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Several large clinical trials have shown renal and cardioprotective effects of sodium–glucose cotransporter 2 (SGLT2) inhibitors in diabetes patients, and the protective mechanisms need to be elucidated. There have been accumulating studies which report that SGLT2 inhibitors ameliorate autophagy deficiency of multiple organs. In overnutrition diseases, SGLT2 inhibitors affect the autophagy via various signaling pathways, including mammalian target of rapamycin (mTOR), sirtuin 1 (SIRT1), and hypoxia-inducible factor (HIF) pathways. Recently, it turned out that not only stagnation but also overactivation of autophagy causes cellular damages, indicating that therapeutic interventions which simply enhance or stagnate autophagy activity might be a “double-edged sword” in some situations. A small number of studies suggest that SGLT2 inhibitors not only activate but also suppress the autophagy flux depending on the situation, indicating that SGLT2 inhibitors can “regulate” autophagic activity and help achieve the appropriate autophagy flux in each organ. Considering the complicated control and bilateral characteristics of autophagy, the potential of SGLT2 inhibitors as the regulator of autophagic activity would be beneficial in the treatment of autophagy deficiency.
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INTRODUCTION
The sodium–glucose cotransporter 2 (SGLT2) inhibitor is an antidiabetic drug which lowers the blood glucose level by increasing the excretion of glycosuria. Several large clinical trials have shown the renal and cardioprotective effects of SGLT2 inhibitors in diabetes patients, and some of those effects are independent of the improvement of the blood glucose level (Zinman et al., 2015; Wanner et al., 2016; Perkovic et al., 2019). A huge amount of research has been conducted to elucidate the mechanisms of those protective effects of SGLT2 inhibitors. SGLT2 is expressed on the apical side of proximal tubular cells and cotransports one Na+ ion and one molecule of glucose. In diabetes, SGLT2 is overexpressed and the increasing amount of Na+ and glucose is reabsorbed (Wang et al., 2017). SGLT2 inhibitors suppress the reabsorption of Na+ and glucose; the former induces mainly hemodynamic changes and the latter induces metabolic changes, respectively. Suppression of Na+ reabsorption increases the amount of Na+ and Cl− reaching the macula densa, followed by constriction of afferent arteriole and mitigation of glomerular hyperfiltration (tubuloglomerular feedback) in diabetic kidney disease (DKD) (Cherney et al., 2014; Kidokoro et al., 2019). The SGLT2 inhibitor is also reported to improve glomerular hyperfiltration of DKD via dilation of the efferent arteriole (van Bommel et al., 2020). It also increases Na+ excretion into urine, which reduces cardiac filling pressures and causes neurohormonal changes, resulting in cardioprotective effects (Packer, 2020c). On the other hand, suppression of glucose reabsorption improves lipid metabolism, resulting in the reduction of oxidative stress, inflammasome, and amelioration of mitochondrial dysfunction (Kamezaki et al., 2018; Takagi et al., 2018; Tanaka et al., 2018). It enhances free fatty acid oxidation and increases the production of ketone bodies, inducing renal and cardioprotective effects in diabetes (Cowie and Fisher, 2020; Tomita et al., 2020). Thus, hemodynamic and metabolic changes by SGLT2 inhibitors are considered to induce renal and cardioprotective effects in diabetes.
Recently, autophagy deficiency is reported to cause organ damages in overnutrition diseases such as type 2 diabetes and obesity (Yamamoto et al., 2017; Takagaki et al., 2020). Autophagy is a lysosome-dependent degradation mechanism of the cell, which digests intracellular components in starvation or degrades dysfunctional organella, playing an important role in maintaining the cellular homeostasis. In overnutrition diseases, stagnation of autophagy causes accumulations of damaged organella and denatured proteins, resulting in cellular and organ damages (Yamamoto et al., 2017; Fukushima et al., 2020). In many lines of evidence, therapeutic targeting of autophagy has been attracting much attention in overnutrition diseases, but there are at least two difficulties in therapeutically regulating autophagic activity. First, autophagy activity is controlled by various factors. Autophagy consists of multiple steps: sequestration of cytosolic components by autophagosome, autolysosome formation by the fusion of autophagosome and lysosome, and degradation of intracellular components in autolysosome, and each step is controlled by various signaling pathways. Therefore, therapeutic targeting of autophagy needs the systematic regulation of signaling which affects the autophagy activity. Second, the “appropriate” degree of autophagy activity is different depending on organs, diseases, or situations. Recently, it turned out that not only stagnation but also overactivation of autophagy causes cellular damages. Rubicon, a negative regulator of autophagy, is downregulated in adipocytes and autophagy is overactivated while it is upregulated in hepatocytes and autophagy is stagnated in aged mice, and both cells are damaged by their autophagy deficiencies (Yamamuro et al., 2020). In addition, in the mouse model of myocardial ischemia–reperfusion (I/R) injury, excessive autophagy is reported to cause the autophagic cell death of myocardial cells in the reperfusion phase (Liu et al., 2013). Therefore, therapeutic interventions which simply enhance or stagnate autophagy activity might be a “double-edged sword” in some situations. Thus, therapeutic targeting of autophagy seems difficult because of the complicated control and bilateral characteristics of autophagy.
