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When yeast cells are transferred to water only, they remain viable for several days. However, when transferred to water with glucose, there is a rapid loss of viability. This phenomenon is termed Sugar-Induced Cell Death (SICD). In addition to glucose, SICD can be induced by an array of different sugars and is thought to be triggered by increased levels of intracellular reactive oxygen species (ROS) generated upon transfer to sugar-only solutions. Although not termed SICD, a similar response is observed in mammalian cells, whereby high glucose induces cell death, especially in cases of hyperglycemia and diabetes. In contrast, cancer cells thrive under conditions of high glucose. In this review, we summarize the current understanding of SICD in yeast and highlight studies showing the presence of a similar phenomenon in mammalian cells, High Glucose-Induced Cell Death (HGICD). We end with a discussion on mechanisms by which cancer cells evade HGICD. Unlike other types of cell death in yeast, SICD has not yet been thoroughly reviewed. Therefore, this review represents the first comprehensive review of SICD in yeast with a comparison to HGICD in other eukaryotes.
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INTRODUCTION TO CELL DEATH IN YEAST
Like other eukaryotic cells, yeast can undergo several types of cell death. According to the guidelines and recommendations on yeast cell death nomenclature (Carmona-Gutierrez et al., 2018), death is classified into two broad groups, which is: accidental cell death (ACD) or regulated cell death (RCD). ACD is rapid upon exposure to extreme conditions and is unavoidable even through genetic or pharmacological interventions. On the other hand, RCD occurs in response to mild stress and is dependent on defined molecular machinery. RCD can also be modulated by genetics and pharmacological interventions. There are distinct types of RCD in yeast, including death with features similar to apoptosis of higher eukaryotes, though specific mechanisms differ. For the scope of this review, we maintain the term apoptosis. Apoptosis is usually associated with externalization of phosphatidylserine (PS) to the outer leaflet of the cell membrane, chromatin condensation, DNA fragmentation, cell shrinkage, mitochondrial outer membrane permeabilization (MOMP), irreversible loss of mitochondrial membrane potential, and dependence on de novo protein synthesis (Carmona-Gutierrez et al., 2018) (Table 1). Apoptosis can be dependent or independent of the yeast metacaspase, YCA1 (Carmona-Gutierrez et al., 2018; Büttner et al., 2011; Falcone and Mazzoni, 2016; Carmona-Gutierrez et al., 2010). Currently, YCA1 is the only identified yeast metacaspase (Madeo et al., 2002), however, other proteases may have related functions (Hauptmann and Lehle, 2008).
TABLE 1 | Hallmarks of apoptosis and necrosis observed in SICD of Saccharomyces cerevisiae.
[image: Table 1]In yeast, cell death can also occur through necrosis, either primary necrosis or secondary. Primary necrosis is characterized by the absence of apoptotic markers, while secondary necrosis usually follows apoptosis (Carmona-Gutierrez et al., 2018). Primary necrosis is further categorized into accidental necrosis, which usually occurs due to severe stress and is uncontrollable, or regulated necrosis, which occurs through a precise genetically controlled mechanism. Unlike accidental necrosis, regulated necrosis can be inhibited by genetic and pharmacological interventions (Carmona-Gutierrez et al., 2018; Eisenberg et al., 2010). Necrosis in yeast is usually associated with the absence of apoptotic markers along with an increase in cell volume, membrane permeabilization, nucleo-cytosolic translocation of Nhp6A, disintegration of subcellular structures (Table 1), MOMP, and loss of mitochondrial membrane potential (Carmona-Gutierrez et al., 2018; Carmona-Gutierrez et al., 2010; Madeo et al., 2009; Ruckenstuhl et al., 2010).
Yeast can undergo RCD and ACD upon exposure to extrinsic factors such as H2O2, acetic acid, heat, or pheromones (Guaragnella et al., 2007; Severin and Hyman, 2002; Zhang et al., 2006; Alby et al., 2010; Stolp et al., 2022). Typically, lower concentrations of these stimuli result in regulated cell death while higher concentrations result in rapid necrosis (Severin and Hyman, 2002; Ahn et al., 2005; Chaves et al., 2021). Since the discovery of yeast metacaspase, YCA1 (Madeo et al., 2002), a huge effort has been made to elucidate the cell death pathways in yeast and to determine similarities to other eukaryotic cells (Falcone and Mazzoni, 2016; Carmona-Gutierrez et al., 2010). Cell death has been studied in response to by-products of metabolism such as acetic acid, ethanol, and H2O2, amongst others. H2O2-induced cell death is well documented in mammalian cells, since it is a common ROS cells must mitigate for survival (Guaragnella et al., 2007; Chidawanyika and Supattapone, 2021). On the other hand, acetic acid is a common stressor and its accumulation is a major issue in the fermentation industry due to its impact on the yield and quality of the fermentation products (Chaves et al., 2021; Giannattasio et al., 2013). Although glucose is a universal energy source and poses a serious impact on mammalian cell survival, glucose- and sugar-induced cell death has been relatively understudied in yeast, perhaps because sugars are most often associated with positive effects on growth and survival of yeast. In this review, we explore sugars as triggers for cell death. We then discuss the occurrence of SICD in mammalian cells and follow with the evasion of SICD by cancer cells. Resolving the molecular mechanism and genetic regulation of SICD in yeast may allow this system to become a valuable tool in studying hyperglycemia-induced cell death and cancer metabolism. Additionally, this system can be utilized for screening and for the discovery of novel therapeutics and targets.
GLUCOSE TRIGGERS SUGAR-INDUCED CELL DEATH IN SACCHAROMYCES CEREVISIAE
Sugar-induced cell death (SICD) is a phenomenon described in Saccharomyces cerevisiae where cells rapidly lose viability in the presence of glucose and the absence of other nutrients to support their growth (Granot and Snyder, 1991). This phenomenon was first described in 1991 by David Granot while studying the nutrients required for cell-cycle induction in S. cerevisiae. Granot discovered that cells transferred to water-only or a nitrogen-containing solution remained viable for several days, however, cells transferred to a 2% glucose solution rapidly lost viability (Granot and Snyder, 1991). This loss of viability was seen in exponential phase and stationary phase cells, as well as spores. Cells incubated in glucose-only solutions showed morphological and physiological changes synonymous with growth. The characteristic large vacuole of stationary phase cells disperses in glucose-only solutions and in synthetic media or rich media with glucose. Additionally, adenine biosynthesis and earlier bud emergence were shown under these conditions. Interestingly, these growth events were not observed in water-only or synthetic media lacking glucose, suggesting that glucose is solely sufficient to initiate growth (Granot and Snyder, 1991). These morphological and metabolic changes were also observed in cells incubated in other carbon sources, both fermentable and non-fermentable, in the absence of other nutrients. This supports the hypothesis that glucose, and sugars in general, induce growth, however, in the absence of other nutrients to support growth, the cells die (Granot and Snyder, 1993).
SICD IS COMMON IN SACCHAROMYCES CEREVISIAE
SICD has been widely studied in S. cerevisiae, however, other species and strains are currently being explored for the occurrence of this phenotype. SICD is screened for by culturing the organism to be tested in either rich or minimal media, under its optimal growth temperature, to either stationary or exponential phase, followed by washing the cells twice in water and then transferring them to either water-only or a glucose-only solution, which is typically a 2% concentration. In all reported strains, cells exposed to solutions of glucose-only or other sugars exhibited decreased viability compared to cells incubated in water-only for the same time. SICD was reported in several strains of S. cerevisiae, including both yeast mating types. The strains studied were: W303-1A (MATa) (Hoeberichts et al., 2010), BY4741(MATa) (Lee et al., 2011a; Dušková et al., 2021; Avtukh et al., 2023; Lee et al., 2011b; Du et al., 2015), BY4742 (MATα) (Avtukh et al., 2023), A364A (MATα), S288c (MATα) (Granot and Snyder, 1991; Du et al., 2015), Y426 (MATa) (Granot and Snyder, 1993; Granot et al., 2003), Y426/Y427 (MATa/MATα) (Granot and Snyder, 1991; Granot and Snyder, 1993), DFY632 (MATa) (Granot and Dai, 1997), DBY7286 (MATα) (Yoshimoto et al., 2009), SEY6210 (MATα) (Bidiuk et al., 2021; Valiakhmetov et al., 2019). SICD was also demonstrated in Saccharomyces pastorianus, the allopolyploid hybrid of S. cerevisiae and S. bayanus. This study tested the viability of cells in a 10% glucose solution instead of the conventional 2% concentration (Yoshimoto et al., 2009). Both S. pastorianus and S. cerevisiae survived in YPD with 10% glucose and in water-only at 20οC, however, in a solution of 10% glucose-only, there was a 99% reduction in the viability of both strains (Yoshimoto et al., 2009). It is not clear why 10% glucose was used in this study as standard YPD media with 2% glucose is sufficient for cultivation in the lab, however, S. pastorianus is a lager yeast and higher concentration of sugar is often used for fermentation (Miller et al., 2012). Nevertheless, it is unknown whether 2% glucose would induce SICD in S. pastorianus.
