1 was used to calculate MDA content in nmol µg−1 protein.



The Bradford assay [55] was used to determine protein concentration at 600 nm using bovine serum albumin (Sigma–Aldrich, St. Louis, MO, USA) as a standard.




4.11. Determination of ROS Generation


Generation of the total ROS was performed as previously described by [56] with slight modifications. Control and AA-treated cell cultures with and w/o AsA (10 mM) preincubation were adjusted to OD600 = 1, washed with PBS, and incubated with 10 µM H2DCFDA (Sigma–Aldrich) at 30 °C in the dark for 1 h without shaking. H2DCFDA is a compound that is oxidized by ROS to a highly fluorescent DCF, which is fluorescently detectable at 498 nm wavelength, thus providing an estimate of ROS levels in the cell. The excessive fluorescent dye was washed off and the cells were resuspended in PBS. Fluorescence filter with 490 nm excitation wavelength at the Glomax Multi Detection System (Promega Corporation, Madison, WI, USA) was used for the DCF fluorescence detection. The measured values were normalized to the untreated cells.




4.12. Detection of Apoptosis and Necrosis


Evaluation of the yeast cells’ apoptosis was performed according to [57] with some modifications. Annexin V- FITC (fluorescein isothiocyanate) -conjugated that specifically binds to phosphatidylserine (PS) residues, was used to detect the externalization of PS which is an apoptosis marker. Propidium iodide (PI) (Sigma Aldrich) penetrates dead cells and serves as a marker to differentiate between apoptosis and necrosis. After 1 h AA exposure with and without AsA treatment, yeast cells were collected by centrifugation and washed twice with phosphate-buffered saline (PBS), pH 6.8. Washed cells were resuspended in sorbitol buffer (1.2 M sorbitol, 0.5 mM MgCl2, and 35 mM K2HPO4), pH 6.8 to a final concentration of 1 × 107 cells mL−1. For cell wall digestion, cells were incubated with 10 µg mL−1 zymolyase (Roche) in sorbitol buffer for 1 h at 37 °C. Afterward, 1 mL of spheroplasts were centrifuged at 500 rpm for 5 min and resuspended in 60 µL of incubation buffer (containing the Annexin-V-FITC and PI) and incubated for 10 min at room temperature (RT). Cells were visualized by the fluorescence microscope (Leica DMI 6000, Leica microsystems, Wetzlar, Germany). Two independent experiments were evaluated, each containing at least 150 cells. Cells were observed in the stepwise-selected microscope fields to avoid counting the same cells.




4.13. Determination of Ion Composition


Ion composition was evaluated by the use of ICP-OES (ICP-OES 720, Agilent Technologies Australia (M) Pty Ltd., Santa Clara, CA, USA) as previously described [48]. Briefly, yeast cells exposed to 0-, 1-, and 10-mM AA for 3 and 9 h with and without AsA pre-incubation were washed three times with deionized water and incubated at 55 °C for 12 h. Weighted yeast pellets were placed into PTFE digestion tubes and 3 mL of extra pure HNO3 was added for pressure microwave digestion by the ETHOS-One (Milestone, Srl., Sorisole (BG), Italy) microwave digestion system. Mineralized samples were filtered through a quantitative Munktell filter paper No. 390 (Munktell & Filtrak, Bärenstein, Germany) into 25 mL volumetric flasks and filled with deionized H2O in 4 biological replicates. Afterwards, the ion content detected by ICP-OES was calculated to µg g−1 of the yeast dry matter and expressed as the content ratio to the untreated control.




4.14. Immunostaining and Fluorescence Microscopy


Chromosome segregation was analyzed by the use of fluorescence microscopy as previously described [58]. Shortly, yeast strain JG15457 with the chromosome II marked with GFP was grown in YES medium at 30 °C and 150 rpm to achieve exponential growth. Cells were collected after 6 h of incubation, fixed by 2% PFA, and stained with primary TAT1 mouse monoclonal anti-tubulin and rabbit polyclonal anti-GFP antibodies, DNA was visualized using DAPI. Analyses were performed at the fluorescence microscope (Leica DMI 6000, Leica microsystems, Wetzlar, Germany) equipped with a digital camera. At least 200 cells in the anaphase stage of the mitotic cell cycle were evaluated for correct or incorrect segregation of chromosome II.




