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Sirtuin 3 (SIRT3) is an NAD+ dependent deacetylase that resides primarily in mitochondria and functions to maintain mitochondrial homeostasis under stress. SIRT3 expression has been observed to change under a number of different stresses in multiple tissues and model systems. Inconsistencies in the literature with regards to how and when SIRT3 protein levels change indicates that the mechanism of SIRT3 regulation is multi-faceted. Alterations in SIRT3 have been observed in experimental models of cellular stress, however, the effect these changes have on mitochondrial health remain unknown. Neurons are highly dependent on proper mitochondrial function for their survival. SIRT3 dynamics and function have been studied using models of genotoxic, metabolic, and oxidative stresses, although it remains unclear how SIRT3 is being regulated under these conditions. A closer look into SIRT3 regulation under stress conditions in various model systems will help incorporate the many SIRT3 regulatory mechanisms at play in disease states. In this review, we describe the observations that have been made about SIRT3 protein modulation under basic stress conditions. We then point out consistencies and contradictions in these observations and what they mean. Lastly, we present the observations made in the complicated neuronal stress of stroke. We hope that this review will help consolidate the ambiguous SIRT3 literature and provide a framework for investigation of SIRT3 regulation during stress response.
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INTRODUCTION: SIRT3 FUNCTION AND TISSUE SPECIFIC EXPRESSION

In mammalian systems, SIRT3 is one of seven homologs of the yeast histone deacetylase, silent information regulator (Sir2) (Frye, 1999, 2000). These homologs comprise a family of NAD+ dependent post-translational modifying proteins, all of which have different enzymatic activity and subcellular localization. SIRT3, along with SIRT4 and SIRT5 are predominantly localized to mitochondria, although SIRT3 has been reported to have additional function in the cytosol and nucleus (Michishita et al., 2005; Sundaresan et al., 2008; Huang et al., 2010). Knockout studies of SIRT4 and SIRT5 result in minimal changes in mitochondrial protein acetylation, while SIRT3 knockout results in significantly increased acetylation of mitochondrial and non-mitochondrial proteins (Lombard et al., 2007; Finkel et al., 2009). This led researchers to believe that SIRT3 is the major deacetylase in mitochondria. Human SIRT3 is found in two isoforms, a full-length 44 kDa form which is cleaved within mitochondria by matrix metalloprotease to a 28 kDa short form (Schwer et al., 2002). The long isoform has been found in mitochondria, cytoplasm, and nucleus, and the short isoform localizes to mitochondria (Scher et al., 2007; Iwahara et al., 2012). It is believed that only the 28 kDa isoform is an active NAD+ dependent deacetylase, although the deacetylase activity of full length SIRT3, particularly its ability to act as a histone deacetylase in the nucleus is controversial (Hallows et al., 2008).

About one fifth of all mitochondrial proteins are targets for deacetylation by SIRT3 (Hebert et al., 2013). Among these proteins include components of oxidative phosphorylation, fatty acid oxidation, tricarboxylic acid (TCA) cycle, and amino acid metabolism. The dependence of SIRT3 on regulating the activity of such proteins as acetyl-CoA-synthetase 2, glutamate dehydrogenase, and the complex I subunit NDUFA9 are among the first to be characterized (Hallows et al., 2006; Lombard et al., 2007; Ahn et al., 2008). Human Acetyl-CoA Synthetase 2 (AceCS2) has a lysine acetylation site at Lye-642 located in the catalytic site. Deacetylation of this residue by SIRT3 directly activates AceCS2 through this mechanism (Schwer et al., 2006). Similar activation mechanisms have been proposed for the other SIRT3 target enzymes, including isocitrate dehydrogenase 2 and long-chain acyl CoA dehydrogenase (Schlicker et al., 2008; Someya et al., 2010). More recently, proteomic approaches have been applied to identify targets for deacetylation, as well as potential protein binding partners (Sol et al., 2012; Yang et al., 2016). Key observations from these data suggest that fatty acid metabolism and the TCA cycle are among the most heavily regulated by SIRT3.