Recently, there have been accumulating studies which report that SGLT2 inhibitors ameliorate autophagy deficiency of multiple organs such as the kidney and the heart. Most of the studies are based on the overnutrition disease models, but some studies are based on non-overnutrition diseases. In this article, we review how and in which organs SGLT2 inhibitors improve autophagy deficiency, and we also mention some existing medicines which are reported to improve autophagy.
AUTOPHAGY-CONTROLLING SIGNALING PATHWAYS IN OVERNUTRITION DISEASES AND THE EFFECT OF SODIUM–GLUCOSE COTRANSPORTER 2 INHIBITORS ON THEM
Autophagy flux deficiency causes multiple organ injuries in overnutrition diseases such as type 2 diabetes mellitus and obesity. In recent studies researching the organ protective mechanisms of SGLT2 inhibitors in overnutrition diseases, SGLT2 inhibitors are shown to ameliorate autophagy deficiency. Inhibition of SGLT2 induces fasting-like and hypoxia-like transcriptional changes (Osataphan et al., 2019), which activate autophagy in overnutrition diseases. At least three signaling pathways are involved in SGLT2 inhibitor’s effect on autophagy flux in overnutrition diseases: mammalian target of rapamycin (mTOR), sirtuin 1 (SIRT1), and hypoxia-inducible factors (HIFs) pathways. These three pathways are affected by fasting-like state induced by SGLT2 inhibitors and interact with each other (Figure 1).
[image: Figure 1]FIGURE 1 | Mammalian target of rapamycin (mTOR), sirtuin 1 (SIRT1), and hypoxia-inducible factor (HIF) signaling pathways in overnutrition diseases. mTOR complex 1 (mTORC1) formation is activated, whereas SIRT1 is suppressed, and HIFs are imbalanced in overnutrition diseases. These signaling pathways interact with each other and suppress the autophagy flux. AMPK, AMP-activated protein kinase; ATGs, autophagy-related genes; BCL2, B-cell lymphoma 2; BNIP3, BCL2-interacting protein 3; FOXO3a, forkhead box O3a; PI3K, phosphatidylinositol-3 kinase; Rheb, Ras homolog enriched in brain; SREBP1, sterol regulatory element–binding protein 1; TSC, tuberous sclerosis complex; ULK1, Unc-51–like autophagy-activating kinase 1.
Mammalian Target of Rapamycin Pathway
mTOR is a serine–threonine kinase that senses nutritional status of the cellular environment and regulates proliferation, growth, metabolism, and anabolism of the cell (Jewell and Guan, 2013). mTOR is activated by glucose, amino acids, insulin, and/or insulin-like growth factor and then forms mTOR complex 1 (mTORC1). mTORC1 enhances anabolism (synthesis of protein and lipid) and suppresses catabolism including autophagy. mTORC1 binds to Unc-51–like autophagy-activating kinase 1 (ULK1) and inhibits the ULK1 complex, which consists of ULK1, mATG13, and FIP200, and is essential for autophagosome formation (Mizushima, 2010). In overnutrition diseases, overactivated mTORC1 inhibits autophagosome formation. Moreover, mTORC1 enhances sterol regulatory element–binding protein (SREBP) 1 (Li et al., 2010), increases lipid deposition in lysosome, and decreases degradation capacity of lysosome (Rampanelli et al., 2018), which also interferes with autophagy flux. Thus, the mTOR pathway suppresses autophagy flux in overnutrition diseases and, in fact, inhibition of mTORC1 by rapamycin ameliorates autophagy deficiency (Su et al., 2018) and improves DKD (Yang et al., 2007; Mori et al., 2009).