4.15. Statistical Analysis


Data are expressed as the mean ± standard deviation (SD). Statistical significance of obtained differences was analyzed by the ANOVA Duncan’s and Fisher LSD post-hoc test using the Statistica 10 software (StatSoft Inc., Tulsa, OK, USA). Lavene’s and Cochran’s tests were used to evaluate data homogeneity and normality distribution of the results. Limits of the statistical significance were set up to p < 0.05 *, 0.01 **, 0.001 ***. Time-dependent ionome changes were calculated for each ion as a ratio to the untreated control. Absolute ion concentrations were then Z-score-transformed to adjust for the differences in magnitude between different ions according to Formula (5):


  Z − s c o r  e  I n d i v i d u a l   =     C o n c e n t r a t i o  n  i n d i v i d u a l   − M e a n   c o n c e n t r a t i o n     S D    



(5)







Z-scores were used for cluster analysis by the average linkage clustering method with Pearson distance measurement. Pearson correlations between individual ions were calculated. Z-score and ion correlations were visualized by Heatmapper [59].





5. Conclusions


In this study, we investigated the underlining toxic effect of AA on cell vital functions by multiapproach analyses covering large-scale biological processes and stress responses. AA-induced enhancement of ROS production led to oxidative stress in S. pombe resulting in cell cycle arrest and alterations in chromosome segregation. Additionally, the cell disturbing activity of AA was confirmed by its negative effect on ion balance maintenance. Supplementation of ascorbic acid significantly protected cells against AA-mediated cytotoxicity due to its direct ROS scavenging activity and intracellular Ca uptake support. Our complex study extended the knowledge of AA-induced toxicity from the known metabolic disorders to disrupted ionome balance and altered chromosome segregation resulting in cell cycle arrest without marked signs of apoptosis. Additionally, we show that AsA treatment not only reduced ROS production but also improved ionome homeostasis and prevented errors in chromosome segregation during mitosis. Though, our results suggest that the use of AsA, a natural antioxidant supplementation, could significantly attenuate AA-induced cytotoxicity which might have health-protective implications in situations of dietary AA exposure. However, as AA is known to accumulate in the cell, further investigations of low-dose AA exposure for a longer period are required.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/molecules27134307/s1, Figure S1: Cell growth intensity upon AA addition with and w/o AsA pre-treatment, Figure S2: Relative growth rate of cells ex-posed to AA with and w/o AsA pre-treatment, Figure S3: Generation time (gt), Figure S4: Determination of IC50 upon AA exposure with and w/o AsA pre-treatment, Figure S5: Spot test, Figure S6: Cell viability upon AA addition with and w/o AsA pre-treatment, Figure S7: Protein content, Figure S8: CAT/MDA ratio.





Author Contributions


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




Funding


This research was supported by the SUA grant agency projects under grants 12-GASPU-2021, and GA FAPZ 2/2021; and the project “Drive4SIFood” of the European Union Operational Program Integrated Infrastructure Managing Authority Ministry of Transport and Construction of the Slovak Republic under grant number ITMS2014+ 313011V336.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The authors confirm that the data supporting the findings of this study are available within the article and its Supplementary Materials.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are available from the authors or from commercial sources.