SICD occurs in other yeasts
Kluyveromyces lactis
Lactose was shown to induce cell death in the yeast K. lactis, which is known for its ability to use lactose as a sole carbon source. Lactose enters these cells via lactose permease and is then hydrolyzed to glucose and galactose by β-galactosidase. However, in mutants lacking LAC4, the gene that encodes β-galactosidase, lactose becomes toxic to cells, and cell death is induced (Lodi and Donnini, 2005). Interestingly, when the permease is disrupted in Δlac4, the cells were able to grow on lactose and cell death was prevented, suggesting that the uptake of lactose led to cell death (Lodi and Donnini, 2005). This death was described as substrate-accelerated death and is said to be because of high intracellular osmotic pressure due to excessive uptake of lactose. Plating cells on media with KCl to determine survival by colony forming unit (CFU) assays resulted in enhanced recovery of cells (Lodi and Donnini, 2005).
Candida albicans
It was previously reported that Candida albicans does not undergo SICD (Du et al., 2015), however, cell death does occur in response to N-acetylglucosamine (Glc-NAC) (Du et al., 2015). Glc-NAC is an important carbon source and signaling molecule for C. albicans in the human gut. When C. albicans was transferred to water-only and incubated at 30°C, cells remained viable for several days. A similar response was observed in 2% glucose and 2% sorbitol solutions. However, in the presence of Glc-NAC, the cells show hallmarks of both apoptosis and necrosis. There was a rapid loss of viability accompanied by reactive oxygen species (ROS) accumulation, DNA fragmentation, and externalization of phosphatidylserine, followed by propidium iodide (PI) internalization. This loss of viability in the presence of Glc-NAC was termed GICD. GICD was also observed at 25°C and 37°C, and in YNB media with Glc-NAC as the sole carbon source (Du et al., 2015).
POTENTIAL FACTORS MEDIATING SICD
Glucose phosphorylation is essential for SICD
Several studies have shown that glucose entry and phosphorylation are critical for SICD. L-glucose, a glucose analog that cannot enter S. cerevisiae, and 6-deoxy-glucose, a glucose analog that can enter S. cerevisiae but cannot be phosphorylated, failed to induce SICD (Figure 1), suggesting that glucose entry and its phosphorylation is critical for SICD (Granot and Snyder, 1991; Granot and Dai, 1997).
[image: Figure 1]FIGURE 1 | An overview of the current understanding of SICD in S. cerevisiae. The early events of SICD are displayed in the left half of the figure, while the cell death response is depicted in the right half. Left: Glucose enters the cell and is phosphorylated. Glucose uptake also activates plasma membrane H+-ATPases, and H+ ions are pumped out of the cells resulting in acidification of the extracellular environment. The Crabtree effect is disrupted; therefore, fermentation is blocked, and glucose is metabolized by respiration and oxidative phosphorylation, which is evidenced by increased oxygen consumption upon transfer to a glucose-only solution. ATP levels remain low perhaps due to suboptimal phosphate levels and ROS production increase. Right: Accumulation of intracellular ROS triggers either necrosis or apoptosis when cells are transferred to a glucose-only solution during exponential phase or stationary phase, respectively. This is followed by externalization of PS on the outer leaflet of the plasma membrane, degradation of the nuclear membrane, fragmentation of DNA, depolarization and permeabilization of the plasma membrane, increased K+ efflux, nucleotide and small molecule release from the cell, and the extracellular environment remains acidified, in the early stages of SICD. Created in BioRender. Parbhudayal, R. (2025) https://BioRender.com/p47w704.
The requirement of glucose phosphorylation for SICD was further confirmed by genetic studies using mutants unable to phosphorylate specific sugars. In S. cerevisiae, hexokinase 1 (HXK1) and hexokinase II (HXK11) function to phosphorylate both glucose and fructose. A double mutant, Δhxk1hxk2, cannot phosphorylate fructose and therefore these cells cannot grow on fructose as a sole carbon source. Fructose induces SICD in WT cells, however, it was found that the Δhxk1hxk2 retained viability in a fructose-only solution (Granot and Snyder, 1993).
Another study confirmed the importance of phosphorylation for SICD with the use of a S. cerevisiae triple mutant, DFY632, which is deficient in HXKI, HXKII, and GLK1. GLK1 encodes glucokinase 1, which only phosphorylates glucose (Granot and Dai, 1997; Herrero et al., 1999). Therefore, the DFY632 strain cannot grow in media with glucose or fructose as a sole carbon source. As a result, this mutant also remains viable in glucose- and fructose-only solutions. Additionally, when DFY632 was transformed with a plasmid containing a hexokinase from Arabidopsis thaliana which allows for growth on glucose and fructose, the cells regained their ability to grow with glucose or fructose as sole carbon sources. When DFY632 transformed cells were transferred to glucose-only solutions, the cells exhibited SICD (Granot and Dai, 1997). This model system also allowed for examination of the rate of phosphorylation on SICD, because the A. thaliana hexokinase phosphorylates glucose and fructose with differential affinity, with a Km of 4.4 µM for glucose and 17 mM for fructose. When DFY632 transformed cells are grown in concentrations of glucose that allow for glucose phosphorylation, the rate of SICD in glucose is faster than that in fructose. Similarly, when grown in higher concentrations of the sugars to allow for phosphorylation of both, the rate of SICD was similar. Therefore, the rate of SICD is directly related to the rate of sugar phosphorylation (Granot and Dai, 1997). Since the rate of glucose phosphorylation is also directly proportional to the growth rate (Rolland et al., 2002), the increased growth induction by glucose is likely to trigger cell death. This also suggests that glucose 6-phosphate or intermediates downstream of glucose metabolism are directly or indirectly triggering cell death.
It remains unclear whether glycolysis remains active after cells are transferred to glucose-only solutions. While glycolytic intermediates were detected intracellularly, a baseline (in water -only) was not reported to determine if glucose incubation changes the levels of these intermediates. However, it was shown that exogenous supplementation of phosphate and succinate, which protect against SICD, increased the levels of glucose-6 phosphate and fructose-1-6 bisphosphate, indicating that glycolysis may be active, however, the levels were not reported in the absence of glucose (Lee et al., 2011a).
Intracellular ROS plays a role in SICD
Several studies have shown that SICD in S. cerevisiae is associated with an increase in intracellular ROS levels, similar to other types of cell death (Granot and Snyder, 1991; Lee et al., 2011a; Lee et al., 2011b; Granot et al., 2003; Valiakhmetov et al., 2019). Accordingly, exogenous supplementation of antioxidants protected cells from SICD (Granot et al., 2003; Valiakhmetov et al., 2019). Using the 2,7-dihydrochloro-fluorescein dye, it was shown that stationary phase cells incubated in 2% glucose solutions have significantly higher levels of ROS than cells in water-only. Addition of 10 mM of ascorbic acid to 2% glucose solutions showed significant protection from SICD, however, there was not 100% protection, suggesting that ROS may not be the sole cause of SICD (Granot et al., 2003). Additionally, although intracellular ROS levels increase immediately upon transfer to glucose-only solutions, the cells survive if they are transferred back to water (Granot and Snyder, 1993).