SGLT2 inhibitor suppresses those factors which induce mTORC1 formation. Inhibition of SGLT2 increases glucose excretion in urine, induces loss of calories, and then activates AMP kinase (AMPK), resulting in the mTORC1 suppression. Glucose excretion in urine by SGLT2 inhibitors decreases not only serum glucose but also serum insulin (Kitada et al., 2017; Sugizaki et al., 2017), which suppresses phosphatidylinositol-3 kinase (PI3K) activation. PI3K suppression induces inhibition of phosphoinositide-dependent kinase (PDK) 1 and Akt (protein kinase B), activation of the tuberous sclerosis complex (TSC) 1/2, and inhibition of Ras homolog enriched in brain (Rheb), resulting in mTORC1 inhibition (Dibble and Cantley, 2015). In addition, an increase in the glucagon/insulin ratio by SGLT2 inhibitors activates gluconeogenesis in the liver, consuming the circulating amino acids, which also suppresses mTORC1 and activates autophagy (Esterline et al., 2018). Thus, SGLT2 inhibitor suppresses mTORC1 formation by decreasing serum glucose and insulin and then improves autophagy flux in overnutrition diseases.
Sirtuin 1 Pathway
SIRT1 is a nicotinamide adenine dinucleotide (NAD)–responsive deacetylase and is one of sensors being activated in response to nutrient deprivation. Especially, SIRT1 is called the “ketogenic starvation sensor,” for SIRT1 promotes fatty acid oxidation and gluconeogenesis and inhibits glycolysis, resulting in ketogenesis promotion (Gillum et al., 2011). In starvation, AMPK activation increases intracellular NAD+ production, resulting in SIRT1 activation (Canto et al., 2009). SIRT1 also activates AMPK via deacetylation of LKB1 (Price et al., 2012), so SIRT1 and AMPK stimulate each other in the setting of starvation. Besides promotion of fatty acid oxidation, SIRT1 induces many changes which mitigate organ injuries in overnutrition diseases: mitochondrial biogenesis (Tang, 2016), antioxidative stress, and, above all, autophagy (Iside et al., 2020). For example, SIRT1 enhances the selective autophagy of damaged mitochondria (Fang et al., 2014). SIRT1 deacetylates FOXO3a, which activates BNIP3, resulting in upregulation of autophagy-related proteins such as LC3, ATG5, and ATG7 (Kume et al., 2010; Lee, 2019). In addition, SIRT1 suppresses mTORC1 formation via activating TSC2 (Ghosh et al., 2010) and activates HIF-2α (Chen et al., 2012), which could also enhance autophagy flux.
In overnutrition diseases, SGLT2 is upregulated by environmental glucose, which promotes energy uptake, lipid synthesis, and storage, resulting in SIRT1 suppression in proximal tubules (Umino et al., 2018). In addition, serum SIRT1 levels are decreased in patients with type 2 diabetes (Packer, 2020e). Pharmacological inhibition of SGLT2 induces SIRT1 upregulation in proximal tubules (Umino et al., 2018). Besides proximal tubular cells, SGLT2 inhibitors have been shown to upregulate SIRT1 of other cells which do not express SGLT2, for example, cardiac and hepatic cells (Packer, 2020d). The systemic upregulation of SIRT1 is considered to occur owing to AMPK activation and NAD+ production as a result of energy deprivation by SGLT2 inhibitors (Packer, 2020d). Thus, SGLT2 inhibitor upregulates SIRT1 and enhances autophagy flux in overnutrition diseases.
Hypoxia-Inducible Factor Pathway
HIFs are transcription factors that respond to hypoxia. In normal circumstances, HIF-α is constantly synthesized but degraded by prolyl hydroxylases (PHDs), so intracellular concentration of HIF-α is kept low (Hirota, 2021). Under hypoxic conditions, PHDs are inactivated and HIF-α translocates into the nucleus, binds to HIF-1β, and then forms heterodimer (Hirota, 2021). The heterodimer of HIFs then binds to the hypoxia-responsive element (HRE) region of the DNA, resulting in the transcription of genes that are involved in the response to hypoxia conditions (Hirota, 2021). The HIF-α family consists of HIF-1α, HIF-2α, and HIF-3α. HIF-1α mainly activates the transcription of cytosolic and mitochondrial proteins which decrease oxygen consumption and synthesis of reactive oxygen species (ROS) (Schonenberger and Kovacs, 2015). HIF-2α primarily enhances erythropoietin synthesis and iron metabolism (Eckardt and Kurtz, 2005). The HIF-3α gene is considered to target the HIF-1 gene and modulates hypoxic gene induction (Tanaka et al., 2009).