SIRT3 is highly expressed in tissues with high metabolic demand. These include, cardiac muscle, liver, kidney, brown adipose tissue, and skeletal muscle (Jin et al., 2009). These tissues are also more exposed to stress conditions such as hypoxia and oxidative stress that disrupt mitochondrial function. Early studies using SIRT3 knockout mice revealed no observable developmental defects. It was only after knockout animals were metabolically challenged that phenotypic differences could be observed (Hirschey et al., 2010). This suggests that SIRT3 has a more prominent role in maintaining mitochondrial homeostasis after stress than contributing to overall mitochondrial function in metabolically demanding tissue under normal physiological conditions.

There is now a large body of literature describing SIRT3 modulation after stress responses in different tissue types and model systems, and at first glance these results seem inconsistent. Investigators have reported up regulation and down regulation of both proteolytically cleaved active SIRT3 and the full-length isoform, sometimes within the same experimental paradigm, and there does not seem to be a clear and logical explanation. There are also reports of translocations that are contended by various groups (Hallows et al., 2008; Iwahara et al., 2012). Here, we organize these findings by the type of stress applied and the model system used in order to make sense of the ambiguous results available. We intend to organize the literature that describes SIRT3 dynamics under stress conditions to help investigators make sense of their findings regarding SIRT3 expression under pathological conditions and disease states. We include conditions of genotoxic stress, metabolic stress, and oxidative stress, as well as the complex disease model of stroke which has components of all three. This review serves to demonstrate the often-unintuitive nature of SIRT3 regulation and how it can be applied toward investigating disease pathology.

SIRT3 MODULATION AFTER GENOTOXIC STRESS

Numerous reports of SIRT3 protein modulation as a result of genotoxic stress have been published, most of which convey consistent results. In vitro models of human kidney cells (HK-2) and multiple hepatocellular carcinoma cell lines show a decrease in SIRT3 protein after treatment with the platinum-based DNA intercalating agent cisplatin (Tao et al., 2016; Yoon and Kim, 2016). In animal models, a decrease in SIRT3 mRNA was observed in kidneys of mice treated with cisplatin (Morigi et al., 2015), and a decrease in SIRT3 protein was observed in kidney cells isolated from cisplatin treated rats (Ugur et al., 2015). Doxorubicin, a DNA intercalating agent, has also been reported to down regulate SIRT3 protein levels in hepatocellular carcinoma cell lines, rat primary cardiomyocytes, and mouse heart lysates (Pillai et al., 2016, 2017; Tao et al., 2016). Model specific differences in SIRT3 modulation are observed after ionizing radiation. One group observed a decrease in SIRT3 in murine lung tissue, while another observed an increase in SIRT3 protein in multiple cancer cell lines, including HCT116, U87, and MDA231, after 5 Gy ionizing radiation treatment in vitro (Liu et al., 2015; Cao et al., 2017). This discrepancy could be a result of the difference in cell type or in vivo vs. in vitro systems.

One possible explanation for the down regulation of SIRT3 observed after cisplatin treatment is through activation of poly(ADP-ribose) polymerases (PARPs). In response to DNA damage, PARPs are activated and synthesize poly(ADP-ribose) polymer (PAR), which bind proteins through ionic and covalent interactions (Gagne et al., 2008). This functions to signal and recruit DNA damage response proteins to sites of DNA strand breaks. Under conditions of severe DNA damage, like after cisplatin treatment, PARPs becomes hyperactivated and PAR polymer accumulates in the cell, leading to cell death (Andrabi et al., 2006; Yu et al., 2006). This phenomenon has been observed to occur in stroke and is thought to be a major contributor to neuron loss (Baxter et al., 2014). Many E3 ligases contain PAR polymer binding sites and become activated upon PAR binding (Andrabi et al., 2011; Kang et al., 2011), which may then target SIRT3 for proteasomal degradation. A previous study demonstrated that the down regulation of SIRT3 in renal cells after cisplatin can be rescued by co-treatment with a PARP inhibitor (Yoon and Kim, 2016). Further experiments are needed to identify whether any specific PAR-dependent E3 ligases facilitate the degradation of SIRT3 under these conditions.