Triclabendazole, an anti-helminthic drug, can partially protect stationary phase cells of S. cerevisiae from SICD by reducing the levels of intracellular ROS. This drug was also shown to partially protect against H2O2-induced cell death (Lee et al., 2011b; Lee et al., 2013). Similarly, exponential phase cells can also be protected from SICD by ascorbic acid or glutathione (GSH) (Valiakhmetov et al., 2019). The source of ROS for SICD is yet to be determined, however, since SICD also occurs in petite colonies, it is unlikely that mitochondria are the source of ROS for SICD (Granot et al., 2003; Valiakhmetov et al., 2019).
Even though mitochondria are believed to be a major producer of ROS, peroxisomes and the endoplasmic reticulum (ER) are also known to produce ROS (Yoboue et al., 2018). Deletion of mitochondrial DNA in S. cerevisiae also results in ROS accumulation (Leadsham et al., 2013; Yi et al., 2018), which is exacerbated by loss of cytochrome c oxidase (COX). Interestingly, Yno1p (NADPH oxidase), localized on the ER, was shown to be a significant contributor of ROS in strains with impaired mitochondrial function and reduced COX activity (Leadsham et al., 2013; Yi et al., 2018; Rinnerthaler et al., 2012). Single mutation of YNO1 or RAS2 in mitochondrial deficient cells resulted in reduced ROS accumulation, however, double mutants did not produce synergistic phenotype, suggesting YNO1 and RAS2 function is dependent on each other. Additionally, overexpression of Yno1p triggers YCA1-dependent cell death through increased Yno1p-generated ROS accumulation (Leadsham et al., 2013; Yi et al., 2018; Rinnerthaler et al., 2012). A model was proposed in which dysfunctional mitochondria function through RAS to promote an environment conducive to ROS accumulation (Leadsham et al., 2013; Yi et al., 2018; Rinnerthaler et al., 2012), therefore, it would be interesting to explore the involvement of such extramitochondrial sources of ROS in SICD.
Disruption of the crabtree effect
S. cerevisiae preferentially utilizes glucose through aerobic fermentation and switches off respiration until glucose is depleted. This process is commonly described as overflow metabolism or the Crabtree effect in yeast (Malina et al., 2021). Inhibition of respiration with Antimycin A or EtBr (ethidium bromide), in the presence of glucose, protected cells from SICD with a corresponding reduction in ROS levels. Disrupting the TCA cycle by mutation of SDH1, SDH2, and FUM1, or the glyoxylate cycle by mutation of the key gene, ICL1, also protected against SICD. While these mutations resulted in decreased ROS levels in glucose-only solutions, the ROS levels and cell death in water-only were much greater than in the WT (Lee et al., 2011a). Therefore, it is difficult to conclude whether these mutations protected against SICD or if glucose enhanced survival of these mutants. The author proposed that SICD is due to disruption of the Crabtree effect, therefore, downregulation of respiration and oxidative phosphorylation will protect from SICD. This is also supported by evidence of increased oxygen consumption in cells transferred to glucose-only solutions (Lee et al., 2011a). Studies that have reported intracellular ATP levels found that incubation in glucose solutions results in depletion of ATP, which is not seen in cells incubated in water-only, leading to the conclusion that ATP exhaustion may also contribute to cell death in the presence of sugars (Lee et al., 2011a; Dušková et al., 2021).
Furthermore, WT cells can be protected from SICD by exogenous supplementation of succinate, and to a lesser extent, acetate, in the presence of glucose. However, both succinate and acetate induce cell death in the absence of glucose (Lee et al., 2011a). Succinate enters mitochondria through Dic1 transporter in exchange for phosphate, depleting the phosphate in the mitochondrial matrix, thereby inhibiting ATP synthesis (Lee et al., 2011a). On the other hand, exogenous supplementation of phosphate in the presence of glucose also prevents SICD through induction of 1-6 bisphosphate synthesis, which is known to inhibit respiration (Lee et al., 2011a; Díaz-Ruiz et al., 2008). It was proposed that in glucose-only solutions, intracellular phosphate levels are low and since phosphate activates phosphofructokinase (PFK) to synthesize fructose 1,6-bisphosphate, fructose 1,6-bisphosphate synthesis remains low. However, exogenous supplementation of phosphate restores the intracellular phosphate deficit and increases fructose 1,6-bisphosphate synthesis, thereby upregulating ATP production. ATP then allosterically inhibits PFK to downregulate respiration, and protect against SICD (Lee et al., 2011a).
Extracellular pH
When yeast cells are transferred to glucose-only solutions, there is a rapid decline in extracellular pH from pH 7.0 to pH 3.7 after 5 min, whereupon the pH remains constant. In contrast, when cells are transferred to water only, the pH declines from 7.0 to 6.0 over an hour (Bidiuk et al., 2021). It was shown that neutralizing the extracellular pH can prevent SICD (Bidiuk et al., 2021) (Figure 2). The rapid decline in pH observed in the presence of glucose likely cause a significant difference in pH on the plasma membrane. Dissipation of the H+ ions by ionophores protects against cell death and causes a lower degree of acidification of the extracellular environment (Bidiuk et al., 2021). This study showed that Rim101/PacC, which senses alkaline stress, and cAMP protein kinase pathway (PKA), the activation of which can lead to sensitivity to alkaline stress, are not involved in protection against SICD in neutral conditions, as these mutants remained protected from SICD in neutral conditions (Bidiuk et al., 2021).
[image: Figure 2]FIGURE 2 | Mechanisms that prevent SICD. SICD in S. cerevisiae can be prevented through various mechanisms, mainly resulting in a reduction in intracellular ROS levels. This can occur by blocking glucose uptake and/or phosphorylation, through the addition of antioxidants such as ascorbic acid and glutathione to reduce ROS levels, by supplementation with nitrogen to support amino acid synthesis and restoration of carbon to nitrogen balance, through the addition of KCl to decrease the potential of the plasma membrane, through neutralization of extracellular pH, and by inhibition of respiration and oxidative phosphorylation by agents such as Antimycin A and EtBr. All mechanisms known to prevent SICD result in a decline in intracellular ROS. Created in BioRender. Parbhudayal, R. (2025) https://BioRender.com/i39g802.
Acidification of the media after glucose incubation can also be due to the release of Krebs cycle acids (Kotyk et al., 1999), or acetic acid, which is known to induce RCD in S. cerevisiae (Chaves et al., 2021). Interestingly, analysis by mass spectrometry, by both liquid chromatography (LC-MS) and gas chromatography (GC-MS), did not reveal any compounds of molecular weight corresponding to Krebs cycle acids or acetic acid in supernatants collected from S. cerevisiae BY4741 incubated in a 100 mM glucose-only solution for an hour at 30°C (Avtukh et al., 2023). Octanoic acid was detected at an estimated concentration of 0.7µM, which is too low to induce cell death in S. cerevisiae (Avtukh et al., 2023).
Antioxidants such as ascorbic acid and GSH used in SICD studies were neutralized and buffered to pH 7 to prevent toxicity to cells due to the low pH of their solutions. Considering the effect of pH on SICD, it becomes unclear if the observed protective effect against SICD was due to antioxidant activity or due to the impact pH has on SICD (Granot et al., 2003; Valiakhmetov et al., 2019).
Membrane potential
When exponential phase cells are transferred to glucose-only solutions, there is a rapid increase in the membrane potential of the cells (Hoeberichts et al., 2010; Bidiuk et al., 2021). This can be prevented by either buffering the extracellular environment to pH 7 (Bidiuk et al., 2021) or by the addition of KCl to the glucose solutions (Hoeberichts et al., 2010; Bidiuk et al., 2021). Since KCl prevents SICD even in an acidified environment, the authors proposed that membrane potential may play a more important role in SICD than pH (Bidiuk et al., 2021).
The role of K+ in SICD was further examined through mutational studies. Single or double deletion of TRK1 and/or TRK2 K+ uniporters increased sensitivity to SICD (Hoeberichts et al., 2010; Dušková et al., 2021). Similarly, double deletion of HAL4 and HAL5, which activates Trk-mediated K+ uptake, also increased sensitivity to SICD (Hoeberichts et al., 2010). Accordingly, reducing K+ efflux using a triple mutant lacking three major K+ efflux transporters in S. cerevisiae, ENA1, NHA1, and TOK1, protects against H2O2-mediated cell death and SICD, suggesting a universal role of K+ in the regulation of cell death (Hoeberichts et al., 2010). This K+ efflux resulted in vacuolar lysis, perhaps due to loss of intracellular osmolarity—the first step in autolysis (Hoeberichts et al., 2010).
