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As the prevalence of diabetic kidney disease (DKD) continues to rise, so does the need for a novel therapeutic modality that can control and slow its progression to end-stage renal disease. The advent of sodium-glucose cotransporter-2 (SGLT2) inhibitors has provided a major advancement for the treatment of DKD. However, there still remains insufficient understanding of the mechanism of action and effectiveness of this drug, and as a result, its use has been very limited. Burgeoning evidence suggests that the SGLT2 inhibitors possess renal protective activities that are able to lower glycemic levels, improve blood pressure/hemodynamics, cause bodyweight loss, mitigate oxidative stress, exert anti-inflammatory and anti-fibrotic effects, reduce urinary albumin excretion, lower uric acid levels, diminish the activity of intrarenal renin-angiotensin-aldosterone system, and reduce natriuretic peptide levels. SGLT2 inhibitors have been shown to be safe and beneficial for use in patients with a GFR ≥30mL/min/1.73m2, associated with a constellation of signs of metabolic reprogramming, including enhanced ketogenesis, which may be responsible for the correction of metabolic reprogramming that underlies DKD. This article aims to provide a comprehensive overview and better understanding of the SGLT2 inhibitor and its benefits as it pertains to renal pathophysiology. It summarizes our recent understanding on the mechanisms of action of SGLT2 inhibitors, discusses the effects of SGLT2 inhibitors on diabetes and DKD, and presents future research directions and therapeutic potential.
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Introduction

Glucose (C6H12O6) is a monosaccharide or “simple sugar”, meaning that it is the most basic unit of carbohydrate and cannot be further hydrolyzed to a simpler chemical compound. It is the major source of fuel in the human body and comes in various forms such as monosaccharides, disaccharides and polysaccharides, such as starch. The body maintains fasting glucose levels at around 80mg/dL in order to provide a continuous supply of glucose to tissues that are unable to synthesize glucose on their own, such as brain and red blood cells. In order to provide the body with a continuous source of glucose during the fasting state, it is stored in the form of glycogen with the most abundant stores located in the liver and skeletal muscle. It is also synthesized endogenously in the liver and kidney from non-carbohydrate sources by gluconeogenesis. These precursors include lactate, glycerol, alanine, and glutamine. The kidney primarily uses lactate, glutamine, and glycerol with lactate being the largest source of substrate for gluconeogenesis in the kidney (1, 2).

A critical step in the utilization of glucose is its transport across cell membranes. There are two major classes of glucose transport proteins: the glucose transporters (GLUTs) and sodium-dependent glucose transporters (SGLTs). GLUTs are members of the solute carrier family 2A (SLC2A) gene family and utilize facilitated diffusion to transport glucose across the cell membrane. There are currently 14 GLUT genes identified in the human body and are located in fetal tissues, erythrocytes, blood-brain barrier, neurons, adipose tissue, striated muscle, testes, small intestine epithelium, liver cells, pancreatic beta cells, and renal tubular cells (3). In particular, GLUT2 allows glucose to be transported across the basolateral membrane of the kidney and mutations of this protein are responsible for Fanconi-Bickel Syndrome, a rare type of glycogen storage disease characterized by the accumulation of glycogen in the liver and kidney (4). SGLTs are cotransporter proteins of the SLC5A gene family which bind both sodium and glucose for cotransport across the cell membrane, utilizing the sodium electrochemical gradient maintained by the Na+/K+ ATPase. There are currently 6 SGLT isoforms identified as SGLT1, SGLT2, SGLT3, SGLT4, SGLT5, and SGLT6 (Table 1). SGLT1 was the first identified and the most extensively studied SGLT and is located primarily in the intestine and the S3 segment of the proximal convoluted tubule (PCT) where it reabsorbs 10-20% of the glucose that escapes uptake by SGLT2. SGLT3 is expressed in the enteric neurons and is believed to be a glucose sensor (5, 6). The study of the SGLT family of transporters is ongoing and there are still many unanswered questions that remain elusive. This review will focus on the SGLT2 and cover the latest research and development as it pertains to renal pathobiology.


Table 1 | Expression of different SGLT isoforms in various mammalian organ systems and their selective inhibitors.





Pathobiology of SGLT2

The SGLT2 is a member of the SLC5A gene family, part of the Sodium Solute Symporter (SSS) superfamily of proteins and capable of transporting glucose. The SGLT2 transport protein (SLC5A2) is the transporter responsible for 80-90% of glucose reabsorption located and abundantly expressed on the brush border membrane of the S1-S2 segments of the early proximal convoluted tubule of the kidney (7). Additionally, there are reports suggesting that SGLT2 is also expressed in the liver, pancreas, heart, thyroid, and muscle (8, 9). Vallon et al. were the first to report the immunolocation of SGLT2 in the mouse kidney (10). Using immunohistochemical analysis with an SGLT2 specific antibody, they demonstrated that the transport protein was localized to the apical brush border membrane of the early proximal tubule in wild-type (WT) mice where it was responsible for reabsorption of all the filtered glucose. The specificity of the immunohistochemical staining was confirmed by comparing WT to transgenic SGLT2 null mice (SGLT2-/-) (10). This distribution of SGLT2 was subsequently replicated in human kidneys by immunohistochemistry, though no physiological studies on isolated tubules from human kidneys have been performed (11).

Although the atomic structure of human SGLT (hSGLT) has not yet been established, the structure of a bacterial homolog Vibrio parahaemolyticis (vSGLT) with 32% amino acid identity to hSGLT1 has been solved and refined to 2.7 A (8, 12). The first structure of vSGLT was solved in collaboration with Abramson and his team (12). The functional properties show that vSGLT has much in common with hSGLT1, but there are differences in sugar selectivity and Na+-to-sugar transport stoichiometry which more resembles SGLT2 (1:1 rather than the 2:1 for SGLT1). Relative to human SGLT1, there is between 50-70% identity and 67-84% similarity in the sequences for SGLT2 (8). The amino acid sequence of SGLT2 is believed to resemble a 14-transmembrane helix model, but this has yet to be validated.

The SGLT2 is a high-capacity and low-affinity co-transporter located at the apical brush border of the PCT extending from the S1 to S2 segments. Located at the basolateral membrane of the PCT is the Na+/K+ ATPase pump which creates the intracellular Na+ electrochemical gradient needed for the operation of the SGLT2 to drive the transport of Na+ and glucose into the cells. Glucose moves against its electrochemical gradient following sodium transportation along its gradient in 1:1 stoichiometry. The intracellular glucose is then diffused to the interstitium through GLUTs located on the basolateral membrane of the PCT cells.