References


	



Jakobsen, L.S.; Granby, K.; Knudsen, V.K.; Nauta, M.; Pires, S.M.; Poulsen, M. Burden of disease of dietary exposure to acrylamide in Denmark. Food Chem. Toxicol. 2016, 90, 151–159. [Google Scholar] [CrossRef] [PubMed]

	



Parzefall, W. Minireview on the toxicity of dietary acrylamide. Food Chem. Toxicol. 2008, 46, 1360–1364. [Google Scholar] [CrossRef] [PubMed]

	



Friedman, M. Chemistry, biochemistry, and safety of acrylamide. A review. J. Agric. Food Chem. 2003, 51, 4504–4526. [Google Scholar] [CrossRef] [PubMed]

	



Adani, G.; Filippini, T.; Wise, L.A.; Halldorsson, T.I.; Blaha, L.; Vinceti, M. Dietary Intake of Acrylamide and Risk of Breast, Endometrial, and Ovarian Cancers: A Systematic Review and Dose–Response Meta-analysis. Cancer Epidemiol. Biomark. Prev. 2020, 29, 1095–1106. [Google Scholar] [CrossRef] [PubMed]

	



Hong, Z.; Minghua, W.; Bo, N.; Chaoyue, Y.; Haiyang, Y.; Haiqing, Y.; Chunyu, X.; Yan, Z.; Yuan, Y. Rosmarinic acid attenuates acrylamide induced apoptosis of BRL-3A cells by inhibiting oxidative stress and endoplasmic reticulum stress. Food Chem. Toxicol. 2021, 151, 112156. [Google Scholar] [CrossRef]

	



IARC. Monographs on the evaluation of carcinogenic risks to humans. Int. Agency Res. Cancer IARC 1994, 60, 389–433. Available online: https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-Identification-Of-Carcinogenic-Hazards-To-Humans/Some-Industrial-Chemicals-1994 (accessed on 2 May 2022).

	



Shipp, A.; Lawrence, G.; Gentry, R.; McDonald, T.; Bartow, H.; Bounds, J.; Macdonald, N.; Clewell, H.; Allen, B.; Van Landingham, C. Acrylamide: Review of toxicity data and dose-response analyses for cancer and noncancer effects. Crit. Rev. Toxicol. 2006, 36, 481–608. [Google Scholar] [CrossRef]

	



Kacar, S.; Sahinturk, V.; Kutlu, H.M. Effect of acrylamide on BEAS-2B normal human lung cells: Cytotoxic, oxidative, apoptotic and morphometric analysis. Acta Histochem. 2019, 121, 595–603. [Google Scholar] [CrossRef]

	



Song, D.; Xu, C.; Holck, A.L.; Liu, R. Acrylamide inhibits autophagy, induces apoptosis and alters cellular metabolic profiles. Ecotoxicol. Environ. Saf. 2021, 208, 111543. [Google Scholar] [CrossRef]

	



Fuhr, U.; Boettcher, M.I.; Kinzig-Schippers, M.; Weyer, A.; Jetter, A.; Lazar, A.; Taubert, D.; Tomalik-Scharte, D.; Pournara, P.; Jakob, V.; et al. Toxicokinetics of Acrylamide in Humans after Ingestion of a Defined Dose in a Test Meal to Improve Risk Assessment for Acrylamide Carcinogenicity. Cancer Epidemiol. Biomark. Prev. 2006, 15, 266–271. [Google Scholar] [CrossRef]

	



Kwolek-Mirek, M.; Zadrąg-Tęcza, R.; Bednarska, S.; Bartosz, G. Yeast Saccharomyces cerevisiae devoid of Cu,Zn-superoxide dismutase as a cellular model to study acrylamide toxicity. Toxicol. Vitr. 2011, 25, 573–579. [Google Scholar] [CrossRef]

	



Albalawi, A.; Alhasani, R.H.A.; Biswas, L.; Reilly, J.; Shu, X. Protective effect of carnosic acid against acrylamide-induced toxicity in RPE cells. Food Chem. Toxicol. 2017, 108, 543–553. [Google Scholar] [CrossRef]

	



Kommuguri, U.N.; Pallem, P.V.S.; Bodiga, S.; Bodiga, V.L. Effect of dietary antioxidants on the cytostatic effect of acrylamide during copper-deficiency in Saccharomyces cerevisiae. Food Funct. 2014, 5, 705–715. [Google Scholar] [CrossRef]