Glucose is known to activate plasma membrane ATPases to signal growth and nutrient uptake (Serrano, 1983). It was shown that mutants with reduced plasma membrane H+-ATPase activity are protected from SICD, suggesting that indeed H+-ATPase activity is activated under SICD conditions and is critical for SICD to occur (Hoeberichts et al., 2010). Together, this led to a proposed mechanism whereby glucose falsely activates H+-ATPases, in the absence of external K+, which leads to the dielectric breakdown of the plasma membrane, causing small molecules, including K+ ions and nucleotides, to leak out of the cell. Therefore, SICD can be prevented by reducing the plasma membrane H+-ATPase activity, increasing K+ influx, and decreasing K+ efflux (Hoeberichts et al., 2010; Dušková et al., 2021) (Figures 1, 2). It is important to note that protection from SICD seen with modulation of K+ transport and H+-ATPase activity also led to a decline in intracellular ROS (Hoeberichts et al., 2010).
The relationship between K+ transport and glucose uptake appears to be quite complex as suppressor mutations in glucose transport genes, HXT1 and HXT3 were shown to lead to increased K+ uptake and survival on K+-limiting media of Δtrk1Δtrk2 strains of S. cerevisiae without affecting glucose transport (Liang et al., 1998). It is yet to be determined how such mutations would affect SICD and if this could be a potential target for prevention of SICD as well. An overview of SICD in S. cerevisiae is summarized in Figure 1.
Growth phase affects the cell death phenotype of Saccharomyces cerevisiae undergoing SICD
During SICD, exponential and stationary phase yeast cells undergo different cell death phenotypes. The markers of cell death are discussed below and summarized in Table 1.
Exponential phase
Interestingly, it was shown that cells in the S-phase of the heterogenous exponential phase population were more susceptible to SICD (Valiakhmetov et al., 2019). SICD in exponential phase cells resembles that of primary necrosis. When exponential phase cells were exposed to glucose-only solutions, PI internalization peaked within an hour of incubation. This was accompanied by a corresponding increase in intracellular ROS levels which can be reduced by the addition of antioxidants such as ascorbic acid and GSH (Valiakhmetov et al., 2019). The nucleus appeared enlarged, and chromatins were released into the cytosol, as demonstrated by electron microscopy, perhaps due to disruption of the nuclear membrane. There was no externalization of PS on the plasma membrane, and cell death was not dependent on the yeast metacaspase, YCA1 or on de novo protein synthesis (Valiakhmetov et al., 2019) (Table 1).
Stationary phase
SICD in stationary phase cells shows characteristics of mammalian apoptosis (Granot et al., 2003). Unlike exponential phase cells where SICD is detected within an hour (Valiakhmetov et al., 2019), SICD in stationary phase cells develops over several hours to days (Carmona-Gutierrez et al., 2018; Granot et al., 2003; Madeo et al., 1999). This is perhaps owing to the upregulation of ROS defense mechanisms to protect from oxidative stress due to respiration and the diauxic shift (Leadsham et al., 2013; Galdieri et al., 2010) or due to induction of autophagy by depleted glucose in stationary phase (Adachi et al., 2017; Iwama and Ohsumi, 2019). Stationary phase cells undergoing SICD appear smaller in size (Granot and Snyder, 1991; Granot et al., 2003) with fragmentation of the nucleus, DNA and RNA, in addition to the presence of a ruptured cell membrane and vesicle formation (Granot et al., 2003). These features were not observed when cells were incubated in water-only or sorbitol solutions (Granot and Snyder, 1991; Granot et al., 2003). There was also an increase in intracellular ROS which can be mitigated by antioxidants supplementation, such as ascorbic acid and GSH (Granot et al., 2003). Glucose induction of apoptosis in stationary phase cells is more often seen in dividing cells than non-dividing cells, suggesting that high glucose is reducing efficiency of G0/G1 arrest in the stationary phase leading to rapid induction of apoptosis in this population (Weinberger et al., 2010) (Table 1).
SICD in stationary phase cells was shown to be independent of YCA1 and calcineurin (Hoeberichts et al., 2010). Pheromone-induced cell death in S. cerevisiae is independent of YCA1 but was shown to be modulated by calcineurin which is a Ca2+-calmodulin-activated protein phosphatase that promotes survival. Mutants deficient in CNB1, which encodes a major regulatory unit of calcineurin, showed increased sensitivity to pheromone-induced cell death, however, the extent of SICD was like that of the WT, suggesting that SICD is independent of this pathway (Severin and Hyman, 2002; Zhang et al., 2006; Hoeberichts et al., 2010). Although SICD in stationary phase cells is independent of YCA1, caspase-independent pathways are yet to be explored for their involvement in SICD.
SICD of stationary phase cells was also shown to be accompanied by vacuole collapse and the release of K+ and nucleotides by the cell as discussed above (Hoeberichts et al., 2010). On the other hand, mutants deficient in STE20 were shown to be resistant to SICD. STE20 is the yeast homolog of mammalian Mst1, which is involved in programmed cell death. During H2O2-induced cell death, Ste20p is translocated to the nucleus where it phosphorylates histone H2B, which leads to DNA fragmentation. Δste20 are not only resistant to H2O2 -induced cell death, but also to SICD suggesting similarities in the regulatory mechanism of SICD and other types of cell death (Ahn et al., 2005; Du and Liang, 2006).
SICD IS ENHANCED AT 37ΟC
SICD in S. cerevisiae has been studied at 20οC (Yoshimoto et al., 2009), 25οC (Granot and Snyder, 1991) 30οC (Granot and Snyder, 1991; Granot and Snyder, 1993), and 37οC (Granot and Snyder, 1991; Granot and Dai, 1997), but is said to be enhanced at 37οC (Granot and Dai, 1997). More studies are needed to understand the role of temperature in SICD to determine if there is a viable response with varied temperature.
SICD OCCURS UNDER AEROBIC AND ANEROBIC CONDITIONS
CFU assays done to determine the survival of S. cerevisiae after exposure to glucose revealed the formation of petite colonies. Petite colonies are known to be deficient in mitochondrial respiration and carry mutations or exhibit a loss of mitochondrial DNA. These colonies were unable to grow on non-fermentable carbon sources, thereby confirming these were petite colonies deficient in respiration. However, it was found that petite colonies were even more sensitive to SICD than the parental cells, suggesting that respiration or mitochondrial DNA is not required for SICD (Lee et al., 2011a; Granot et al., 2003). Additionally, respiratory-deficient petite colonies of S. pastorianus obtained by EtBr treatment also resulted in SICD (Yoshimoto et al., 2009). SICD was demonstrated in both aerobic and anaerobic conditions in S. pastorianus when transferred to a 10% glucose solution. Interestingly, SICD in aerobic and anaerobic conditions resulted in the same extent of death, where a 99% decrease in viability was found (Yoshimoto et al., 2009). This further supports the idea that SICD is not dependent on the presence of oxygen or respiration.
SICD CAN BE INDUCED BY METABOLIZED CARBON SOURCES
Several fermentable (glucose, fructose, and sucrose) and non-fermentable (maltose, galactose, acetate, ethanol, and glycerol) carbon sources were evaluated for their ability to induce SICD in S. cerevisiae. All tested carbon sources induced SICD, however, fermentable carbon sources resulted in more cell death than non-fermentable (Granot and Snyder, 1993; Dušková et al., 2021). Interestingly, maltose, a sugar that is not metabolizable by S. cerevisiae Y426/Y427, did not affect cell viability when transferred to a maltose-only solution, viability resembled that of cells in water-only (Granot and Snyder, 1993), however, maltose was shown to induce SICD in S. cerevisiae BY4741, which suggests that there may be strain specific responses (Dušková et al., 2021). The rate of SICD induced by each respective sugar seems to be correlated to the rate of uptake and usage of the sugar by the strain tested (Granot and Snyder, 1993). What is even more interesting is that these carbon sources also induce the early growth events as seen with glucose, that is, vacuole dispersal, earlier bud emergence, and induction of adenine biosynthesis (Granot and Snyder, 1993), suggesting that these sugars are affecting a common secondary messenger, directly or indirectly, leading to induction of these growth events which is followed by cell death (Granot and Snyder, 1993).