Apart from few reports that demonstrate SIRT3 activity in the nucleus, SIRT3 functions as a deacetylase primarily in the mitochondria, and it unclear whether PARP can regulate SIRT3 activity at the level of substrate concentration. The mitochondrial NAD+ pool is thought to be separate from the cytosolic and nuclear pools (Stein and Imai, 2012; VanLinden et al., 2015), however, this idea is purely speculative due to the inability of NAD+ to defuse through the inner and outer mitochondrial membranes and the lack of a mitochondrial NAD+ transporter found in eukaryotes (Stein and Imai, 2012).

Additionally, the affinities of SIRT3 and PARPs for NAD+ can provide clues as to how local NAD+ concentrations affect enzymatic activity. The Km of SIRT3 for NAD+ was measured to be 880 μM (Hirschey et al., 2011), while the Km of PARP1 for NAD+ is between 30 and 60 μM (Canto et al., 2013). Cellular NAD+ concentrations are estimated to be between 400 and 700 μM (Revollo et al., 2004), suggesting that changes in NAD+ will affect SIRT3 activity but not PARP1 activity. It is still unclear to what extent PARP hyperactivation alters mitochondrial NAD+ concentrations, but even minor changes in mitochondrial NAD+ is likely to affect SIRT3 activity. Studying compartmental NAD+ concentration dynamics has been technically challenging. NADH autofluorescence can be utilized to measure total cellular NAD+/NADH ratios at the single cell level, but this does not address compartmental dynamics (Blacker et al., 2014). Newly developed genetically encoded fluorescent biosensors can be targeted to cellular compartments, such as the nucleus, cytosol or mitochondria, and have been used to measure NAD+/NADH ratios in vitro as well as in vivo under various conditions (Hung et al., 2011). Future studies using these fluorescent biosensors would determine if mitochondrial NAD+ concentration decreases upon PARP over activation, thereby altering SIRT3 activity.

SIRT3 MODULATION AFTER METABOLIC STRESS

SIRT3 is an important regulator of mitochondrial function and can up regulate fatty acid oxidation as an adaptive response to metabolic stress such as fasting or caloric restriction. In vivo, fasting of mice for 24 h showed an increase in SIRT3 expression in extensor digitorum longus muscle (Gudiksen and Pilegaard, 2017). A separate study reported up regulation of SIRT3 in mouse liver under the same conditions (Li et al., 2016). Up regulation of SIRT3 was observed in murine liver tissue, skeletal muscle, cardiac muscle, brown and white adipose tissue after caloric restriction (Shi et al., 2005; Hirschey et al., 2010, 2011; Jing et al., 2011; Li et al., 2016; Barger et al., 2017; Gudiksen and Pilegaard, 2017; Wang et al., 2017). A comparable in vitro model of serum starvation showed an increase in SIRT3 expression in primary murine bone marrow derived mesenchymal stem cells (Wang et al., 2017). One group purposed that after fasting or caloric restriction mitochondrial proteins become acetylated through non-enzymatic mechanisms, rendering these proteins inactivate. In this case, SIRT3 could be up regulated in order to repair acetylated mitochondrial proteins and restore their function (Weinert et al., 2015). These findings suggest that SIRT3 is upregulated in response to nutrient deprivation and helps to restore proper mitochondrial function under these conditions.