HIFs play an important role in enhancing autophagy. In fact, autophagy is activated in hypoxia conditions (Bellot et al., 2009), and HIF-activating medicine, such as cobalt, also promotes autophagy (Chen et al., 2017). HIF-1α and HIF-2α promote autophagy via activating BNIP3, followed by Beclin1 activation (Bellot et al., 2009; Zhu et al., 2019). HIF-1α also enhances autophagy via activation of TSC 1/2, followed by suppression of Ras homolog enriched in brain (Rheb) and inhibition of mTORC1 formation (Brugarolas et al., 2004). On the other hand, HIF-2α promotes autophagy via SIRT1 activation (Chen et al., 2011), so SIRT1 and HIF-2α stimulate and reinforce each other. HIF-1α promotes the autophagy of damaged mitochondria (Schonenberger and Kovacs, 2015), and HIF-2α promotes that of dysfunctional peroxisomes (Walter et al., 2014). Although prolonged activation of HIF-1α causes inflammation and fibrosis (Luo et al., 2015), that was ameliorated by HIF-2α activation (Ban et al., 2014; Kong et al., 2017). Therefore, the balance and cooperation of HIF-1α and HIF-2α are important for autophagy without inflammation or fibrosis by HIF-1α overactivation (Packer, 2020e). In the kidney, for example, HIF-1α is expressed mainly in the epithelial tubular cells, and HIF-2α is expressed in the interstitial cells and endothelial cells (Rosenberger et al., 2002), and their balance in the kidney is important for renal autophagy without inflammation or fibrosis (Packer, 2020e). In the cells which express both HIF-1α and HIF-2α such as cardiomyocytes and hepatocytes (Jurgensen et al., 2004; Rankin et al., 2007), their intracellular balance and cooperation are also important in the clearance of damaged organelles by autophagy (Packer, 2020e).
In overnutrition diseases, there occurs the imbalance of HIF-1α and HIF-2α; HIF-1α is overactivated (Isoe et al., 2010; Bondeva et al., 2013), while HIF-2α is downregulated (Mitra et al., 2008; Zeng et al., 2015). Overactivation of HIF-1α is induced by high glucose, advanced glycation end products (AGEs), mTOR, and hypoxia (Isoe et al., 2010; Bondeva et al., 2013), whereas downregulation of HIF-2α is induced by SIRT1 suppression in diabetes (Mitra et al., 2008; Zeng et al., 2015). In DKD, HIF-1α overactivation causes fibrosis and HIF-2α downregulation causes renal anemia (Packer, 2020e). SGLT2 inhibitors are reported to improve the imbalance of HIF-1α and HIF-2α. The overactivation of HIF-1α is improved via the decrease in serum glucose, AGEs, mTORC1 formation, and the increase of AMPK (Bessho et al., 2019; Kim et al., 2019), and the downregulation of HIF-2α is improved via SIRT1 activation (Chen et al., 2011; Chen et al., 2012) by the therapeutic effect of SGLT2 inhibitors. Thus, SGLT2 inhibitors improve the imbalance of HIF-1α and HIF-2α, ameliorate fibrosis and anemia, and contribute to the autophagy deficiency in DKD.
EFFECT OF SODIUM–GLUCOSE COTRANSPORTER 2 INHIBITORS ON AUTOPHAGY IN EACH ORGAN
As SGLT2 inhibitor’s protective effect of multiple organs has been revealed in overnutrition diseases, many researchers have focused on the effect of SGLT2 inhibitors on autophagy. At present, many studies have been reported to demonstrate SGLT2 inhibitor’s therapeutic effect on autophagy deficiency in overnutrition diseases (Table 1). The kidney and the heart are well-researched in those studies maybe because of the abundance of preceding clinical and basic studies on those two organs. Interestingly, SGLT2 inhibitors also ameliorated autophagy deficiency of diseases other than overnutrition, such as ischemia and inflammation (Table 1). This indicates that SGLT2 inhibitors improve the autophagy deficiency of diseases which have the same pathway as overnutrition diseases. In fact, SGLT2 inhibitors are expected and being studied whether to ameliorate Alzheimer’s disease and autosomal dominant polycystic kidney disease (ADPKD) via improving their autophagy deficiencies, in which diseases the AMPK/mTOR pathway influences their progression. (Esterline et al., 2020; Nowak and Hopp, 2020). When discussing the therapeutic effect of SGLT2 inhibitors on autophagy deficiency, it is important to consider the role of autophagy and what signaling the autophagy flux interacts with in each organ.