Disruption of the adenylate synthase pathway, which plays an integral role in glucose metabolism in S. cerevisiae (Tamaki, 2007), did not prevent any of the growth-related events nor cell death. (Granot and Snyder, 1991). Temperature-sensitive mutations in CDC25 or CDC35, which result in decreased cAMP levels, did not prevent cell death (Granot and Snyder, 1991). Additionally, activation of cAMP/PKA through deletion of IRA2, which results in elevated levels of cAMP in the presence of glucose, did not affect cell death (Bidiuk et al., 2021; Park et al., 2005). Together, these studies indicate that the adenylate synthase signaling pathway is not involved in SICD. Therefore, cAMP is not the secondary messenger involved in signaling SICD.
SICD CAN BE INDUCED BY LOW CONCENTRATIONS OF GLUCOSE
SICD can be induced by glucose concentrations as low as 0.1% (5.55 mM) (Granot and Snyder, 1993). The high-affinity glucose permease, SNF3, was found to be important for SICD in low concentrations of glucose but not high concentrations of glucose. Mutants deficient in SNF3 grow poorly on 0.1% glucose, but grow well in 2% glucose, and do not undergo SICD in 0.1% glucose, but do undergo SICD in 2% glucose. On the contrary, 0.1% glucose was sufficient to induce SICD in the WT cells, although at a comparatively slower rate than 2% glucose (Granot and Snyder, 1993). This suggests that glucose uptake is essential for SICD.
NITROGEN AND CARBON BALANCE IS IMPORTANT FOR CELL SURVIVAL
Nitrogen availability is important for cell cycle progression and survival of yeast as it is required for biogenesis of several macromolecules owing to its incorporation into nucleotides and amino acids. In the absence of nitrogen, non-essential nitrogenous compounds, including excess purines, pyrimidines, and proteins, may be degraded to synthesize essential compounds. In the presence of ammonia, intermediates of glycolysis and the TCA cycle serve as a backbone for amino acid synthesis. Glycolysis intermediates participate in the synthesis of histidine, serine, alanine, cysteine, glycine, tryptophan, phenylalanine, tyrosine, valine, leucine, and isoleucine. The TCA intermediate, oxaloacetate, can be utilized for the synthesis of asparagine, methionine, and threonine (Nishimura, 2024; Magasanik and Kaiser, 2002; Rødkær and Færgeman, 2014) (Figure 3).
[image: Figure 3]FIGURE 3 | Carbon and nitrogen are important for the survival of S. cerevisiae. When yeast cells are exposed to glucose in the absence of nitrogen, cell death occurs. Likewise, cell death occurs when yeast cells are exposed to nitrogen in the absence of glucose. However, in the presence of both, glucose and nitrogen, in a balanced ratio, the cells survive. Nitrogen is important for amino acid and nucleotide synthesis. NH4 combines with intermediates of glycolysis and the TCA cycle to produce amino acids. On the other hand, NH4 can be assimilated from the degradation of excess purines, pyrimidines, and amino acids. Created in BioRender. Parbhudayal, R. (2025) https://BioRender.com/u63n824.
Glutamate, a preferred nitrogen source and nitrogen donor, is particularly important for longevity of S. cerevisiae (Wu et al., 2013). Glutamate is readily made from α-ketoglutarate (AKG) and ammonia, while it is also degraded back to AKG and ammonia for the biosynthesis of other amino acids, including proline and arginine or combine with ammonia to produce glutamine (Figure 3) (Magasanik and Kaiser, 2002; Rødkær and Færgeman, 2014). It was shown that ammonium and glutamate can rescue S. pombe from mitotic catastrophe that would result in cell death (Zemlianski et al., 2024). Glutamate is also a precursor for GSH, through which it was shown to extend the life span of S. cerevisiae through reduction of ROS accumulation (Magasanik and Kaiser, 2002; Rødkær and Færgeman, 2014; Wu et al., 2013), thereby highlighting a versatile role of glutamate in protection against cell death.
In addition to nitrogen availability, studies suggest that nitrogen and carbon balance play a role in cell survival and in the prevention of SICD (Figure 3). It is important to note that some of these studies were performed in synthetic media, whereas in SICD studies, cells are in water supplemented with the respective sugars. The importance of a balance in nitrogen and carbon availability in preventing SICD was demonstrated in S. pastorianus where it was shown that supplementation of nitrogen to 10% glucose prevented SICD, however, when the nitrogen concentration was low, cell death was even more dramatic than cells in glucose-only (Yoshimoto et al., 2009).
Furthermore, it was shown that both carbon and nitrogen, provided independently, induce cell death. Cell death induced by ammonium in yeast has not been well studied and was thought to be overlooked because conventional growth media contain high enough levels of potassium, which was shown to protect against ammonium toxicity (Hess et al., 2006). It was demonstrated that in minimal medium, nitrogen, in the form of (NH4)2SO4, results in decreased growth under low potassium concentrations in synthetic media. To detoxify excess (NH4)2SO4, the cells excrete amino acids. Interestingly, as potassium concentration increased, ammonium toxicity and amino acid excretion decreased. This phenotype was observed in S. cerevisiae S288c, CEN.PK and Σ (Hess et al., 2006).
These findings are further supported by another study showing that balance in nitrogen and carbon is important for the longevity of S. cerevisiae PYCC 4072. In the presence of 0.5% glucose, 0.05%–0.5% (NH4)2SO4 can maintain viability of PYCC 4072, however, in 2% glucose, 0.1%–1% (NH4)2SO4 led to progressive loss of viability. Interestingly, increasing nitrogen concentrations beyond 134 mg/L significantly shortened chronological life span (CLS) due to replicative stress. The same response was observed when glutamine was used as a nitrogen source, suggesting that nitrogen is regulating this response. On the other hand, the poorly metabolized nitrogen source, urea, did not shorten or extend CLS (Santos et al., 2016).
Additionally, it was shown in synthetic media that as the concentration of nitrogen increased, glucose consumption also increased (Hess et al., 2006). As opposed to cells undergoing SICD where cells in glucose-only solutions show disruption of the Crabtree effect, cells in yeast nitrogen base (YNB) media undergo fermentation followed by respiration (Santos et al., 2016).
Transferring stationary phase cells of S. cerevisiae BY4742 to (NH4)2SO4 in water reduced cell survival by inducing apoptosis followed by secondary necrosis. In the first 2 days, evidence of apoptosis was observed—that is, ROS accumulation, DNA fragmentation, chromatin condensation, nuclear fragmentation, and externalization of phosphatidylserine in the absence of membrane permeabilization (Santos et al., 2012). Interestingly, after 2 days of incubation in water and (NH4)2SO4, cells stained positive for Annexin V, PI and Nhp6Ap. Nhp6Ap which is the yeast homolog of the human chromatin-bound non-histone protein HMGB1 (high mobility group box 1), which is known to release from the nucleus during necrosis, was translocated to the cytosol— suggesting a switch from apoptosis to secondary necrosis occurred (Santos et al., 2012). Deletion of AIF1 and YCA1, which encode the apoptosis-inducing factor and the only identified yeast metacaspase, respectively, did not prevent cell death (Santos et al., 2012). A later study also reported that a decrease in CFU was observed by 48 h when stationary phase cells of S. cerevisiae BY4741 were transferred to 0.5% of (NH4)2SO4 in water without any added glucose (Dušková et al., 2021). Together, these studies highlight the importance of a balance in nitrogen and carbon to ensure survival and growth of S. cerevisiae, as the absence or insufficiency of either can halt growth and trigger cell death (Figure 3).
In another study it was shown that intracellular ROS levels of S. cerevisiae in synthetic media supplemented with 2% glucose are much higher than that of cells in YPD media with 2% glucose. It was also shown that 10% glucose induced more rapid cell death in synthetic medium than in YPD medium suggesting that an imbalance between carbon and nitrogen can lead to cell death, as this imbalance will differ between synthetic medium and rich YPD medium (Weinberger et al., 2010). This conclusion is further supported by another study demonstrating a reduction in survival of S. cerevisiae cultured in both synthetic media and YPD, supplemented with 10% glucose in comparison to the standard 2% concentration. The loss in viability was shown to be associated with increased intracellular ROS and DNA damage, and interestingly, cell death was more rapid in synthetic medium than YPD medium (Weinberger et al., 2010). Therefore, even in a nutrient-rich environment, an imbalance of either nitrogen or carbon can trigger cell death.