Nutrient abundance can also be a form of metabolic stress, and SIRT3 is consistently downregulated under these conditions. Mice given a high fat diet for extended periods of time show a decrease in both protein and transcript levels in skeletal muscle and liver tissue (Hirschey et al., 2011; Pillai et al., 2017). Interestingly, initial administration of a high fat diet leads to increase SIRT3 protein and transcript levels that gradually decrease over time, according to one report (Hirschey et al., 2011). High glucose and insulin treatment is consistently correlated with decreased SIRT3 protein and mRNA in retinal endothelial cells, which may contribute to vision loss associated with hypoglycemia (Hirschey et al., 2011). Streptozotocin induced diabetic mice also show decreased SIRT3 protein and mRNA levels (Jing et al., 2011).

For metabolic stress due to prolonged fasting, data obtained from these studies are inconsistent in the literature in terms of SIRT3 dynamics. Several reports show an increase in SIRT3 in hind limb muscles, and liver after fasting (Hirschey et al., 2010; Li et al., 2016; Gudiksen and Pilegaard, 2017). Others report a decrease in SIRT3 (Jing et al., 2011, 2013; Edgett et al., 2016). Two of these reports were very similar, using the same muscles from C57/Bl6 mice after the same 24 h fasting period and found conflicting results. The one key difference between these studies is the age of the mice used in the study. One group used 3-month-old mice for their experiments and found a significant increase in SIRT3 after 24 h of fasting. Another used 8-week-old mice for their experiment and found a significant decrease in SIRT3 protein and mRNA. SIRT3 is known to affect aging, and overexpression of SIRT3 orthologs has been shown to increase lifespan in C. elegans, Drosophila, and yeast (Guarente, 2007). Polymorphisms associated with increase expression of SIRT3 in humans has also been linking to increased longevity (Albani et al., 2014). With a clear connection between SIRT3 and age associated stress, age could be a confounding factor in SIRT3 expression and activity regulation, and this could explain the inconsistency in published data. However, further understanding of SIRT3 regulation is required to reveal the biological differences in these experiments.

One explanation for changes in SIRT3 expression under metabolic stress is Keap1/Nrf2/ARE signaling. Antioxidant response elements (ARE) can be found upstream of stress response genes, which include heat shock proteins, proteins involved in maintaining redox homeostasis, and sirtuins (Wang et al., 2007; Calabrese et al., 2010). Indeed, SIRT3 contains an upstream ARE where the transcription factor nuclear factor erythroid 2-related factor (Nrf2) binds (Satterstrom et al., 2015). Under basal conditions, ARE binding by Nrf2 is repressed by Kelch-like ECH-associated protein 1 (Keap1), which binds Nrf2, prevents its nuclear translocation, and facilitates is proteasomal degradation (Taguchi et al., 2011). The human isoform of Keap1 contains cysteine residues which are susceptible to oxidative damage, making Keap1 function as a redox sensor (Taguchi et al., 2011). Under stress conditions where reactive oxygen species accumulate in the cell, conserved cysteine residues of Keap1 become damaged, which induces a conformational change in the protein and abolishes Keap1-Nrf2 binding in the cytoplasm. Nrf2 is then free to translocate into the nucleus and facilitate transcription of SIRT3, as well as numerous other stress-response and antioxidant genes (Calabrese et al., 2011).

SIRT3 MODULATION AFTER OXIDATIVE STRESS

Oxidative stress due to oxygen deprivation or treatment with hydrogen peroxide lead to mitochondrial dysfunction, and SIRT3 may be important for regulating enzymatic activity under these conditions. There are multiple reports of SIRT3 modulation after induced oxidative stress in the literature. Some inconsistencies are present, but this may be due to the complexity of cellular processes that are affected by oxidative stress, such as DNA damage, metabolic shifts, and cellular stress responses, all of which have been shown to affect SIRT3 protein and transcript levels.