In the fasting (postabsorptive) state in healthy individuals, the kidney contributes around 20-25% of the glucose released into the circulation by gluconeogenesis (15–55 g/day), with the liver responsible for the remainder via both glycogenolysis and gluconeogenesis (13). Renal gluconeogenesis occurs primarily in the PCT cells located in the renal cortex and is regulated by insulin and catecholamines. Insulin decreases renal gluconeogenesis and its substrates lactate, glutamine, and glycerol, whereas catecholamines stimulate renal gluconeogenesis and its substrates, reduce renal glucose uptake, and decrease insulin release (2, 14–16). In type 2 diabetes mellitus (T2DM), gluconeogenesis is increased in both kidney and liver with increases up to 300% and 30% respectively.

In the postprandial state, gluconeogenesis increases renal glucose release more than twofold accounting for ~60% of the endogenous glucose release during the 4-6 hours period following meals. The mechanism is unknown but thought to allow for repletion of hepatic glycogen stores by permitting suppression of hepatic glucose release (13). In T2DM this glucose release is estimated to be ~30% higher when compared to healthy individuals. As a result, insulin resistance increases and suppression of renal glucose release decreases, which in turn causes an upregulation of GLUTs (1).



Targeting of SGLT2 in Diabetes

The first SGLT2 inhibitor, phlorizin, was isolated from the root bark of the apple tree in 1835 and was originally used as an antipyretic. It was 50 years later that its glycosuric effects were observed and research began to discover its mechanism of action. Phlorizin was subsequently found to be a potent but non-selective inhibitor of many isoforms of SGLT. However, due to its poor bioavailability (15%), low SGLT2 selectivity, and gastrointestinal side effects from SGLT1 blockade, phlorizin failed to progress to use in humans (7). Nevertheless, its beneficial effects for the use in diabetic patients sparked the research and development of structurally similar compounds with more selectivity towards SGLT2 and it remains the model from which all SGLT inhibitors have been developed. With advances in research, the SGLT2 inhibitors have become more selective towards the SGLT2 than SGLT1. The SGLT2 inhibitors currently approved by the FDA in the United States include dapagliflozin, canagliflozin, empagliflozin, and tofogliflozin (Figure 1).




Figure 1 | The 2-D view of chemical structure of various SGLT2 inhibitors, including phlorizin, dapagliflozin, empagliflozin, canagliflozin, tofogliflozin.





Targeting of SGLT2 in DKD and Other Diabetic Complications

In addition to diabetes management, SGLT2 inhibitors have shown promise in the areas of chronic kidney disease (CKD), and are able to reduce uric acid levels, attenuate oxidative stress, exert anti-inflammatory actions, improve fibrosis, decrease blood pressure, decrease body weight, and mitigate hyperlipidemia, cardiovascular disease, and even some cancers, such as early-stage lung adenocarcinoma (17) and pancreatic and prostate cancer cells (18), which are saturated with SGLT2 receptors.


Regulation of Body Fluid Homeostasis by SGLT2 Inhibitors

The glycosuric effect of SGLT2 inhibitors induces a sustained diuretic and natriuretic effect that activates compensatory mechanisms to increase fluid and food intake to stabilize body fluid volume. A study performed by Masuda et al. (19) revealed in Goto-Kakizaki rat models of T2DM that ipragliflozin induced sustained glucosuria, diuresis, and natriuresis, with compensatory increases in fluid intake and vasopressin-induced solute-free water reabsorption in proportion to the reduced fluid balance to maintain body fluid volume. Meanwhile, ipragliflozin increased renal cell membrane expression of SGLT2, aquaporin 2, and vasopressin V2 receptors. It is believed that the osmotic diuretic effect of glucose enhances water loss and causes a small increase in serum sodium concentrations which triggers vasopressin release (19). In addition, atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) are proteins released by cardiac atria and ventricle, respectively, with hormonal properties that trigger a urinary natriuresis resulting in a reduction of volume which plays an important role in cardio-renal homeostasis. The elevated plasma level of ANP and BNP can be a marker of renal dysfunction as it occurs in CKD. SGLT2 inhibitors have been repeatedly shown by several studies to improve ANP secretion in patients with newly diagnosed T2DM, delay elevation of BNP in older patients with T2DM, and improve renal function due to reduction of BNP levels (20–22). In consistency, a preplanned subanalysis of a trial in which 120 patients with heart failure and reduced ejection fraction were randomly assigned to receive empagliflozin or placebo for 12 weeks demonstrated that empagliflozin reduced estimated extracellular volume, estimated plasma volume, and measured GFR after 12 weeks, inferring that a substantial reduction in fluid volumes might be an important mechanism underlying the cardiorenal benefits of SGLT2 inhibitors (23).



Renal and Cardiovascular Benefits of SGLT2 Inhibitors in Diabetes

Albuminuria is one of the commonly used clinical indicators of diabetic nephropathy (DN) and is an independent and modifiable risk factor for cardiovascular events, kidney injury and mortality. In addition to blood pressure and glycemic control, the current clinical management of DKD is largely confined to the use of blockades of the renin-angiotensin-aldosterone system (RAAS), which is of limited utility with unsatisfying therapeutic efficacy (24). The advent of SGLT2 inhibitors has provided a novel and promising choice of treatment for diabetes and DKD. In the CANVAS trial, among patients with T2DM at a high risk for cardiovascular events, canagliflozin treatment was associated with a lower risk of cardiovascular events and reduced the rate of renal decline and heart failure hospitalizations compared to those who received placebo alone but, interestingly, increased the risk of amputation, primarily of the toe and/or metatarsal. The data from this study suggested that SGLT2 inhibitors are likely to exert a protective effect on cardiovascular and renal systems in diabetic patients across a wide range of albuminuria, with greater benefits in those with macroalbuminuria. There are several speculated mechanisms to explain the renoprotective action observed with SGLT2 inhibitors. First, SGLT2 inhibitors have been shown to induce an acute decrease in estimated glomerular filtration rate (eGFR) ensued by long-term preservation of kidney function, which may denote the mitigation of intraglomerular hypertension and glomerular hyperfiltration (25). Second, some have suggested that there could be changes in vascular endothelial function which may explain the improvement. And third, pre-clinical animal studies support that SGLT2 inhibitors improve kidney tissue oxygenation and exert anti-inflammatory and anti-fibrotic effects (26, 27).