TABLE 1 | Proposed effects of SGLT2 inhibitors on autophagy deficiency in each organ/cell and disease.
[image: Table 1]Kidney
The kidney is one of the organs that are well-studied about the SGLT2 inhibitor’s therapeutic effects. SGLT2 inhibitors ameliorate DKD via hemodynamic and metabolic mechanisms such as improvement of tubuloglomerular feedback (Cherney et al., 2014; Kidokoro et al., 2019) and the suppression of claudin-1 in podocytes as a result of SIRT1 upregulation (Hasegawa et al., 2013). These various therapeutic mechanisms of SGLT2 inhibitors would be beneficial to slow the progression of DKD as several pathophysiological disorders contribute to the progression of the disease; therefore, combination of multiple drugs has been prescribed in clinic so far (DeFronzo et al., 2021). The mechanisms of SGLT2 inhibitor’s influence on the kidney is more complicated than those on other organs because of its structure. In other organs, such as the heart or the liver, the majority of cellular population is occupied by a single type of cell and the structure of their tissues are comparably simple. On the other hand, the kidney consists of various types of cells, such as podocytes, mesangial cells, and tubular cells, and those cells form complicated structures of the glomerulus and nephron. Moreover, proximal tubular cells upregulate SGLT2, on which SGLT2 inhibitors work just directly. Therefore, we need to distinguish each type of cell or each part of the kidney in discussing the SGLT2 inhibitor’s effect on the kidney.
In the kidney, autophagy is reported to play an important role especially in the proximal tubular cells and the podocytes. Proximal tubular cells are enriched in mitochondria, supplying energies needed for reabsorption of glucose and amino acids in primary urine. Damaged mitochondria cause oxidative stress and injure proximal tubular cells, so the clearance of damaged mitochondria by autophagy (mitophagy) is important. In fact, damaged mitochondria and degenerated proteins are degraded by autophagy in the acute kidney injury of the I/R model (Kimura et al., 2011). In addition, autophagy of proximal tubular cells acts in the degradation of reabsorbed albumin from primary urine (Yamahara et al., 2013), in lipid metabolism (Yamamoto et al., 2017), and in the protective response to DNA damage by cisplatin (Takahashi et al., 2012). Podocytes exist in the outer layer of the glomerular capillary lumen, preventing the translocation of proteins and large molecules from the capillary lumen into the urinary space. The podocyte is one of the terminally differentiated cells and poor at regeneration by cell division, so autophagy plays an important role in the response to the damaging stress of the podocyte. Therefore, the autophagic activity of podocytes is kept comparably high under normal conditions (Suzuki et al., 2019; Bork et al., 2020). In fact, podocyte-specific autophagy-deficient mice show the exacerbation of the urinary protein level (Mizushima et al., 2004; Hartleben et al., 2010).