Potential role of TORC1 signaling in SICD
A pathway of interest in unraveling the mechanism of SICD may be the target of rapamycin (TOR) signaling pathway, particularly TOR complex 1 (TORC1) kinase. TORC1 kinase is involved in sensing nutrients, stimulating growth, and regulating aging. TORCI is upregulated by nitrogen, amino acids, and glucose and is downregulated under nutrient-deprived conditions or treatment with rapamycin (Adachi et al., 2017; Iwama and Ohsumi, 2019; Foltman and Sanchez-Diaz, 2023). Glucose was shown to activate TORC1 at multiple stages in glycolysis, starting at phosphorylation to produce glucose 6-phosphate, formation of fructose 1,6-bisphosphate and completion of glycolysis (Alfatah et al., 2023; Deprez et al., 2018). Therefore, while nitrogen starvation under SICD conditions may downregulate TORC1 signaling, glucose phosphorylation may be acting in reverse to upregulate TORC1 kinase.
Inhibition of TORC1 by rapamycin and its downregulation by nutrient deprivation was shown to extend CLS, through the activation of autophagy. Autophagy is important for survival, as it not only removes toxic byproducts from the cell but also recycles nutrients under conditions of deprivation. Autophagy is known to extend CLS and promote survival, whereby an aberrant regulation of autophagy is associated with cell death and a diseased state (Adachi et al., 2017; Moruno et al., 2012; Farré and Subramani, 2016). Additionally, TORC1 upregulation inhibits autophagy through phosphorylation of Atg13, thereby preventing interaction with other Atg proteins, ultimately preventing the formation of the autophagosome, whereas downregulation induces autophagy as it allows for the hypophosphorylated state of Atg13 (Adachi et al., 2017; Moruno et al., 2012; Farré and Subramani, 2016). It is likely that glucose phosphorylation during SICD is upregulating TORC1 signaling which inhibits autophagy and consequently, cell death is activated. However, this is yet to be investigated under SICD conditions.
BACTERIAL CELLS MAY ALSO UNDERGO SICD
Although not denoted as SICD, a similar phenotype is seen in bacterial cells, described as substrate-accelerated death. This occurs when the substrate that limits growth of a population accelerates their death when they are starved and then transferred to the limiting substrate (Postgate and Hunter, 1963). This was described in several bacterial species including E. coli, Aerobacter aerogenes, and Serratia marcescens, whereby glucose, mannitol, and glycerol would induce death of cells starved from the respective substrate. Interestingly, cells starved from mannitol would also die when transferred to glucose (Postgate and Hunter, 1963), which one can argue is perhaps SICD.
MAMMALIAN CELLS UNDERGO SICD IN RESPONSE TO GLUCOSE
SICD in normal cell lines
Like yeast, mammalian cells also undergo cell death in response to intrinsic and extrinsic factors. Likewise, SICD may not be restricted to unicellular organisms (Figure 4), as similar cell death responses are seen in various mammalian cell types in response to high glucose (Table 2). This will be denoted as high glucose-induced cell death (HGICD). Glucose has been shown to induce cell death in several mammalian cell types, especially under conditions of diabetes and hyperglycemia. In this section, we discuss studies highlighting the presence of HGICD in normal cell lines and discuss events leading up to cell death after exposure to high glucose concentrations.
[image: Figure 4]FIGURE 4 | Response of different cell types to high glucose. Bacteria, yeast and normal mammalian cells undergo cell death in response to high glucose. However, cancer cells acquired the ability to bypass SICD in high glucose conditions and instead respond with increased proliferation. Lower concentrations of glucose favor proliferation in yeast and bacteria (given that nitrogen is present) and in normal mammalian cells. Lower glucose concentrations may also prevent cancer cell proliferation. Created in BioRender. Parbhudayal, R. (2025) https://BioRender.com/a51e042.
TABLE 2 | Similarities and differences between high glucose-induced responses in Saccharomyces cerevisiae and mammalian cells.
[image: Table 2]Several in-vitro studies using human umbilical vein endothelial cells (HUVECs) showed that under conditions of uncontrolled diabetes, glucose induces the death of endothelial cells and decreases their growth by lowering the mitotic index (Lorenzi et al., 1985; Curcio and Ceriello, 1992; Ceriello et al., 1996; Detaille et al., 2005; McCaig et al., 2018). High glucose levels (25 mM) were shown to increase oxidative stress in endothelial cells which then upregulates the expression of antioxidant genes such as catalase, superoxide dismutase (SOD), and glutathione peroxide. However, this increased expression is not sufficient to prevent delayed cell replication. Endothelial cells transfected to express high levels of glutathione peroxide are not affected by elevated glucose levels, further confirming that the glucose-induced changes are associated with the production of ROS (Ceriello et al., 1996). Additionally, supplementation with antioxidants such as SOD, GSH, and catalase not only prevents delayed growth but can restore growth to levels seen in lower glucose concentrations (Curcio and Ceriello, 1992).
In a separate study, high ambient glucose (30 mM) was shown to induce apoptosis in HUVECs accompanied by DNA fragmentation (Baumgartner-Parzer et al., 1995). Apoptosis in HUVECs is associated with increased ROS generation and caspase-3 activation (Ho et al., 2000). H2O2 levels increased after the glucose concentration increased from 19 mM to 33 mM. Ascorbic acid (100 µM), an antioxidant, lowered ROS levels, and, prevented caspase-3 activation and apoptosis (Ho et al., 2000). High glucose was shown to induce apoptosis through c-Jun-NH2-terminal kinases (JNKs)/stress-activated protein kinases (SAPK), which can be activated by ROS and are implicated in several disease states due their function in regulating apoptosis. It was suggested that high glucose-induced ROS may activate SAPK/JNK, which then triggers caspase-3 activation leading to cell death (Ho et al., 2000).
Another study examined the effects of high glucose (30 mM) on phosphoinositol-3 kinase/protein kinase B PI3/Akt signaling pathway, an instrumental pathway regulating growth and proliferation, in HUVECs. It was shown that high glucose (30 mM) induced PI3/Akt-dependent production of ROS and upregulation of inducible cyclooxygenase-2 (COX-2) protein expression. This led to a corresponding increase in the release of Prostaglandin E2 (PGE2), increased caspase-3 activity, and apoptosis in HUVECs (Sheu et al., 2005). Inhibition of PI3K/Atk activity using inhibitors or by transfection, suppressed COX-2 expression, PGE2 generation, caspase-3 activation and cell death (Sheu et al., 2005).
Additionally, HGICD is not limited to HUVECs, high glucose (25 mM) also induces oxidative stress in mesangial cells by intracellularly decreasing GSH levels and reducing gene expression and protein levels of genes involved in GSH biosynthesis. This high glucose effect can be abolished by the addition of antioxidants such as Trolox and lipoic acid (Catherwood et al., 2002). High glucose (50 mM) also increased cell death by TNFα induction of apoptosis in U937 monocytes. This cell death was shown to be independent of caspases and interestingly, a shift from apoptosis to inflammatory RIP1 necroptosis was observed in U937 monocyte and Jurket T cells (McCaig et al., 2018). Interestingly, in the absence of RIP1, cell death resembles that of apoptosis and is dependent on caspases (McCaig et al., 2018).
Studies on retinal endothelial cells exposed to high glucose (30 mM) also revealed signs of cell damage and cell death. Lactate dehydrogenase (LDH) leakage was observed by 12 h of exposure to high glucose with a corresponding induction of apoptosis. TEM imaging revealed chromatin condensation, degranulation in the endoplasmic reticulum (ER), and vacuolization in the mitochondria of the retinal endothelial cells. There was also an increase in cleaved-caspase-3 and bax (pro-apoptotic) coupled with a decrease in bcl-2 (anti-apoptotic) protein levels, further confirming that cells underwent apoptosis. This was shown to be mediated via p53 activation as p53 protein levels were increased under high glucose exposure and p53 inhibition abolished the apoptotic phenotype seen under high glucose exposure (Li et al., 2018).