Human tissue, mice, and rats exposed to extreme hypoxic conditions show effects on SIRT3 expression dynamics, but the mechanism of this modulation is not clear. Several studies report a decrease in SIRT3 protein levels. These include primary mouse cardiomyocytes, the mouse hippocampal cell line HT-22, cortex from rats exposed to a hypoxic environment, and human visceral adipose tissue explant cultures (Garcia-Fuentes et al., 2015; Yang et al., 2015; Liu et al., 2016; Zhang et al., 2017). An increase in SIRT3 protein and mRNA was observed in human umbilical vein endothelial cells (HUVECs) exposed to a 2% hypoxic condition (Tseng et al., 2014). Human glioma cell line LN229 also showed an increase in SIRT3 protein after hypoxic treatment (Qiao et al., 2016). The latter two examples could represent model specific differences in SIRT3 regulation.

Hydrogen peroxide treatment is also poorly understood in terms of how it affects SIRT3 dynamics. One study found a decrease in SIRT3 protein levels in both mouse and human derived alveolar epithelial cells (Jablonski et al., 2017). HUVECs saw an increase in SIRT3 protein after Hydrogen peroxide treatment, and primary neonatal rat heart myocytes saw an increase in only the 44 kDa form of SIRT3.

SIRT3 MODULATION AFTER STROKE

The pathological condition of stroke involves both metabolic and hypoxic stress, and under these conditions, SIRT3 dynamics are more difficult to explain. Similar to starvation and caloric restriction conditions, SIRT3 upregulation is observed after oxygen and glucose deprivation in rat cortical neurons, differentiated PC12 cells, and co-cultures of microvascular endothelial cells and astrocytes (Wang et al., 2015; Dai et al., 2017; Chen et al., 2018). In primary cultures of rat spinal cord neurons, however, investigators found that SIRT3 protein and mRNA levels decrease (Liu et al., 2017). In vivo models of stroke reveal increase SIRT3 activity, as determined by a decrease in protein acetylation, but no significant change in SIRT3 protein level (Verma et al., 2018). This suggests that total SIRT3 expression is unchanged after stroke, but its activity is regulated through a mechanism yet to be determined.

Numerous reports link SIRT3 to mitochondrial function after oxygen and glucose deprivation in vitro or in vivo models of ischemic stroke, which is consistent with increased activity. One such report found deacetylation of ceramide synthases by SIRT3 functions to increase the activity of ceramide synthase isoforms CerS1, CerS2, and CerS6 (Novgorodov and Gudz, 2011). Increase ceramide production in mitochondria is linked to mitochondrial dysfunction and cell death, and this could represent an important mechanism of mitochondrial dysfunction in ischemic stroke (Novgorodov and Gudz, 2011). They also report smaller infarct volume in SIRT3 KO mouse brain after middle cerebral artery occlusion (MCAO) compared to WT. They hypothesize that protection in SIRT3 KO mice is due to decrease ceramide synthesis via hyper-acetylation of ceramide synthases (Novgorodov et al., 2016). Another report found that SIRT3 was responsible for the neuroprotective effects of ketone treatment following cerebral ischemia (Yin et al., 2015). SIRT3 was found to be involved in inhibiting astrocyte activation in a mouse MCAO model which decreased glial scarring (Yang et al., 2017). It has been purposed that SIRT3 activity could be regulated by mitochondrial uncoupling protein 2 (UCP2) during cerebral ischemia-reperfusion injury by increasing the available NAD+/NADH ratio (Su et al., 2017). Together, these findings demonstrate that stroke modulates SIRT3 expression and activity, although the precise mechanism remains elusive.

PARP activation, a major component of stroke pathology (Komjati et al., 2005) could play an important role in SIRT3 regulation. As previously stated, PARP hyper-activation results in accumulation of PAR in the cell, which can interact with numerous proteins (Gagne et al., 2008), potentially resulting in conformational changes that may alter the protein’s localization and function (Leung, 2014). PAR binding to proteins negatively impacts mitochondrial and bioenergetics function (Baek et al., 2013; Andrabi et al., 2014). Under conditions like caloric restriction, SIRT3 activity helps to prevent damage to the mitochondria. However, during stroke when mitochondria are damaged, SIRT3 activity could be detrimental and could exacerbate mitochondrial damage. Indeed, PARP inhibitors have proven effective in preventing mitochondrial damage after stroke. Further experiments that address SIRT3 activity when PARP is inhibited in stroke models would uncover whether PAR dependent mitochondrial damage is exacerbated by SIRT3 activity in stroke.