In DKD, autophagy stagnation occurs in proximal tubular cells and podocytes, and SGLT2 inhibitors are reported to ameliorate both. SGLT2 inhibitors are reported to suppress mTORC1 and enhance the autophagy of damaged mitochondria in the proximal tubular cells of diabetic and obesity mice (Lee et al., 2019; Fukushima et al., 2020). mTORC1 is suppressed by SGLT2 inhibitors via the decrease in glucose and insulin and via the increase in ketone body production in proximal tubular cells (Tomita et al., 2020). SGLT2 inhibitors are also reported to improve the autophagy flux of podocytes by the suppression of BCL2 and activation of Beclin1 in diabetic mice (Korbut et al., 2020). Besides, SGLT2 inhibitors upregulate SIRT1 (Umino et al., 2018) and HIF-2α (Chen et al., 2011; Chen et al., 2012) in DKD, which would also contribute to ameliorate the autophagy stagnation. These therapeutic effects would be due to the systemic fasting–like state by SGLT2 inhibitors, but SGLT2 inhibitors would affect locally and directly on proximal tubular cells, for SGLT2 is abundantly expressed in proximal tubular cells, and it becomes over-upregulated in DKD (Umino et al., 2018). In vitro studies feeding proximal tubular cells in high-glucose medium showed SGLT2 inhibitor’s therapeutic effects on autophagy (Lee et al., 2019; Fukushima et al., 2020), indicating SGLT2 inhibitor’s direct effect on the autophagy of proximal tubular cells. Besides, Cassis et al. (2018) reported that podocytes express SGLT2 and upregulate it in response to albumin injection, and SGLT2 inhibitors directly limit podocyte damage in proteinuric nephropathy, indicating that SGLT2 inhibitors might directly improve the autophagic deficiency in podocytes, like in proximal tubular cells, of DKD.
In addition, the improvement of lipid metabolism by SGLT2 inhibitors would improve the degradation capacity of lysosomes, which would contribute to the amelioration of autophagy flux (Fukushima et al., 2020). In the clearance of damaged organelles by the autophagy mechanism, not only lysosomal degradation but also the exocytosis of degradants plays an important role, that is, the secretory autophagy (Kimura et al., 2017; Buratta et al., 2020). In the secretory autophagy, degradants in autophagosomes are discharged by their exocytosis or discharged after having fused with endosomes and/or lysosomes. In proximal tubular cells, autolysosomes that contain phospholipid forms multi-lamellar bodies (MLBs), which can be confirmed by the electron microscope, and the MLBs are reported to appear in urine (Rampanelli et al., 2018). Our previous study confirmed the MLBs and the autophagic marker p62-positive spots in the proximal tubular cells of obesity mice, and some of them were accumulated under or on the brush border (Figure 2), indicating the MLBs would be secreted in urine. As there are some reports that in some timings and conditions SGLT2 inhibitors increase the amount of lysosomal enzymes in urine (van Meer et al., 2016; Nunoi et al., 2018), it would be of interest to examine the relation of SGLT2 inhibitors and the secretory autophagy. Thus, SGLT2 inhibitors improve the renal autophagy deficiency via various mechanisms.
[image: Figure 2]FIGURE 2 | p62-positive spots and multi-lamellar bodies (MLBs) accumulated under or on the brush border of proximal tubular cells. (A) Immunofluorescent images (400× magnification); (I) p62 (green), (II) aquaporin-1 (red), and (III) merged, bars: 20 μm; (B) electron microscopic images (i: 1,500× magnification and ii: 6,000× magnification); MLBs in proximal tubular cells, bar: 500 nm.
Other Organs
In addition to the kidney, SGLT2 inhibitors also improve the autophagy deficiency of the systemic organs which do not express SGLT2 (Table 1). Among them, the heart is well-studied to demonstrate the therapeutic effects of SGLT2 inhibitors comparable to the kidney. Inhibition of Na+ and glucose reabsorption by SGLT2 inhibitors brings cardioprotective effects via hemodynamic and metabolic mechanisms. The increase in Na+ excretion into urine reduces cardiac filling pressures and causes neurohormonal changes, resulting in cardioprotective effects (Packer, 2020c). Furthermore, the increase in glucose excretion activates SIRT1 signaling and increases ketogenesis, resulting in cardioprotective effects in DKD (Cowie and Fisher, 2020). These effects are basically considered to be due to the inhibition of SGLT2 on proximal tubular cells, but some studies suggest that SGLT2 inhibitors work directly on myocardial cells. In an in vitro study, SGLT2 inhibitors decrease the intracellular concentration of Na+ and pH of myocardial cells, indicating that SGLT2 inhibitors directly inhibit Na+/H+ exchanger (NHE) 1 (Baartscheer et al., 2017; Uthman et al., 2018). Besides, in silico analysis indicates the SGLT2 inhibitor’s binding affinities to the structural model of NHE1 (Jiang et al., 2021). More studies are needed to elucidate the way SGLT2 inhibitors work on myocardial cells.