In another study, a group reviewed the data from the EMPA-REG OUTCOME trial to assess the differential outcomes in kidney function by examining the slopes of eGFR changes. The study had originally shown that empagliflozin reduced the rate of cardiovascular events and slowed the progression of kidney disease among patients with T2DM and high cardiovascular risk. A review of this data showed that empagliflozin is able to significantly retard eGFR decline over about 3 years of treatment, including in patients at an increased risk for progressive renal impairment. Furthermore, the slope patterns of empagliflozin therapy revealed an action on intrarenal hemodynamics with an initial transient decline in eGFR ensued by sustained long-term preservation of renal function, reminiscent of the effects achieved with angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers. After discontinuation of empagliflozin treatment, the slopes of eGFR changes demonstrated a quick upward shift toward the baseline, inferring a swift loss of the renal hemodynamic effect (28). The renal benefits associated with empagliflozin are thought to be attributable to the recovery of the tubuloglomerular feedback, resulting in a correction of intraglomerular hypertension and glomerular hyperfiltration (29).

The CREDENCE randomized trial had shown that among patients with T2DM and DN characterized by albuminuria and no more than a mild reduction in GFR, canagliflozin at the dose of 100 mg/d reduced the risk of end-stage kidney disease, doubling of serum creatinine from baseline, and death from renal or cardiovascular disease when compared to placebo. The renoprotective effects observed with this study are likely due to improved blood pressure control secondary to decreased sodium reabsorption in the PCT, thereby causing increased sodium delivery to the macula densa in the distal renal tubule and inducing afferent vasoconstriction by tubuloglomerular feedback, leading to lowered glomerular hyperfiltration (30).

In a secondary analysis of the CREDENCE trial, canagliflozin consistently and safely prevented renal and cardiovascular events in participants with substantial albuminuria across eGFR categories of 30 to <45, 45 to <60, and 60 to <90 ml/min per 1.73 m2. These benefits were attained on the background of universal use of renin-angiotensin system (RAS) blockades. Canagliflozin therapy also led to an acute drop in eGFR followed by a decrease in albuminuria at week 3 that was significant in every eGFR subgroup, although the drop was least in those with screening eGFR of 30 to <45 ml/min per 1.73 m2. Furthermore, canagliflozin led to a slower eGFR decline in every eGFR category compared with placebo, with no evidence that the benefit differed among eGFR subgroups. The findings raise important questions on whether these agents would benefit kidney disease outcomes in nondiabetic settings (31).



Effect of SGLT2 Inhibitors on Systemic and Intrarenal RAAS

A study published in 2019 by Schork et al. investigated the effects of SGLT2 inhibitors, including empagliflozin and dapagliflozin, on body composition, fluid status, and the RAS in patients with T2DM. They found that reduction in body weight and epicardial fat was associated with a reduction in adipose tissue mass and transient loss of extracellular fluid, which was accompanied by a transient upregulation of the systemic RAS without activation of the intrarenal RAS. This bodyweight reduction can be explained by a combination of calorie deficit (due to glycosuria) and increased glycosuria resulting in increased lipid utilization and decreased triglyceride levels from gluconeogenesis induced by increased glucagon release from the pancreatic alpha-cells. Furthermore, SGLT2 inhibitors induced an osmotic diuretic effect due to increased glucosuria and natriuresis, but they did not observe an ongoing fluid loss. As a consequence of the diuretic effects, there was a reduction in arterial blood pressure after 3-6 months of treatment. SGLT2 inhibitors have also been observed to improve vascular stiffness, resulting in increased elasticity and more efficient blood pressure regulation (30). Furthermore, the initiation of SGLT2 inhibitors was shown to induce a short-term elevated natriuresis followed by a compensatory increase in sodium reuptake through tubular transporters and transient systemic activation of the RAAS in patients with T2DM (32). Interestingly, the intrarenal RAAS was not activated. In this study, despite pre-existing treatment with RAAS inhibitors, nearly all patients experienced an increase in renin and aldosterone activity after 30 days with normalization after 6 months of treatment. It is still unclear how and why SGLT2 inhibitors activate the systemic RAS but not the intrarenal RAS during the early stages of treatment in T2DM. Volume loss and/or sodium depletion likely explains the systemic RAAS activation, although there may be other contributors involved that are not yet accounted for. As far as the intrarenal RAAS not being activated, it is speculated that angiotensinogen may be involved as it is expressed in the proximal tubules, and treatment with SGLT2 inhibitors appear to affect intrarenal angiotensinogen production possibly due to changes in glucose levels which have been shown to decrease angiotensinogen production in the early PCT (33). However, this is all actively being researched as there are no clear answers at present.



Inhibitory Effect of SGLT2 Inhibitors on Renal Oxidative Stress in DKD

Oxidative stress is highly associated with the pathophysiology of CKD and DN. Oxidative stress develops when the production of free radicals overcomes the capacity of the anti-oxidant defense system, resulting in damage to various biological elements. It is posited that oxidative stress induces renal injury through modulation of transcription factors, induction of inflammatory responses, enhancement of advanced glycation end product (AGE) and the receptor for advanced glycation end product (RAGE) production, upregulation of protein kinase C (PKC), and by direct modification of intracellular molecules (34). Dapagliflozin has been shown to slow DN progression by diminishing the production of free radical progenitors (35). Ipragliflozin has been shown to normalize glucose metabolism and re-adjust the oxidative balance in the kidneys of diabetic animals (36). In diabetic rats, phlorizin prevented oxidative stress by promotion of catalase and glutathione peroxidase activity and reduced nitrogen free radicals (37). Moreover, empagliflozin has been shown to partly suppress oxidative stress in DN via suppression of the AGE-RAGE axis (38).



Anti-Inflammatory Effect of SGLT2 Inhibitors in DKD

CKD is accompanied by the progression of higher circulating levels of inflammatory mediators and fibrogenesis. DN has been associated with the upregulation of myriad inflammatory cytokines including IL-1, IL-6, IL-18, TNF-α, ICAM, VCAM, and MCP-1 (39). SGLT2 inhibitors are able to reduce serum leptin and IL-6 levels and increase adiponectin concentrations, resulting in improved adipose tissue function and decreased tissue inflammation (30). In vitro, in cultured human proximal tubular cells exposed to high ambient glucose, empagliflozin was able to mitigate the expression of inflammatory/fibrotic markers including IL-6 and collagen IV, consistent with an anti-inflammatory and anti-fibrotic activity (40). Diabetic animals treated with dapagliflozin were also shown to have a dose-dependent reduction in renal inflammation and fibrosis (41). Uric acid is closely associated with inflammatory biomarkers and is per se a damage-associated molecular pattern (DAMP), that is able to activate the NLRP3 inflammasome and cause inflammation. An elevated plasma uric acid level can independently predict the development of CKD and has been associated with the progression towards renal failure (42). SGLT2 inhibitors cause increase urinary excretion of uric acid by altering its tubular transport along the apical membrane of the collecting ducts. Canagliflozin, dapagliflozin, and empagliflozin have all been associated with increased urinary excretion of uric acid (43–47).