Interestingly, metformin prevented cell death and cytochrome c release induced by 30 mM glucose in HUVACs, human microvascular endothelial cells (HMECs), and bovine aortic endothelial cells (BAECs) (Detaille et al., 2005). It is worth noting that this glucose-induced phenotype is specific to D-glucose and cannot be induced by the non-metabolizable L-glucose or mannitol (Detaille et al., 2005; McCaig et al., 2018; Catherwood et al., 2002; Li et al., 2018).
Like yeast, high glucose/hyperglycemia results in inhibition of autophagy which favors cellular damage and a diseased state in mammalian cells. High glucose levels were shown to reduce autophagy in renal podocytes, leading to development of diabetic nephropathy while dietary restrictions protected against diabetic nephropathy through regulation of autophagy (Kitada et al., 2011; Zhao et al., 2023). Aberrant regulation of autophagy is also associated with diabetic retinopathy, through disruption of mTOR-dependent (mammalian TOR) autophagy, with diabetic cardiomyopathy, through the accumulation of defective organelles in the cardiomyocytes which contributes to the increased risk of cardiovascular diseases in people with diabetes, and with diabetic hepatopathy, due to an increase in triglyceride and lipid accumulation in hepatocytes (Zhao et al., 2023). Upregulation of autophagy is currently being studied as a potential target for therapeutics to treat metabolic diseases such as diabetes due to its cytoprotective effect (Gonzalez et al., 2011).
To summarize, glucose-induced cell death is a well-characterized phenomenon in mammalian cells due to its implications in diabetes, and in hyperglycemia associated pathophysiology. This phenomenon appears to be universal in mammalian cells as it was observed in several cell lines and shares similarities to that of yeast SICD. Like S. cerevisiae, HGICD in mammalian cells can also occur through multiple cell death pathways and is signaled by intracellular accumulation of ROS. The similarities between high glucose induced cell death in S. cerevisiae and mammalian cells (Table 2) enables S. cerevisiae to be used a model system to understand the seemingly conserved high glucose response in eukaryotic cells. Additionally, S. cerevisiae may be used as a model system for screening and testing new therapeutics against ROS accumulation, TORC1 signaling, autophagy and cell death, amongst other potential targets.
SICD IN CANCER CELLS
Cancer cells are known for their ability to increase glucose metabolism by increasing the rate of glycolysis (Hamanaka and Chandel, 2012). Interestingly, these cells can bypass this seemingly universal method of HGICD (Figure 4). Restoring HGICD in tumor cells may be an attractive mechanism to control proliferation of these cells. A phenomenon similar to the Crabtree effect, the Warburg effect, is a hallmark of cancer cells. The Warburg effect describes the ability of cancer cells to aerobically ferment glucose to lactate (aerobic glycolysis) rather than metabolizing glucose through respiration (Otto, 2016). Furthermore, as a eukaryote, S. cerevisiae shares many similarities with mammalian cells, hence why it is an excellent model system for cancer studies (Ferreira et al., 2019). In this section, we touch on the mechanism through which cancer cells may evade HGICD and the potential of HGICD being used in the design of new therapeutics.
The impact of hyperglycemia on cancer progression is particularly intriguing. Hyperglycemia was reported in several studies to increase tumor proliferation, invasion, migration and epidermal-to-mesenchymal transition (EMT) through multiple mechanisms (Li et al., 2019). For instance, pancreatic cancer cell lines increase proliferation with increased glucose concentrations of up to 50 mM. High glucose led to increased expression of epidermal growth factor (EGF), which is known to increase proliferation when expressed in cancer cells, and increased transactivation of the EGF receptor, (EGFR) (Han et al., 2011). High glucose also induces EGFR activation in breast cancer cells and may also inhibit EGFR degradation, resulting in increased cell proliferation (Hou et al., 2017). This is further supported by another study showing that high glucose in combination with insulin increases cell proliferation, migration, invasiveness, and increased levels of EMT markers through the increase in ROS in breast cancer cell lines (Flores-López et al., 2016). Interestingly, treatment with antioxidants can reduce the levels of ROS and its above listed consequences (Flores-López et al., 2016).
Glucose can also induce expression of chemoresistance markers and decrease expression of proteins being targeted by anti-cancer drugs in a gastric cancer cell line and breast cancer (Al Qahtani et al., 2017; Rozpȩdowska et al., 2011). More importantly, this response was also seen in patients with gastric cancer, hyperglycemia, and diabetes. Such patients are more likely to poorly respond to chemotherapy and experience decreased survival compared to patients with gastric cancer only (Zhao et al., 2015). In breast cancer, glucose at 25 mM led to increased expression of insulin-like growth factor binding protein 2 (IGFBP-2), whose expression is positively associated with tumor progression. IGBP-2 expression was also associated with chemoresistance of breast cancer cells in 25 mM glucose while hypoxia negate chemoresistance induced by high glucose and also the high glucose-induced IGBFP-2 expression (Al Qahtani et al., 2017).
In tumor cells, increased glycolysis was shown to be important, not so much for ATP production, but for biogenesis of cofactors, nucleic acids, and lipids required for proliferation (Hamanaka and Chandel, 2012; Reitzer et al., 1979). Tumor cells evade high glucose levels through the upregulation of several key genes in glycolysis and the evasion of feedback mechanisms. As previously reviewed (Hamanaka and Chandel, 2012; Lin et al., 2020; Sharma et al., 2019; Yamamoto et al., 1990; Wissing et al, 2004), cancer cells upregulate the expression of the high affinity glucose transporter, GLUT1, for enhanced glucose uptake (Yamamoto et al., 1990) and phosphofructokinase 2 (PFK-2) which converts fructose 6-phosphate to fructose 2,6-bisphosphate, an activator of PFK-1. PFK-1 converts fructose 6-phosphate to fructose 1,6-bisphosphate which allosterically inhibits PFK-1. PFK-1 can also be inhibited by high ATP levels, therefore the upregulation of PFK-2 allows for the maintenance of high glycolytic flux (Hamanaka and Chandel, 2012). Additionally, pyruvate kinase (PK) is differentially regulated to maintain higher expression of the slower isoform, PK-M2, allowing for phospho-enol pyruvate (PEP) to be converted to pyruvate in a non-ATP generating pathway. Pyruvate is then converted to lactate and NAD+ is generated (Hamanaka and Chandel, 2012). The activity of pyruvate dehydrogenase (PD) which converts pyruvate to acetyl-CoA is inhibited by upregulation of pyruvate dehydrogenase kinase (PDK) to favor lactate formation. Tumor cells also overexpress lactate dehydrogenase A (LDHA), which converts pyruvate into lactate and NADH to NAD+. LDHA overexpression allows for sufficient production of NAD+ for continued glycolytic flux. Metabolism is also modified to upregulate the pentose phosphate pathway (PPP) which generates NADPH for redox balance and ribose-5-phosphate for nucleic acid generation which was shown to be important for tumor progression, invasion, and metastasis (Lin et al., 2020; Sharma et al., 2019).
Cancer cells also display several mechanisms to evade cell death by upregulating pathways associated with protection against oxidative stress to combat the increased ROS levels (Sharma et al., 2019), including increased NADPH production (Lin et al., 2020; Sharma et al., 2019). Additionally, cancer cells upregulate the transcription factor erythroid 2-related factor 2 (NRF2) which is stabilized under conditions of oxidative stress. NRF2 drives the expression of key enzymes involved in GSH synthesis and regulates the levels of intracellular cysteine, which is required for GSH synthesis. Additionally, NRF2 regulates the utilization of GSH by controlling the expression of other ROS-detoxifying enzymes including glutathione peroxidase 2 (GPX2) and several glutathione S-transferases (McGrath-Morrow et al., 2009; Hu et al., 2006) (Figure 5).