SGLT2 inhibitors are reported to improve the autophagy deficiency of cardiomyocytes. Cardiomyocytes are the terminally differentiated cells and rarely perform cell division, except for in specific situations (Hesse et al., 2018), so autophagy plays an important role in maintaining homeostasis of cardiomyocytes. In diabetes, autophagy deficiency causes cardiomyopathy, and SGLT2 inhibitors are reported to mitigate the autophagy deficiency, resulting in cardioprotective effect (Aragon-Herrera et al., 2019; Zhang et al., 2020). Several pathways are reported in improving the myocardial cell’s autophagy deficiency of diabetes, such as the activation of AMPK (Aragon-Herrera et al., 2019) and through the microRNA-30d/KLF9/VEGFA pathway (Zhang et al., 2020). SGLT2 inhibitors are also reported to suppress mTORC1 formation (Ren et al., 2021) and activate SIRT1 (Packer, 2020b) and HIF-2α (Packer, 2020a) of myocardial cells, which could contribute to the improvement of autophagy.
Most studies on SGLT2 inhibitor’s effects on autophagy suggest the activation of stagnated autophagy flux; however, there is a report suggesting that SGLT2 inhibitors ameliorate overactivated autophagy in cardiomyocytes. Jiang et al. (2021) reported that SGLT2 inhibitors downregulated myocardial autophagy flux of myocardial infarction mice and suppressed autophagic cell death (ACD) of cardiomyocytes—autosis, resulting in myocardial protection. ACD is one of the programmed cell deaths induced by autophagy reported to occur such as in the development process of Drosophila (Tracy and Baehrecke, 2013) and when apoptosis is suppressed by double knockout of Bax/Bak in mammalian cells (Shimizu et al., 2004). Autosis is regarded as one of ACDs that are reported to occur in the reperfusion phase of the I/R mouse model of cardiomyocytes (Matsui et al., 2007). Na/K-ATPase activation and following activation of Beclin1 is considered essential for autosis (Liu et al., 2013), and the Beclin1 activation is reported to be suppressed by SGLT2 inhibitors via inhibition of myocardial NHE1 in the I/R mouse model (Jiang et al., 2021). The concept and definition of the autosis call for more research and discussion; however, it is interesting that SGLT2 inhibitors downregulated autophagy flux, or at least, did not hyperactivate autophagy flux in the reperfusion phase of the I/R myocardial model. Besides, there is one report which suggests that SGLT2 inhibitors suppressed doxorubicin-induced autophagy in HepG2 cells via promoting ULK1 serine 757 phosphorylation (Zhong et al., 2020). These indicate that SGLT2 inhibitors could behave as a “regulator,” not just as enhancer, of autophagy activity. Thus, SGLT2 inhibitors improve autophagy deficiencies of the systemic organs which do not express SGLT2 via various mechanisms.
DISCUSSION
As we discussed, SGLT2 inhibitors affect the autophagy flux of multiple organs and diseases via various mechanisms. Considering the importance of autophagy in maintaining the cellular homeostasis, autophagy-targeting therapy would be of great significance in clinical use. In fact, some medicines working on autophagy-modulating molecules are beneficial in clinical settings, although many of these medicines also have autophagy-independent therapeutic effects, and it is hard to distinguish them. Metformin, an antidiabetic drug of AMPK activator, improves autophagy deficiency and has protective effects on multiple organs (Xie et al., 2011). Rapamycin, an mTOR inhibitor used in autoimmune diseases and cancers also improves autophagy deficiency (Su et al., 2018) and has renal protective effects in DKD (Yang et al., 2007; Mori et al., 2009).
One of the characteristics of SGLT2 inhibitor’s effects on autophagy is the “indirectivity”; SGLT2 inhibitors are not the agonist or antagonist of the specific autophagy-modulating molecules but affect the autophagy flux via producing the fasting-like state due to glucose excretion into urine. This indirectivity would enable SGLT2 inhibitors to affect the autophagy-regulating signaling systematically, such as mTORC1, SIRT1, and HIFs. For example, metformin could also activate SIRT1 (Song et al., 2015; Ren et al., 2020), but rather inhibits HIF-1α and HIF-2α (Treins et al., 2006; Yang et al., 2018), as expected from AMPK activation (Figure 1). Considering that autophagy consists of multiple steps and each of them is controlled by various signaling pathways, the systematic effect of SGLT2 inhibitors on autophagy would be beneficial. Of course, SGLT2 inhibitor’s effects on various signaling also suggest the risk of side effects. It is well-known that euglycemic diabetic ketoacidosis is the fatal side effect of SGLT2 inhibitors, which might occur on a sick day (Ogawa and Sakaguchi, 2016). Like the other antidiabetic drugs, SGLT2 inhibitors need to be used carefully depending on the patient’s general conditions.