	



Ahmad Bainmahfouz, F.R.; Ali, S.S.; Al-Shali, R.A.; El-Shitany, N.A.E.-A. Vitamin E and 5-amino salicylic acid ameliorates acrylamide-induced peripheral neuropathy by inhibiting caspase-3 and inducible nitric oxide synthase immunoexpression. J. Chem. Neuroanat. 2021, 113, 101935. [Google Scholar] [CrossRef]

	



Chen, H.; Gu, Z. Effect of Ascorbic Acid on the Properties of Ammonia Caramel Colorant Additives and Acrylamide Formation. J. Food Sci. 2014, 79, C1678–C1682. [Google Scholar] [CrossRef]

	



Zheng, L.; Zhu, H.-Z.; Wang, B.-T.; Zhao, Q.-H.; Du, X.-B.; Zheng, Y.; Jiang, L.; Ni, J.-Z.; Zhang, Y.; Liu, Q. Sodium selenate regulates the brain ionome in a transgenic mouse model of Alzheimer’s disease. Sci. Rep. 2016, 6, 39290. [Google Scholar] [CrossRef]

	



López-Orenes, A.; Bueso, M.C.; Conesa, H.; Calderón, A.A.; Ferrer, M.A. Seasonal ionomic and metabolic changes in Aleppo pines growing on mine tailings under Mediterranean semi-arid climate. Sci. Total Environ. 2018, 637–638, 625–635. [Google Scholar] [CrossRef]

	



Hoffman, C.S.; Wood, V.; Fantes, P.A. An Ancient Yeast for Young Geneticists: A Primer on the Schizosaccharomyces pombe Model System. Genetics 2015, 201, 403–423. [Google Scholar] [CrossRef]

	



Hayles, J.; Nurse, P. Introduction to Fission Yeast as a Model System. Cold Spring Harb. Protoc. 2018, 2018, pdb.top079749. [Google Scholar] [CrossRef]

	



Villagran, M.; Ferreira, J.; Martorell, M.; Mardones, L. The Role of Vitamin C in Cancer Prevention and Therapy: A Literature Review. Antioxidants 2021, 10, 1894. [Google Scholar] [CrossRef]

	



Vo, T.V.; Das, J.; Meyer, M.J.; Cordero, N.A.; Akturk, N.; Wei, X.; Fair, B.J.; Degatano, A.G.; Fragoza, R.; Liu, L.G.; et al. A Proteome-wide Fission Yeast Interactome Reveals Network Evolution Principles from Yeasts to Human. Cell 2016, 164, 310–323. [Google Scholar] [CrossRef] [PubMed]

	



Vyas, A.; Freitas, A.V.; Ralston, Z.A.; Tang, Z. Fission Yeast Schizosaccharomyces pombe: A Unicellular “Micromammal” Model Organism. Curr. Protoc. 2021, 1, e151. [Google Scholar] [CrossRef] [PubMed]

	



Moser, B.A.; Russell, P. Cell cycle regulation in Schizosaccharomyces pombe. Curr. Opin. Microbiol. 2000, 3, 631–636. [Google Scholar] [CrossRef]

	



Boonstra, J.; Post, J.A. Molecular events associated with reactive oxygen species and cell cycle progression in mammalian cells. Gene 2004, 337, 1–13. [Google Scholar] [CrossRef]

	



Sundaram, G.; Palchaudhuri, S.; Dixit, S.; Chattopadhyay, D. MAPK mediated cell cycle regulation is associated with Cdc25 turnover in S. pombe after exposure to genotoxic stress. Cell Cycle 2008, 7, 365–372. [Google Scholar] [CrossRef]

	



Yang, L.; Dong, L.; Zhang, L.; Bai, J.; Chen, F.; Luo, Y. Acrylamide Induces Abnormal mtDNA Expression by Causing Mitochondrial ROS Accumulation, Biogenesis, and Dynamics Disorders. J. Agric. Food Chem. 2021, 69, 7765–7776. [Google Scholar] [CrossRef]