Effect of SGLT2 Inhibitors on Metabolic Reprogramming in Diabetes

In addition, recent evidence indicates that SGLT2 inhibitors may induce metabolic reprogramming, which may be responsible for their cardiorenal benefits in diabetes (Figure 2). In a recent study performed by Bonner et al., the expression of SGLT2 transporters was probed on pancreatic α cells that are responsible for glucagon secretion. They confirmed that, in human and rodent pancreatic α-cells, glucagon secretion markedly increased when glucose concentrations were below physiological levels. In healthy mice, bacterial infections treatment promoted glucagon secretion and hepatic gluconeogenesis limiting the decrease of plasma glucose due to glycosuria during the fasting state. In patients with T2DM, dapagliflozin treatment increased both plasma glucagon and endogenous glucose production, though dapagliflozin-treated patients had lower blood glucose levels than those receiving placebo due to glycosuria. Their results suggest that sodium-glucose co-transport by SGTL2 is essential for the appropriate regulation of glucagon secretion when glucose concentrations are within the physiological range. This direct effect of SGLT2 inhibition on α cells likely offsets the glucose-lowering effects of dapagliflozin and help explain why this medication is unlikely to induce hypoglycemia (9).




Figure 2 | Schematic diagram depicting the metabolic reprogramming subsequent to therapeutic targeting of SGLT2, including enhanced ketogenesis, lipolysis and glucagon effects. One of the major actions of SGLT2 inhibitors is to block SGLT2 in renal proximal tubular epithelial cells and thus reduce renal reabsorption of sodium and glucose, leading to glycosuria and normalized glycemic levels in patients with diabetes. The glycosuric effect of SGLT2 inhibitors is associated with increased renal reabsorption of ketone bodies, contributing to an elevated plasma level of ketone bodies. On the other hand, SGLT2 inhibitors-reduced glycemic levels may augment the pancreatic release of glucagon and decrease insulin production, which together act on fat tissue and promote lipolysis. Amplified levels of free fatty acid in blood along with reduced glycemic levels may reinforce ketogenesis in the liver, ultimately resulting in ketosis, which has been lately demonstrated to confer a protective effect on the kidney and the cardiovascular system in both diabetic and non-diabetic kidney disease.



Moreover, SGLT2 inhibitors-induced glycosuria is associated with a constellation of signs of metabolic adaptation, including reinforced ketogenesis and elevated β-hydroxybutyrate (β-HB) levels (48). The metabolic state of ketosis is a physiological response to starvation, during which, the carbohydrate stores in the body are rapidly depleted, and the body uses fat reserves instead. Some fat is converted by the liver to ketone bodies, providing an alternative fuel source (49, 50). More and more studies suggest that ketone bodies may convey a salutary action on aging and a number of chronic diseases, like obesity, diabetes, and CKD. Mechanistically, in addition to serving as an alternative fuel substrate, ketone bodies like β-HB, which is the predominant component of ketone bodies, are potent regulators of cellular signaling pathways including mTOR, AMPK, and HDACs and intercept multiple pathological processes, such as metabolic reprogramming, NLRP3 inflammasome, and pyroptosis, some of which have been implicated in kidney diseases. Indeed, the lastest evidence demonstrates that β-HB exerts a protective effect in glomerular podocytes against diabetes-elicited senescence response (51), which plays a key role in diabetes-accelerated kidney aging and degeneration (52). Thus, the ketogenic effect of SGLT2 inhibitors seems to provide extra benefits for patients with cardiovascular and renal complications of diabetes. Indeed, while the glucose-lowering capacity of empagliflozin is similar to sulfonylurea in patients with T2DM, empagliflozin shows a greater reduction in IL-1β secretion compared to sulfonylurea accompanied by decreased serum insulin and increased serum β-HB (53). A recent meta-analysis demonstrated that SGLT2 inhibitor therapy is associated with a remarkable decrease in the risk of cardiovascular events and renal impairment (54). Provided the protective effect of β-HB against diabetic kidney injury, it is tempting to conceive that the renoprotective activity of SGLT2 inhibitors may be mediated, at least in part, by β-HB.




Potential Concerns With Clinical Use of SGLT2 Inhibitors in Diabetes

Up to this moment, SGLT2 inhibitors have been shown to be safe and beneficial for use in patients with a GFR ≥30mL/min/1.73m2 with or without RAS blockade. There is strong evidence from the clinical trials that SGLT2 inhibitors should be prioritized in patients with T2DM and CKD with a presenting GFR of 30-40mL/min/1.73m2. The CEDENCE trial suggested that the combined use of SGLT2 inhibitors and RAS blockade should be well tolerated from a hemodynamic perspective as no participants were at increased risk of developing AKI, volume depletion, or hyperkalemia. Most importantly, in the CREDENCE trial, participants whose eGFR fell to <30mL/min/1.73m2 were continued on randomized treatment until dialysis or transplantation. As a result, the FDA now permits the continued use of canagliflozin with an eGFR <30mL/min/1.73m2 until dialysis or transplantation in patients already initiated on therapy (55). Another concern for the use of SGLT2 inhibitors is its use along with a loop diuretic, as diuretic use becomes increasingly common as kidney function declines. In patients with unstable volume status, it is recommended that SGLT2 inhibitors should not be initiated along with loop diuretics or should be used along with a decreased dose of loop diuretic and close monitoring (56).

Currently, the use of SGLT2 inhibitors is limited due to the high cost. Along with their increasing use, there is also the concern for serious, if not fatal, infections that have deterred most physicians from initiating therapy. Indeed, SGLT2 inhibitors-induced glycosuria makes the genital area more conducive to bacterial infections, and life-threatening infection of the genitals and areas around the genitals, such as necrotizing fasciitis of the perineum or Fournier’s gangrene, has been reported (57). In addition, urinary tract and vaginal yeast infections have also been associated with the use of SGLT2 inhibitors (58). However, serious infection associated with SGLT2 inhibitor use is rare. Thus, this concern should not deter its use in patients without lower extremity wounds or recurrent urinary tract infection as long as proper monitoring is in place. We will learn more about the benefits of SGLT2 inhibitors as upcoming and ongoing trials will provide conclusive and definitive data on cardiovascular and renal protection in DKD patients. These include the DAPA-CKD study for dapagliflozin (59), the EMPA-KIDNEY study for empagliflozin (60), the SCORED study for sotagliflozin (61), the VERTIS study (62), and the ongoing DIAMON study (63). Some of these trials will also enroll patients with eGFR as low as 20 ml/min per 1.73 m2, regardless of the magnitude of albuminuria (24, 31). Of further note, although this was not observed in any of the studies discussed here, SGLT2 inhibitors have been suspected to increase the occurrence of stroke and pre-renal acute kidney injury due to volume depletion, but as long as counter-regulatory mechanisms are functioning, this does not appear to pose any real threat (32).