[image: Figure 5]FIGURE 5 | Mechanism of cancer cell evasion of HGICD death through modulation of gene expression. In cancer cells, glucose uptake is increased through GLUT1 overexpression. Glucose is channeled into PPP for nucleotide synthesis and NADPH production, which aid in redox balance, which in turn aids in antioxidant defense. Aerobic glycolysis is upregulated through the inhibition of PDH by PDK, thereby blocking Acetyl Co-A synthesis, and through the upregulation of LDHA, which produces lactate. PFK-2 and PK-M2 are upregulated to increase glycolytic flux and there is downregulation of the TCA cycle. Glutamine uptake is also increased through upregulation of the ASCT2 transporter and glutaminolysis is upregulated to produce nitrogen and anaplerotic metabolites of the TCA cycle. GSH synthesis and utilization is regulated by NRF2. NRF2 regulates expression of GSTs and GPX2 to prevent ROS accumulation and cell death. Targets to reinstate SICD in cancer cells are presented in green. Created in BioRender. Parbhudayal, R. (2025) https://BioRender.com/x76i233.
Another important hallmark of cancer cells is glutaminolysis—that is the lysis of glutamine to produce glutamate in the mitochondria (Yang et al., 2017). In cancer cells, glutamine enters through the ACST2 transporter, which is overexpressed on the plasma membrane to fulfill the high glutamine demand of the cells (Yang et al., 2017; Lyu et al., 2023). Glutamine is transported to the mitochondria where glutaminase (GA) catalyzes the conversion of glutamine to glutamate which is then converted to AKG by glutamate dehydrogenase (GLUD) (Yang et al., 2017). As discussed above, glutamate is a precursor for GSH synthesis, which is important for coping with oxidative stress (Sharma et al., 2019; McGrath-Morrow et al., 2009; Hu et al., 2006; Yang et al., 2017). Moreover, glutamine is an important nutrient source for cancer cells as it was shown to be an excellent substrate for oxidative metabolism in tumor cells. It serves as a carbon backbone for TCA intermediates and other amino acids, and as a nitrogen donor for the synthesis of other amino acids and nucleotides (Reitzer et al., 1979; Yang et al., 2017) (Figure 5).
Taken together, the studies discussed in this section highlight the importance of glucose homeostasis to prevent tumor progression. The ability of cancer cells to bypass HGICD through various mechanisms highlights the robustness of these cell types and the importance of homeostasis. Increased ROS resistance and glutaminolysis may be two important pathways contributing to the evasion of HGICD by cancer cells. Glutaminolysis may be of particular importance in evading HGICD as it not only supplies anaplerotic metabolites but also supplies the cell with nitrogen.
It was hypothesized that SICD in S. cerevisiae occurs because of a disruption in the Crabtree effect (Lee et al., 2011a), therefore, if the Crabtree effect is maintained, then SICD might be prevented. In the case of cancer cells, glucose is metabolized through aerobic glycolysis, emphasizing the importance of the Warburg effect to sustain proliferation in cancer cells. Therefore, disruption of the Warburg effect may lead to the reestablishment of HGICD in cancer cells. It is possible that some therapeutics may inadvertently function to reinstate HGICD in cancer cells. Inhibitors targeting LDH activity have shown remarkable results, since reduction in LDH activity may favor mitochondrial pyruvate carriers to transport pyruvate to the mitochondria for oxidative phosphorylation as opposed to lactate generation. Reduction of LDHA activity was shown to decrease glycolytic flux, reduce NAD+ levels, increase ROS accumulation, and trigger cell death (Rai et al., 2020; Rai et al., 2017; Stine et al., 2022; Le et al., 2010; Gillies et al., 1981). LDH inhibitors gained attention from biotech companies for potential therapeutics, however, poor drug kinetics halted their development (Stine et al., 2022). Recently, it was discovered that pyrazole-based LDH inhibitors have improved pharmacokinetic properties and possess the ability to reduce glycolytic flux in cancer cells, leading to reduced NAD+ production and reduced cell proliferation in A673 sarcoma cells and pancreatic cancer cells, making them an attractive candidate for therapeutic development (Rai et al., 2020; Rai et al., 2017; Stine et al., 2022) through perhaps reinstating HGICD in cancer cells. Similarly, glutaminolysis inhibitors targeting ASCT2 transport, blocking uptake of glutamine, may devoid the cell of nitrogen and anaplerotic metabolites required for NADH production and trigger cell death. ASCT2 inhibition has been explored and proven to be a remarkable target for cancer therapeutic. Inhibition of ASCT2 in cancer cells resulted in decreased glutamine uptake, repression of mTORC1 (mammalian TORC1) signaling, and cell death (van Geldermalsen et al., 2016). Recently, C118P, a drug currently in clinical trials, was found to inhibit ASCT2 and demonstrated reduced glutamine uptake, thus reducing growth and proliferation of breast cancer cells with a corresponding increase in apoptosis (Lyu et al., 2023). While ASCT2 inhibition is an attractive target, inhibitors may have multiple targets, thereby diminishing their efficacy (Bröer et al., 2018; Jiang et al., 2020).
FUTURE PERSPECTIVES
This paper is the first comprehensive review on SICD in yeast. We summarize the current understanding of SICD in yeast and its relation to mammalian cells in an attempt to understand the universal nature of SICD in eukaryotes. While the field of cell death in yeast is currently blooming, most studies are concentrated on acetic acid and H2O2-induced cell death. The presence of SICD in bacteria, yeast, and mammalian cells (HGICD) suggests that SICD may be a fundamental mechanism that is likely to be conserved across kingdoms. Significant work remains to be completed in order to determine the molecular mechanisms and genetic pathways involved in SICD in yeast.
To develop a comprehensive understanding of SICD in yeast, the method to induce SICD must be standardized. As discussed above, SICD studies are performed under a range of different temperatures, although David Granot initially reported that SICD is enhanced at 37οC. We propose to standardize temperature for SICD studies at 37οC, not only because it produces a more rapid cell death response, but to also maintain physiological relevance to mammalian cells. Additionally, transcriptomic analysis of S. cerevisiae exposed to glucose prior to induction of cell death may offer significant insights into the molecular mechanisms of SICD by uncovering genes and regulators involved in this process. While it is expected that glucose may impact numerous signaling pathways, it is important to understand at what stage of glucose metabolism cell death is triggered. Transcriptomics can be coupled with proteomic and metabolomic studies to further understand differences in metabolism under conditions of survival in comparison to SICD, in addition to assessing the possibility of secreted metabolites inducing cell death. Comparative transcriptomic and metabolomic analysis of SICD in stationary phase and exponential phase cells may unravel essential pathways that produce a delayed cell death response in stationary phase cells, adding invaluable insights towards potential mechanisms that prevent SICD.
Since mammalian cells undergo a similar cell death phenotype in response to high glucose, prevention of HGICD may be of paramount benefit to those with diabetes. Given the similarities between SICD in yeast and HGICD in mammalian cells, SICD pathways in S. cerevisiae may serve as a model for studies on high glucose-induced cell death in mammalian cell lines, allowing for rapid progression in the field. Unraveling the mechanism of SICD in S. cerevisiae by investigating how glycolysis, TCA cycle, oxidative phosphorylation, and the Crabtree effect is regulated followed by investigation of the events leading to cell death such as TORC1, PKA signaling, and autophagy, may be beneficial in establishing yeast as a model system to study hyperglycemia and diabetes.
The similarities between SICD in yeast and mammalian cells suggest pathways involved in these processes may be conserved in eukaryotes. Further investigation is needed to confirm conservation in bacterial cells, which may add to the novelty of this pathway as a target for therapeutics for metabolic diseases. Insights on the molecular mechanism of SICD in yeast and similarities shared with mammalian cells may facilitate the design of therapeutics targeting the prevention of HGICD in mammalian cells seen in cases of hyperglycemia and diabetes.
The ability of cancer cells to escape HGICD through metabolic reprogramming may provide us with essential information on nature’s way of evading HGICD in mammalian cells and SICD in yeast. Upregulation of glutamine uptake in cancer cell reprogramming highlights the importance of balance in carbon and nitrogen for cell survival and longevity. The indication of SICD being a fundamental and evolutionary conserved mechanism suggests that reinstatement of this pathway in cancer cells may be beneficial towards treating and preventing cancer progression. Together, the mechanism of SICD/HGICD may offer useful insights when designing therapeutics for cancer, hyperglycemia, and diabetes. Additionally, SICD in S. cerevisiae may be a valuable model to screen and discover new therapeutic targets and therapeutics, and also study mechanisms of action.
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