	



Agus, H.H.; Kok, G.; Derinoz, E.; Oncel, D.; Yilmaz, S. Involvement of Pca1 in ROS-mediated apoptotic cell death induced by alpha-thujone in the fission yeast (Schizosaccharomyces pombe). FEMS Yeast Res. 2020, 20, foaa022. [Google Scholar] [CrossRef]

	



Huang, Y.-S.; Hsieh, T.-J.; Lu, C.-Y. Simple analytical strategy for MALDI-TOF-MS and nanoUPLC—MS/MS: Quantitating curcumin in food condiments and dietary supplements and screening of acrylamide-induced ROS protein indicators reduced by curcumin. Food Chem. 2015, 174, 571–576. [Google Scholar] [CrossRef]

	



Hung, C.H.; Lin, Y.C.; Tsai, Y.G.; Lin, Y.C.; Kuo, C.H.; Tsai, M.L.; Kuo, C.H.; Liao, W.T. Acrylamide Induces Mitophagy and Alters Macrophage Phenotype via Reactive Oxygen Species Generation. Int. J. Mol. Sci. 2021, 22, 1683. [Google Scholar] [CrossRef]

	



Nowak, A.; Zakłos-Szyda, M.; Żyżelewicz, D.; Koszucka, A.; Motyl, I. Acrylamide Decreases Cell Viability, and Provides Oxidative Stress, DNA Damage, and Apoptosis in Human Colon Adenocarcinoma Cell Line Caco-2. Molecules 2020, 25, 368. [Google Scholar] [CrossRef]

	



Qu, D.; Liu, C.; Jiang, M.; Feng, L.; Chen, Y.; Han, J. After In Vitro Digestion, Jackfruit Flake Affords Protection against Acrylamide-Induced Oxidative Damage. Molecules 2019, 24, 3322. [Google Scholar] [CrossRef]

	



Chen, W.; Feng, L.; Shen, Y.; Su, H.; Li, Y.; Zhuang, J.; Zhang, L.; Zheng, X. Myricitrin Inhibits Acrylamide-Mediated Cytotoxicity in Human Caco-2 Cells by Preventing Oxidative Stress. BioMed Res. Int. 2013, 2013, e724183. [Google Scholar] [CrossRef]

	



Cao, J.; Liu, Y.; Jia, L.; Jiang, L.-P.; Geng, C.-Y.; Yao, X.-F.; Kong, Y.; Jiang, B.-N.; Zhong, L.-F. Curcumin Attenuates Acrylamide-Induced Cytotoxicity and Genotoxicity in HepG2 Cells by ROS Scavenging. J. Agric. Food Chem. 2008, 56, 12059–12063. [Google Scholar] [CrossRef]

	



Zhang, L.; Xu, Y.; Li, Y.; Bao, T.; Gowd, V.; Chen, W. Protective property of mulberry digest against oxidative stress—A potential approach to ameliorate dietary acrylamide-induced cytotoxicity. Food Chem. 2017, 230, 306–315. [Google Scholar] [CrossRef]

	



Orta Yilmaz, B.; Yildizbayrak, N.; Aydin, Y. Vitamin C inhibits glycidamide-induced genotoxicity and apoptosis in Sertoli cells. J. Biochem. Mol. Toxicol. 2020, 34, e22545. [Google Scholar] [CrossRef]

	



Catalgol, B.; Ozhan, G.; Alpertunga, B. Acrylamide-induced oxidative stress in human erythrocytes. Hum. Exp. Toxicol. 2009, 28, 611–617. [Google Scholar] [CrossRef]

	



Celik, F.S.; Cora, T.; Yigin, A.K. Investigation of Genotoxic and Cytotoxic Effects of Acrylamide in HEK293 Cell Line. J. Cancer Prev. Curr. Res. 2018, 9, 260–264. [Google Scholar] [CrossRef]