Conclusions and Perspectives

Diabetes-associated kidney disease is a major precipitating factor resulting in renal replacement therapy. The advent of SGLT2 inhibitors has provided a major advance for the prevention and treatment of T2DM, CKD, and cardiovascular events. Beyond the glycosuric effects, SGLT2 inhibitors have exhibited renal protective properties, which are associated with improved glycemic control, improved blood pressure/hemodynamics, weight loss, prevention of oxidative stress, anti-inflammatory properties, anti-fibrotic processes, reduction in albuminuria, reduction in intrarenal RAS activation, antioxidant and anti-inflammatory effects, reduction in plasma uric acid levels, metabolic reprogramming and reduction in natriuretic peptide levels. Despite concerns over the safety issues related to serious but rare infective complications, clinical use of SGLT2 inhibitors in patients with DKD seems to be effective, safe, and well-tolerated, resulting in a unique renoprotective action and cardiovascular benefits. Future research efforts are merited to understand the exact molecular mechanism responsible for the beneficial activity of SGLT2 inhibitors in diabetic patients, to reveal the most suitable diabetic patients to receive SGLT2 inhibitor treatment, and to test the potential of SGLT2 inhibitors in improving non-diabetic CKD in men.



Author Contributions

RG devised the conceptual ideas. JS performed the literature search and drafted the original manuscript. BC drew the figures. LD, DM, and RG contributed to revision. All authors agreed that the entire concept and ownership of this work belong to RG. All authors contributed to the article and approved the submitted version.



Funding

The research work was supported in part by the Research Incentive Fund from the University of Toledo. R. Gong was supported by the U.S. National Institutes of Health grant DK114006. The funders had no role in the design and conduct of this study, collection and interpretation of the data, or preparation and approval of the manuscript.



References

1. Gerich, JE. Role of the Kidney in Normal Glucose Homeostasis and in the Hyperglycaemia of Diabetes Mellitus: Therapeutic Implications. Diabetes Med (2010) 27(2):136–42. doi: 10.1111/j.1464-5491.2009.02894.x

2. Gerich, JE, Meyer, C, Woerle, HJ, and Stumvoll, M. Renal Gluconeogenesis: Its Importance in Human Glucose Homeostasis. Diabetes Care (2001) 24(2):382–91. doi: 10.2337/diacare.24.2.382

3. Bell, GI, Kayano, T, Buse, JB, Burant, CF, Takeda, J, Lin, D, et al. Molecular Biology of Mammalian Glucose Transporters. Diabetes Care (1990) 13(3):198–208. doi: 10.2337/diacare.13.3.198

4. Santer, R, Groth, S, Kinner, M, Dombrowski, A, Berry, GT, Brodehl, J, et al. The Mutation Spectrum of the Facilitative Glucose Transporter Gene SLC2A2 (GLUT2) in Patients With Fanconi-Bickel Syndrome. Hum Genet (2002) 110(1):21–9. doi: 10.1007/s00439-001-0638-6

5. Diez-Sampedro, A, Hirayama, BA, Osswald, C, Gorboulev, V, Baumgarten, K, Volk, C, et al. A Glucose Sensor Hiding in a Family of Transporters. Proc Natl Acad Sci USA (2003) 100(20):11753–8. doi: 10.1073/pnas.1733027100

6. Voss, AA, Díez-Sampedro, A, Hirayama, BA, Loo, DD, and Wright, EM. Imino Sugars are Potent Agonists of the Human Glucose Sensor SGLT3. Mol Pharmacol (2007) 71(2):628–34. doi: 10.1124/mol.106.030288

7. Andrianesis, V, Glykofridi, S, and Doupis, J. The Renal Effects of SGLT2 Inhibitors and a Mini-Review of the Literature. Ther Adv Endocrinol Metab (2016) 7(5-6):212–28. doi: 10.1177/2042018816676239

8. Wright, EM, Loo, DD, and Hirayama, BA. Biology of Human Sodium Glucose Transporters. Physiol Rev (2011) 91(2):733–94. doi: 10.1152/physrev.00055.2009

9. Bonner, C, Kerr-Conte, J, Gmyr, V, Queniat, G, Moerman, E, Thévenet, J, et al. Inhibition of the Glucose Transporter SGLT2 With Dapagliflozin in Pancreatic Alpha Cells Triggers Glucagon Secretion. Nat Med (2015) 21(5):512–7. doi: 10.1038/nm.3828

10. Vallon, V, Platt, KA, Cunard, R, Schroth, J, Whaley, J, Thomson, SC, et al. SGLT2 Mediates Glucose Reabsorption in the Early Proximal Tubule. J Am Soc Nephrol (2011) 22(1):104–12. doi: 10.1681/asn.2010030246

11. Rahmoune, H, Thompson, PW, Ward, JM, Smith, CD, Hong, G, and Brown, J. Glucose Transporters in Human Renal Proximal Tubular Cells Isolated From the Urine of Patients With Non–Insulin-Dependent Diabetes. Diabetes (2005) 54(12):3427. doi: 10.2337/diabetes.54.12.3427

12. Faham, S, Watanabe, A, Besserer, GM, Cascio, D, Specht, A, Hirayama, BA, et al. The Crystal Structure of a Sodium Galactose Transporter Reveals Mechanistic Insights Into Na+/sugar Symport. Science (2008) 321(5890):810–4. doi: 10.1126/science.1160406

13. Wilding, JP. The Role of the Kidneys in Glucose Homeostasis in Type 2 Diabetes: Clinical Implications and Therapeutic Significance Through Sodium Glucose Co-Transporter 2 Inhibitors. Metabolism (2014) 63(10):1228–37. doi: 10.1016/j.metabol.2014.06.018

14. Stumvoll, M, Chintalapudi, U, Perriello, G, Welle, S, Gutierrez, O, and Gerich, J. Uptake and Release of Glucose by the Human Kidney. Postabsorptive Rates and Responses to Epinephrine. J Clin Invest (1995) 96(5):2528–33. doi: 10.1172/jci118314

15. Cersosimo, E, Garlick, P, and Ferretti, J. Insulin Regulation of Renal Glucose Metabolism in Humans. Am J Physiol (1999) 276(1):E78–84. doi: 10.1152/ajpendo.1999.276.1.E78

16. Shrayyef, MZ, and Gerich, JE. Normal Glucose Homeostasis. In:  L Poretsky, editor. Principles of Diabetes Mellitus. Boston, MA: Springer US (2010). p. 19–35.