There is one concern about the autophagy-targeting therapy, that is, the activation of autophagy sometimes could induce bad effects. In the previous section, we discussed the myocardial cell death by the excessive autophagy (autosis) in the I/R model. In addition, in the aging mouse model, the decrease in rubicon1 in the adipocyte causes the excessive autophagy, while accumulation of rubicon1 in the hepatocytes causes the stagnation of autophagy at the same time, and the former autophagy deficiency causes impaired glucose tolerance and weight loss (Yamamuro et al., 2020). It is not elucidated whether excessive autophagy occurs in other organs including the kidney; however, these indicate that simply activating therapies of autophagy could be the “double-edged sword” in some situations. Although there is no evidence at present, but theoretically, there might be a risk that SGLT2 inhibitors promote the excessive autophagy, for the autophagy activation in adipocytes as the result of the decrease in rubicon1 occurs in starvation to supply the whole body with energies from lipids (Yamamuro et al., 2020), and SGLT2 inhibitors just promote the fasting-like state. However, such an excessive autophagy would be preventive in the clinical use of SGLT2 inhibitors when the patient is supplied with enough energy and free from starvation. In contrast, in the autophagy-activating therapy by targeting the single autophagy-modulating molecule, it would be more difficult to cope with both the overactivation and stagnation of autophagy at the same time. As we discussed, SGLT2 inhibitors not only activate but also suppress the autophagy flux depending on the situation, indicating that SGLT2 inhibitors can work on the autophagy in a way that does not disturb the self-regulation of autophagy. This might be due to the “indirectivity” and “systematicity” of SGLT2 inhibitor’s effect on the autophagy, enabling that the homeostasis of the whole body can determine the appropriate activity of autophagy in each organ and situation. Thus, the characteristic of SGTL2 inhibitors as the “regulator” of autophagy would be beneficial in the treatment of the autophagy deficiency.
CONCLUSION
Autophagy improvement by SGLT2 inhibitors would be of great significance considering the importance of autophagy in maintaining the homeostasis of the cells and organs. Autophagy-targeting therapy is difficult because the autophagy is controlled by various signaling pathways in each step, and the appropriate activity of the autophagy is different depending on the organs and diseases. SGLT2 inhibitors affect the autophagy indirectly and systematically, which enables to control various autophagy-regulating signaling pathways. Besides, in the use of SGLT2 inhibitors, it is not the drugs themselves but the homeostasis of the whole body that determines the activity of autophagy in each organ and condition, which might prevent the inappropriate activation of autophagy. More studies are needed to evaluate the SGLT2 inhibitor’s effects on the autophagy in clinical settings.
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GLOSSARY
ACD Autophagic cell death
ADPKD Autosomal dominant polycystic kidney disease
AGEs Advanced glycation end products
Akt Protein kinase B
AMPK AMP-activated protein kinase
ATG Autophagy-related gene
BCL2 B-cell lymphoma 2
BNIP3 BCL2 interacting protein 3
DKD Diabetic kidney disease
DM Diabetes mellitus
DOX Doxorubicin
FOXO3a Forkhead box O3a
HIF Hypoxia-inducible factor
HRE Hypoxia-responsive elements
I/R Ischemia–reperfusion
KLF9 Kruppel-like factor 9
LKB1 Liver kinase B1
MLBs Multi-lamellar bodies
mTOR Mammalian target of rapamycin
mTORC1 Mammalian target of rapamycin complex 1
NAD Nicotinamide adenine dinucleotide
NAFLD Non-alcoholic fatty liver disease
NHE1 Na+/H+ exchanger 1
PDK Phosphoinositide-dependent kinase
PHD Prolyl hydroxylases
PI3K Phosphatidylinositol-3 kinase
ROS Reactive oxygen species
Rheb Ras homolog enriched in brain
SGLT2 Sodium–glucose cotransporter 2
SIRT1 Siruin 1
SNT Sunitinib
SREBP Sterol regulatory element–binding protein
TSC Tuberous sclerosis complex
ULK1 Unc-51–like autophagy-activating kinase 1
VEGFA Vascular endothelial growth factor A
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