	



Gül, M.; Kayhan Kuştepe, E.; Erdemli, M.E.; Altınöz, E.; Gözükara Bağ, H.G.; Gül, S.; Göktürk, N. Protective effects of crocin on acrylamide-induced testis damage. Andrologia 2021, 53, e14176. [Google Scholar] [CrossRef]

	



Reshmitha, T.R.; Nisha, P. Lycopene mitigates acrylamide and glycidamide induced cellular toxicity via oxidative stress modulation in HepG2 cells. J. Funct. Foods 2021, 80, 104390. [Google Scholar] [CrossRef]

	



Abdel-Moneim, A.M.; Elsawy, H.; Alzahrani, A.M.; Ali, A.; Mahmoud, O. Silymarin Ameliorates Acrylamide-Induced Hyperlipidemic Cardiomyopathy in Male Rats. BioMed Res. Int. 2019, 2019, e4825075. [Google Scholar] [CrossRef]

	



Požgajová, M.; Navrátilová, A.; Šebová, E.; Kovár, M.; Kačániová, M. Cadmium-Induced Cell Homeostasis Impairment is Suppressed by the Tor1 Deficiency in Fission Yeast. Int. J. Mol. Sci. 2020, 21, 7847. [Google Scholar] [CrossRef]

	



Zhou, X.; Zheng, F.; Wang, C.; Wu, M.; Zhang, X.; Wang, Q.; Yao, X.; Fu, C.; Zhang, X.; Zang, J. Phosphorylation of CENP-C by Aurora B facilitates kinetochore attachment error correction in mitosis. Proc. Natl. Acad. Sci. USA 2017, 114, E10667–E10676. [Google Scholar] [CrossRef]

	



Hálová, L.; Petersen, J. Aurora promotes cell division during recovery from TOR-mediated cell cycle arrest by driving spindle pole body recruitment of Polo. J. Cell Sci. 2011, 124, 3441–3449. [Google Scholar] [CrossRef]

	



Sickles, D.W.; Sperry, A.O.; Testino, A.; Friedman, M. Acrylamide effects on kinesin-related proteins of the mitotic/meiotic spindle. Toxicol. Appl. Pharmacol. 2007, 222, 111–121. [Google Scholar] [CrossRef]

	



Adler, I.-D.; Zouh, R.; Schmid, E. Perturbation of cell division by acrylamide in vitro and in vivo. Mutat. Res. Lett. 1993, 301, 249–254. [Google Scholar] [CrossRef]

	



Chen, J.-H.; Tsou, T.-C.; Chiu, I.-M.; Chou, C.-C. Proliferation Inhibition, DNA Damage, and Cell-Cycle Arrest of Human Astrocytoma Cells after Acrylamide Exposure. Chem. Res. Toxicol. 2010, 23, 1449–1458. [Google Scholar] [CrossRef]

	



Hassan, H.A.; EL-Kholy, W.M.; EL-Sawi, M.R.F.; Galal, N.A.; Ramadan, M.F. Myrtle (Myrtus communis) leaf extract suppresses hepatotoxicity induced by monosodium glutamate and acrylamide through obstructing apoptosis, DNA fragmentation, and cell cycle arrest. Environ. Sci. Pollut. Res. 2020, 27, 23188–23198. [Google Scholar] [CrossRef]

	



Pozgajova, M.; Navratilova, A.; Arvay, J.; Duranova, H.; Trakovicka, A. Impact of cadmium and nickel on ion homeostasis in the yeast Schizosaccharomyces pombe. J. Environ. Sci. Health B 2020, 55, 166–173. [Google Scholar] [CrossRef] [PubMed]

	



Popa, C.V.; Dumitru, I.; Ruta, L.L.; Danet, A.F.; Farcasanu, I.C. Exogenous Oxidative Stress Induces Ca2+ Release in the Yeast Saccharomyces Cerevisiae. FEBS J. 2010, 277, 4027–4038. [Google Scholar] [CrossRef] [PubMed]