17. Scafoglio, CR, Villegas, B, Abdelhady, G, Bailey, ST, Liu, J, Shirali, AS, et al. Sodium-Glucose Transporter 2 is a Diagnostic and Therapeutic Target for Early-Stage Lung Adenocarcinoma. Sci Transl Med (2018) 10(467):eaat5933. doi: 10.1126/scitranslmed.aat5933

18. Scafoglio, C, Hirayama, BA, Kepe, V, Liu, J, Ghezzi, C, Satyamurthy, N, et al. Functional Expression of Sodium-Glucose Transporters in Cancer. Proc Natl Acad Sci USA (2015) 112(30):E4111–9. doi: 10.1073/pnas.1511698112

19. Masuda, T, Muto, S, Fukuda, K, Watanabe, M, Ohara, K, Koepsell, H, et al. Osmotic Diuresis by SGLT2 Inhibition Stimulates Vasopressin-Induced Water Reabsorption to Maintain Body Fluid Volume. Physiol Rep (2020) 8(2):e14360. doi: 10.14814/phy2.14360

20. Yanai, H, Adachi, H, and Hakoshima, M. Understanding of Hypertension and Heart Failure in Patients With Type 2 Diabetes by Studying Effects of Sodium-Glucose Cotransporter 2 Inhibitors on Plasma B-Type Natriuretic Peptide Levels. J Clin Hypertens (Greenwich) (2018) 20(2):411–2. doi: 10.1111/jch.13174

21. Wang, Y, Xu, L, Yuan, L, Li, D, Zhang, Y, Zheng, R, et al. Sodium-Glucose Co-Transporter-2 Inhibitors Suppress Atrial Natriuretic Peptide Secretion in Patients With Newly Diagnosed Type 2 Diabetes. Diabetes Med (2016) 33(12):1732–6. doi: 10.1111/dme.13107

22. Januzzi, JL Jr., Butler, J, Jarolim, P, Sattar, N, Vijapurkar, U, Desai, M, et al. Effects of Canagliflozin on Cardiovascular Biomarkers in Older Adults With Type 2 Diabetes. J Am Coll Cardiol (2017) 70(6):704–12. doi: 10.1016/j.jacc.2017.06.016

23. Jensen, J, Omar, M, Kistorp, C, Tuxen, C, Gustafsson, I, Køber, L, et al. Effects of Empagliflozin on Estimated Extracellular Volume, Estimated Plasma Volume, and Measured Glomerular Filtration Rate in Patients With Heart Failure (Empire HF Renal): A Prespecified Substudy of a Double-Blind, Randomised, Placebo-Controlled Trial. Lancet Diabetes Endocrinol (2021) 9(2):106–16. doi: 10.1016/s2213-8587(20)30382-x

24. Neuen, BL, Ohkuma, T, Neal, B, Matthews, DR, de Zeeuw, D, Mahaffey, KW, et al. Effect of Canagliflozin on Renal and Cardiovascular Outcomes Across Different Levels of Albuminuria: Data From the CANVAS Program. J Am Soc Nephrol (2019) 30(11):2229–42. doi: 10.1681/asn.2019010064

25. Muskiet, MHA, Wheeler, DC, and Heerspink, HJL. New Pharmacological Strategies for Protecting Kidney Function in Type 2 Diabetes. Lancet Diabetes Endocrinol (2019) 7(5):397–412. doi: 10.1016/s2213-8587(18)30263-8

26. O'Neill, J, Fasching, A, Pihl, L, Patinha, D, Franzén, S, and Palm, F. Acute SGLT Inhibition Normalizes O2 Tension in the Renal Cortex But Causes Hypoxia in the Renal Medulla in Anaesthetized Control and Diabetic Rats. Am J Physiol Renal Physiol (2015) 309(3):F227–34. doi: 10.1152/ajprenal.00689.2014

27. Perkovic, V, Jardine, MJ, Neal, B, Bompoint, S, Heerspink, HJL, Charytan, DM, et al. Canagliflozin and Renal Outcomes in Type 2 Diabetes and Nephropathy. N Engl J Med (2019) 380(24):2295–306. doi: 10.1056/NEJMoa1811744

28. Wanner, C, Heerspink, HJL, Zinman, B, Inzucchi, SE, Koitka-Weber, A, Mattheus, M, et al. Empagliflozin and Kidney Function Decline in Patients With Type 2 Diabetes: A Slope Analysis From the EMPA-REG OUTCOME Trial. J Am Soc Nephrol (2018) 29(11):2755–69. doi: 10.1681/asn.2018010103

29. Heerspink, HJ, Perkins, BA, Fitchett, DH, Husain, M, and Cherney, DZ. Sodium Glucose Cotransporter 2 Inhibitors in the Treatment of Diabetes Mellitus: Cardiovascular and Kidney Effects, Potential Mechanisms, and Clinical Applications. Circulation (2016) 134(10):752–72. doi: 10.1161/circulationaha.116.021887

30. Yaribeygi, H, Simental-Mendía, L, Banach, M, Bo, S, and Sahebkar, A. The Major Molecular Mechanisms Mediating the Renoprotective Effects of SGLT2 Inhibitors: An Update. BioMed Pharmacother (2019) 120:109526. doi: 10.1016/j.biopha.2019.109526

31. Jardine, MJ, Zhou, Z, Mahaffey, KW, Oshima, M, Agarwal, R, Bakris, G, et al. Renal, Cardiovascular, and Safety Outcomes of Canagliflozin by Baseline Kidney Function: A Secondary Analysis of the CREDENCE Randomized Trial. J Am Soc Nephrol (2020) 31(5):1128–39. doi: 10.1681/asn.2019111168

32. Schork, A, Saynisch, J, Vosseler, A, Jaghutriz, BA, Heyne, N, Peter, A, et al. Effect of SGLT2 Inhibitors on Body Composition, Fluid Status and Renin-Angiotensin-Aldosterone System in Type 2 Diabetes: A Prospective Study Using Bioimpedance Spectroscopy. Cardiovasc Diabetol (2019) 18(1):46. doi: 10.1186/s12933-019-0852-y

33. Ansary, TM, Nakano, D, and Nishiyama, A. Diuretic Effects of Sodium Glucose Cotransporter 2 Inhibitors and Their Influence on the Renin-Angiotensin System. Int J Mol Sci (2019) 20(3):629. doi: 10.3390/ijms20030629

34. Yaribeygi, H, Farrokhi, FR, Rezaee, R, and Sahebkar, A. Oxidative Stress Induces Renal Failure: A Review of Possible Molecular Pathways. J Cell Biochem (2018) 119(4):2990–8. doi: 10.1002/jcb.26450