CONCLUSION

The regulation of protein acetylation as a post-translational modification, orchestrated in mitochondria by SIRT3, has diverse functional consequences (summarized in Figure 1). Heritable polymorphisms in the promoter region of SIRT3, increasing its expression is correlated with longevity in humans (Albani et al., 2014). Yet, a recent study demonstrates that SIRT3 activity in stroke increases mitochondrial dysfunction (Tseng et al., 2014). These may seem like conflicting perspectives, but the literature demonstrates that there are tissue specific differences in SIRT3 regulation, as well as tissue specific sensitivities to increased or decreased activity. The overarching function of SIRT3 is to maintain mitochondrial homeostasis, and this can be achieved through modulating the activity of different mitochondrial proteins depending the tissue type. Adipose tissue that produce thermal energy, have a different mitochondrial environment as skeletal muscle that produce high concentrations of ATP.
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FIGURE 1. SIRT3 regulation during stress response. Stroke results in a combination of genotoxic, oxidative, and metabolic stresses, all of which have different effects on SIRT3 activity. Metabolic stress due to caloric restriction result in an increase in acetyl-CoA (Ac-CoA) which can acetylate proteins through non-enzymatic mechanisms (Weinert et al., 2015). SIRT3 can then repair acetylated mitochondrial proteins including pyruvate dehydrogenase (PDHB), citrate synthase (CS), acetyl-CoA acyltransferase (HADHB), isocitrate dehydrogenase 2 (IDH2), NADH dehydrogenase alpha subcomplex subunit 9 (NDUFA9), malate dehydrogenase 2 (MDH2), and succinate dehydrogenase complex subunit A (SDHA). Genotoxic stress, which occurs after stroke, leads to poly(ADP-ribose) polymerase (PARP) hyperactivation. This leads to a decrease in [NAD+], as well as accumulation of poly(ADP-ribose) polymer (PAR), and this may lead to downregulation of SIRT3. Mitochondria dysfunction in stroke can increase expression of mitochondrial uncoupling protein 2 (UCP2), which decreases ATP production and increases mitochondrial NAD+/NADH ratio, thereby increasing SIRT3 activity. Recent reports of SIRT3 activity in stroke demonstrate that SIRT3 deacetylates and activates ceramide synthases (CerS) which results in mitochondrial dysfunction.



Despite numerous studies, it is unclear how SIRT3 is being regulated in various tissues and model systems, and under various forms of other cellular stresses. SIRT3 is upregulated under conditions of nutrient deprivation, and under sustained nutrient deprivation, levels gradually decrease over time (Hirschey et al., 2011). This conditioning effect has not been observed in vitro, suggesting that multiple organ systems and a complex tissue environment is required for this metabolic shift. Conversely, investigators found that excess nutrient or high fat diet leads to down regulation of SIRT3. Nutrient deprivation may damage mitochondrial proteins through a decrease in rate of metabolite turnover. One hypothesis states that mitochondrial proteins become acetylated from an increased pool of mitochondrial acetyl-CoA. SIRT3 is then upregulated in response to increase Acetyl-lysine stoichiometry and repairs damaged proteins, restoring their function. Cells may then utilize lipid metabolism as an energy source, further increasing mitochondrial acetyl-CoA and sustaining SIRT3 up regulation as a positive feedback loop. Hypothesis such as these are testable and will enlighten a rapidly expanding and diverse body of literature, and although the literature may appear inconsistent and ambiguous, common trends highlighted here allow for more focused experimental design.
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