	



Navrátilová, A.; Kovár, M.; Požgajová, M. Ascorbic acid mitigates cadmium-induced stress, and contributes to ionome stabilization in fission yeast. Environ. Sci. Pollut. Res. 2021, 28, 15380–15393. [Google Scholar] [CrossRef] [PubMed]

	



Yu, D.; Danku, J.; Baxter, I.; Kim, S.; Vatamaniuk, O.K.; Vitek, O.; Ouzzani, M.; Salt, D.E. High-resolution genome-wide scan of genes, gene-networks and cellular systems impacting the yeast ionome. BMC Genom. 2012, 13, 623. [Google Scholar] [CrossRef]

	



Petersen, J.; Russell, P. Growth and the Environment of Schizosaccharomyces pombe. Cold Spring Harb. Protoc. 2016, 2016, pdb.top079764. [Google Scholar] [CrossRef]

	



Bayliak, M.M.; Burdylyuk, N.I.; Lushchak, V.I. Quercetin increases stress resistance in the yeast Saccharomyces cerevisiae not only as an antioxidant. Ann. Microbiol. 2016, 66, 569–576. [Google Scholar] [CrossRef]

	



Beauchamp, C.; Fridovich, I. Superoxide dismutase: Improved assays and an assay applicable to acrylamide gels. Anal. Biochem. 1971, 44, 276–287. [Google Scholar] [CrossRef]

	



Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [Google Scholar] [CrossRef]

	



Ďurovcová, I.; Goffa, E.; Šestáková, Z.; Mániková, D.; Gaplovská-Kyselá, K.; Chovanec, M.; Ševčovičová, A. Acute Exposure to Bisphenol A Causes Oxidative Stress Induction with Mitochondrial Origin in Saccharomyces cerevisiae Cells. J. Fungi 2021, 7, 543. [Google Scholar] [CrossRef]

	



Sousa, C.A.; Soares, H.M.V.M.; Soares, E.V. Nickel Oxide Nanoparticles Trigger Caspase- and Mitochondria-Dependent Apoptosis in the Yeast Saccharomyces cerevisiae. Chem. Res. Toxicol. 2019, 32, 245–254. [Google Scholar] [CrossRef]

	



Pozgajova, M.; Cipak, L.; Trakovicka, A. Prp4 kinase is required for proper segregation of chromosomes during meiosis in Schizosaccharomyces pombe. Acta Biochim. Pol. 2013, 60, 871–873. [Google Scholar] [CrossRef]

	



Babicki, S.; Arndt, D.; Marcu, A.; Liang, Y.; Grant, J.R.; Maciejewski, A.; Wishart, D.S. Heatmapper: Web-enabled heat mapping for all. Nucleic Acids Res. 2016, 44, W147–W153. [Google Scholar] [CrossRef]








[image: Molecules 27 04307 g001 550] 