35. Tang, L, Wu, Y, Tian, M, Sjöström, CD, Johansson, U, Peng, XR, et al. Dapagliflozin Slows the Progression of the Renal and Liver Fibrosis Associated With Type 2 Diabetes. Am J Physiol Endocrinol Metab (2017) 313(5):E563–e76. doi: 10.1152/ajpendo.00086.2017

36. Tanaka, S, Sugiura, Y, Saito, H, Sugahara, M, Higashijima, Y, Yamaguchi, J, et al. Sodium-Glucose Cotransporter 2 Inhibition Normalizes Glucose Metabolism and Suppresses Oxidative Stress in the Kidneys of Diabetic Mice. Kidney Int (2018) 94(5):912–25. doi: 10.1016/j.kint.2018.04.025

37. Osorio, H, Coronel, I, Arellano, A, Pacheco, U, Bautista, R, Franco, M, et al. Sodium-Glucose Cotransporter Inhibition Prevents Oxidative Stress in the Kidney of Diabetic Rats. Oxid Med Cell Longev (2012) 2012:542042. doi: 10.1155/2012/542042

38. Ojima, A, Matsui, T, Nishino, Y, Nakamura, N, and Yamagishi, S. Empagliflozin, an Inhibitor of Sodium-Glucose Cotransporter 2 Exerts Anti-Inflammatory and Antifibrotic Effects on Experimental Diabetic Nephropathy Partly by Suppressing AGEs-Receptor Axis. Horm Metab Res (2015) 47(9):686–92. doi: 10.1055/s-0034-1395609

39. Barutta, F, Bruno, G, Grimaldi, S, and Gruden, G. Inflammation in Diabetic Nephropathy: Moving Toward Clinical Biomarkers and Targets for Treatment. Endocrine (2015) 48(3):730–42. doi: 10.1007/s12020-014-0437-1

40. Panchapakesan, U, Pegg, K, Gross, S, Komala, MG, Mudaliar, H, Forbes, J, et al. Effects of SGLT2 Inhibition in Human Kidney Proximal Tubular Cells–Renoprotection in Diabetic Nephropathy? PloS One (2013) 8(2):e54442. doi: 10.1371/journal.pone.0054442

41. Terami, N, Ogawa, D, Tachibana, H, Hatanaka, T, Wada, J, Nakatsuka, A, et al. Long-Term Treatment With the Sodium Glucose Cotransporter 2 Inhibitor, Dapagliflozin, Ameliorates Glucose Homeostasis and Diabetic Nephropathy in Db/Db Mice. PloS One (2014) 9(6):e100777. doi: 10.1371/journal.pone.0100777

42. Johnson, RJ, Nakagawa, T, Jalal, D, Sánchez-Lozada, LG, Kang, DH, and Ritz, E. Uric Acid and Chronic Kidney Disease: Which is Chasing Which? Nephrol Dial Transplant (2013) 28(9):2221–8. doi: 10.1093/ndt/gft029

43. Zhao, Y, Xu, L, Tian, D, Xia, P, Zheng, H, Wang, L, et al. Effects of Sodium-Glucose Co-Transporter 2 (SGLT2) Inhibitors on Serum Uric Acid Level: A Meta-Analysis of Randomized Controlled Trials. Diabetes Obes Metab (2018) 20(2):458–62. doi: 10.1111/dom.13101

44. Davies, MJ, Trujillo, A, Vijapurkar, U, Damaraju, CV, and Meininger, G. Effect of Canagliflozin on Serum Uric Acid in Patients With Type 2 Diabetes Mellitus. Diabetes Obes Metab (2015) 17(4):426–9. doi: 10.1111/dom.12439

45. Xin, Y, Guo, Y, Li, Y, Ma, Y, Li, L, and Jiang, H. Effects of Sodium Glucose Cotransporter-2 Inhibitors on Serum Uric Acid in Type 2 Diabetes Mellitus: A Systematic Review With an Indirect Comparison Meta-Analysis. Saudi J Biol Sci (2019) 26(2):421–6. doi: 10.1016/j.sjbs.2018.11.013

46. Mende, C. Management of Chronic Kidney Disease: The Relationship Between Serum Uric Acid and Development of Nephropathy. Adv Ther (2015) 32(12):1177–91. doi: 10.1007/s12325-015-0272-7

47. Benn, CL, Dua, P, Gurrell, R, Loudon, P, Pike, A, Storer, RI, et al. Physiology of Hyperuricemia and Urate-Lowering Treatments. Front Med (Lausanne) (2018) 5:160. doi: 10.3389/fmed.2018.00160

48. Kim, JH, Lee, M, Kim, SH, Kim, SR, Lee, BW, Kang, ES, et al. Sodium-Glucose Cotransporter 2 Inhibitors Regulate Ketone Body Metabolism via Inter-Organ Crosstalk. Diabetes Obes Metab (2019) 21(4):801–11. doi: 10.1111/dom.13577

49. Puchalska, P, and Crawford, PA. Multi-Dimensional Roles of Ketone Bodies in Fuel Metabolism, Signaling, and Therapeutics. Cell Metab (2017) 25(2):262–84. doi: 10.1016/j.cmet.2016.12.022

50. Cahill, GF Jr. Fuel Metabolism in Starvation. Annu Rev Nutr (2006) 26:1–22. doi: 10.1146/annurev.nutr.26.061505.111258

51. Fang, Y, Chen, B, Gong, AY, Malhotra, D, Gupta, R, Dworkin, LD, et al. The Ketone Body β-Hydroxybutyrate Mitigates the Senescence Response of Glomerular Podocytes to Diabetic Insults. Kidney Int (2021) 100(5):1037–53. doi: 10.1016/j.kint.2021.06.031

52. Fang, Y, Gong, AY, Haller, ST, Dworkin, LD, Liu, Z, and Gong, R. The Ageing Kidney: Molecular Mechanisms and Clinical Implications. Ageing Res Rev (2020) 63:101151. doi: 10.1016/j.arr.2020.101151

53. Kim, SR, Lee, SG, Kim, SH, Kim, JH, Choi, E, Cho, W, et al. SGLT2 Inhibition Modulates NLRP3 Inflammasome Activity via Ketones and Insulin in Diabetes With Cardiovascular Disease. Nat Commun (2020) 11(1):2127. doi: 10.1038/s41467-020-15983-6

54. Neuen, BL, Young, T, Heerspink, HJL, Neal, B, Perkovic, V, Billot, L, et al. SGLT2 Inhibitors for the Prevention of Kidney Failure in Patients With Type 2 Diabetes: A Systematic Review and Meta-Analysis. Lancet Diabetes Endocrinol (2019) 7(11):845–54. doi: 10.1016/s2213-8587(19)30256-6

55. Neuen, BL, Jardine, MJ, and Perkovic, V. Sodium-Glucose Cotransporter 2 Inhibition: Which Patient With Chronic Kidney Disease Should be Treated in the Future? Nephrol Dial Transplant (2020) 35(Suppl 1):i48–55. doi: 10.1093/ndt/gfz252

56. Verma, A, Patel, AB, and Waikar, SS. SGLT2 Inhibitor: Not a Traditional Diuretic for Heart Failure. Cell Metab (2020) 32(1):13–4. doi: 10.1016/j.cmet.2020.06.014

57. Wang, T, Patel, SM, Hickman, A, Liu, X, Jones, PL, Gantz, I, et al. SGLT2 Inhibitors and the Risk of Hospitalization for Fournier's Gangrene: A Nested Case-Control Study. Diabetes Ther (2020) 11(3):711–23. doi: 10.1007/s13300-020-00771-8

58. McGovern, AP, Hogg, M, Shields, BM, Sattar, NA, Holman, RR, Pearson, ER, et al. Risk Factors for Genital Infections in People Initiating SGLT2 Inhibitors and Their Impact on Discontinuation. BMJ Open Diabetes Res Care (2020) 8(1):e001238. doi: 10.1136/bmjdrc-2020-001238

59. Heerspink, HJL, Stefánsson, BV, Correa-Rotter, R, Chertow, GM, Greene, T, Hou, FF, et al. Dapagliflozin in Patients With Chronic Kidney Disease. N Engl J Med (2020) 383(15):1436–46. doi: 10.1056/NEJMoa2024816

60. Rhee, JJ, Jardine, MJ, Chertow, GM, and Mahaffey, KW. Dedicated Kidney Disease-Focused Outcome Trials With Sodium-Glucose Cotransporter-2 Inhibitors: Lessons From CREDENCE and Expectations From DAPA-HF, DAPA-CKD, and EMPA-KIDNEY. Diabetes Obes Metab (2020) 22(Suppl 1):46–54. doi: 10.1111/dom.13987

61. Bhatt, DL, Szarek, M, Pitt, B, Cannon, CP, Leiter, LA, McGuire, DK, et al. Sotagliflozin in Patients With Diabetes and Chronic Kidney Disease. N Engl J Med (2021) 384(2):129–39. doi: 10.1056/NEJMoa2030186

62. Cannon, CP, Pratley, R, Dagogo-Jack, S, Mancuso, J, Huyck, S, Masiukiewicz, U, et al. Cardiovascular Outcomes With Ertugliflozin in Type 2 Diabetes. N Engl J Med (2020) 383(15):1425–35. doi: 10.1056/NEJMoa2004967

63. Cherney, DZI, Dekkers, CCJ, Barbour, SJ, Cattran, D, Abdul Gafor, AH, Greasley, PJ, et al. Effects of the SGLT2 Inhibitor Dapagliflozin on Proteinuria in non-Diabetic Patients With Chronic Kidney Disease (DIAMOND): A Randomised, Double-Blind, Crossover Trial. Lancet Diabetes Endocrinol (2020) 8(7):582–93. doi: 10.1016/s2213-8587(20)30162-5




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Shaffner, Chen, Malhotra, Dworkin and Gong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2021.749010_cover.jpg
, frontlers
n Endocrinology

Therapeutic Targeting of
SGLT2: A New Erain the
Treatment of Diabetes and
Diabetic Kidney Disease





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Images/fendo-12-749010-g001.jpg
Phlorizin

Canagliflozin (Invokana) tofogliflozin monohydrate





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Therapeutic Targeting of SGLT2: A New Era in the Treatment of Diabetes and Diabetic Kidney Disease

      

        		

          Introduction

        



        		

          Pathobiology of SGLT2

        



        		

          Targeting of SGLT2 in Diabetes

        



        		

          Targeting of SGLT2 in DKD and Other Diabetic Complications

        

          		

            Regulation of Body Fluid Homeostasis by SGLT2 Inhibitors

          



          		

            Renal and Cardiovascular Benefits of SGLT2 Inhibitors in Diabetes

          



          		

            Effect of SGLT2 Inhibitors on Systemic and Intrarenal RAAS

          



          		

            Inhibitory Effect of SGLT2 Inhibitors on Renal Oxidative Stress in DKD

          



          		

            Anti-Inflammatory Effect of SGLT2 Inhibitors in DKD

          



          		

            Effect of SGLT2 Inhibitors on Metabolic Reprogramming in Diabetes

          



        



        



        		

          Potential Concerns With Clinical Use of SGLT2 Inhibitors in Diabetes

        



        		

          Conclusions and Perspectives

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-12-749010-g002.jpg
SGLT2 1 : activate

o~ \':Tiis/ | : inhibit
Kidney
‘ Adipose tissue

Glycosuria .
_ | Glycemia ~ °
‘ Pancreas ®
- ‘

| Na+ reabsorption |
1 a cell: Glucagon b “ _
| B cell: Insulin 1 Lipolysis

1 Ketone bodies
v

reabsorption
' P er 1 Free fatty acid

1 Plasma ketone bodies = —

1 Euglycemic ketosis

v

Protection against renal and cardiovascular complications of diabetes

1





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Transporter SGLT1 SGLT2 SGLT3 SGLT4 SGLT5 SGLT6
Gene name SLC5A1 SLC5A2 SLC5A4 SLC5A9 SLC5A10 SLC5AT11
Tissue distribution m Intestine m Kidney m Intestine m ntestine m Kidney Cortex m Intestine
= Kidney m Pancreas m Testis m Kidney m Kidney Cortex
m Trachea m Liver m Uterus m Liver m Brain
u Heart u Thyroid mLung = Brain m Spinal Cord
u Brain m Muscle u Brain m Trachea
= Testis m Heart m Thyroid = Lung
m Prostate m Uterus
m Pancreas
Endogenous substrates = D-glucose m Glucose m D-glucose m D-mannose m D-glucose m D-chiro-inositol
m D-galactose m D-glucose m Galactose m D-glucose
Inhibitors u Phiorizin ® Phlorizin ® Phlorizin m Phlorizin ® Phlorizin m Glucose
m KGA 2727 m Dapagliflozin m Gliflozins m Canaglifiozin
m[X4211 m Canaglifiozin = Dapaglifiozin
m GSK-1614235 m Empaglifiozin m Phlorizin
m |praglifiozin uCpd B

m Luseogliflozin
m Tofogliflozin
m Ertugliflozin
m Remoglifiozin
m Sotaglifiozin