Figure 1. Determination of the cell growth intensity upon AA addition with and w/o AsA pre-treatment. Evaluated was the OD600 ratio determined every three hours of incubation (3 h, 6 h, and 9 h) and calculated as the difference to the time point 0 h. Cells un- and pre-treated with AsA were subjected to indicated AA concentrations (0 mM green, 0.1 mM yellow, 1 mM orange, 10 mM blue, 20 mM grey, and 40 mM red). Increasing AA concentration led to a marked reduction of the cell growth ability. AsA treatment improved growth ability at 1 mM and 10 mM concentration, while 100 mM did not improve or even reduce the growth of cells. Each point represents the mean value ± SD of 4 individual samples. Statistical differences are indicated as p < 0.001 ***. 
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Figure 2. Cell morphology. Length (A), width (B), surface (C), and volume (D) were determined in S. pombe cells upon addition of indicated AA concentrations, with (green bars) and without (blue bars) AsA pre-treatment. Different letters above bars indicate statistical significance of four independent experiments. Each bar with tick represents mean value ± standard deviation (SD) (n = 100). Statistical significance is determined by Duncan’s post-hoc test, different letters above bars indicate statistical difference at a 0.05 level of significance. 
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Figure 3. Metabolic activity. Metabolic activity determined as formazan production, detectable at 485 nm and normalized to protein unit, from yellowish tetrazolium chloride (TTC), indicates functionality of mitochondria, thereby indirectly representing cell vitality. Individual bars represent mean value of 8 samples from two independent experiments ± SD. Statistical significance, determined by Duncan’s post-hoc test, was set up as p < 0.05 *, 0.01 **, 0.001 *** different letters above bars indicate statistical difference. 
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Figure 4. ROS generation. AA-induced enhancement of ROS formation detected as enhancement of fluorescence signal was compared to the control group w/o AA addition and to the group of cells pre-treated with AsA. Individual bars represent mean ± SD of 8 individual samples and two independent experiments. Statistical significance is determined by Duncan’s post-hoc test, different letters above bars indicate statistical difference as p < 0.05 *, 0.01 **. 
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Figure 5. MDA formation. AA triggers oxidative stress resulting in lipid peroxidation. As indicated by enhanced MDA production, AA causes peroxidation of membrane lipids in a dose dependent manner. AsA pre-treatment protect cells from AA-triggered oxidative stress, as it significantly reduces MDA production. Bars represent mean ± SD of 4 individual samples. Statistical significance is determined by Duncan’s post-hoc test, different letters above bars indicate statistical difference as p < 0.05 *, 0.001 ***. 
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Figure 6. Activity of the antioxidant enzyme system catalase (CAT) and superoxide dismutase (SOD). The antioxidant capacity of cells was determined via detection of antioxidant enzymes activity CAT (A) and SOD (B). AsA pre-treatment significantly improved AA-altered antioxidant capacity of cells. Bars represent mean ± SD of 4 individual samples. Statistical significance is determined by Duncan’s post-hoc test, different letters above bars indicate statistical difference as p < 0.05 *, 0.01 **, 0.001 ***. 
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Figure 7. Yeast cell apoptosis determination. To evaluate cell death by apoptosis, Annexin V-FITC signal was determined upon AA exposure of cells un- and pre-treated with AsA. Cells were co-stained with PI to distinguish between apoptosis and necrosis. PI positive cells were considered necrotic. Bars represent mean ± SD of at least 150 counted cells. Statistical significance is determined by Duncan’s post-hoc test, different letters above bars indicate statistical difference. Significance of statistical differences are indicated as p < 0.05 *, 0.01 **, 0.001 ***. 
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Figure 8. Chromosome segregation during mitosis. Segregation of chromosome II during mitosis was analyzed in cells exposed to 20 mM AA for 6 h with and without 10 mM AsA pre-treatment. Control cells were grown in YES medium without AA and AsA addition. At least 200 cells from 4 inde-pendent experiments were scored for normal or missegregated chromosome II and expressed in percent. Statistical significance is determined by Duncan’s post-hoc test, different letters above bars indicate statistical difference. Significance of statistical differences are indicated as p < 0.001 ***. 
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Figure 9. AA mediates disruption of the ionome balance. Differences of the ion content upon treatment are compared to the untreated control after 3 h (A) and 9 h (D) of incubation and expressed as increase (+) or decrease (−) relative to the control. Control is set up as 0.0 on the x axis. Z-score clusters of variables to adjust for the differences in magnitude between different ions after 3 h (B) and 9 h (E) of incubation. Correlation analyses of mutual ion interactions by Pearson test (rP) after 3 h (C) and 9 h (F) of incubation. 
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Table 1. IC50 value indicating inhibitory concentration of AA to cell growth.
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	AsA
	IC50 (mM of AA)
	R2





	0 mM
	30.8337
	0.932



	10 mM
	37.8238
	0.916







R2—coefficient of determination.
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