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Abstract

:

The sodium-glucose transporter 2 inhibitors (SGLT2i) are a relatively new class of medication used in the management of type 2 diabetes. Recent clinical trials and research have demonstrated this class’s effectiveness in treating heart failure, since they reduce the risk of cardiovascular events, hospitalization, and mortality. The mechanism by which they do so is unclear; however, SGLT2i inhibit the tubular reabsorption of glucose, lowering the interstitial volume. This mechanism leads to a reduction in blood pressure and an improvement of endothelial function. As a result, improvements in hospitalization and mortality rate have been shown. In this review, we focus on the primary outcome of the clinical trials designed to investigate the effect of SGLT2i in heart failure, regardless of patients’ diabetic status. Furthermore, we compare the various SGLT2i regarding their risk reduction to investigate their potential as a treatment option for patients with reduced ejection fraction and preserved ejection fraction.
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1. Introduction


Cardiovascular diseases remain the leading cause of death worldwide, with heart failure (HF) being one of the significant causes of mortality in patients with type 2 diabetes mellitus (T2D) [1].



According to the Framingham study, the patients with T2D have a two- and five-fold higher risk of developing HF in men and women, respectively, compared to the healthy population [2]. As a result, HF diminishes the quality of life and increases hospitalization, making this syndrome a growing public health matter [3]. HF is present in about 20–40% of diabetic patients [4].



The patients with HF are assessed mainly by echocardiography and their symptoms, and they are classified into three groups based on their ejection fraction (EF): reduced EF (EF < 40%; HFrEF); intermediate EF (EF between 40% and 49%; HFmrEF); and preserved EF (EF > 50%; HFpEF) [5]. The people suffering from HFrEF often show dyspnea, orthopnea, paroxysmal nocturnal dyspnea, fatigue, and ankle swelling [6]. The currently approved pharmacological treatments for HFrEF are reported in Table 1.



A new class of drugs, sodium-glucose co-transporter two inhibitors (SGLT2i), has recently been added to the treatment of HF [5,7]. According to the European Medicines Agency (EMA) and the Food and Drug Administration (FDA), all new glucose-lowering agents used in patients with T2D must demonstrate cardiovascular safety to prevent cardiovascular complications [7,8].



Therefore, the CVOTs (CardioVascular Outcome Trials) are designed to analyze the safety of glucose-lowering agents concerning three-point Major Adverse Cardiovascular events (MACE), including cardiovascular death, non-fatal myocardial infarction, and non-fatal stroke. The CVOTs relating to the SGLT2 inhibitors have shown that these agents are safe in terms of three-point MACE and may also be protective against HF-related events, independent of atherosclerotic cardiovascular disease (CVD) or the presence of HF at baseline [9,10]. SGLT2i is a relatively new class of drugs used for the management of T2D, and they have shown potential benefit in HFrEF (Figure 1 and Figure 2) [11].



The FDA has approved the clinical use of the following SGLT2i: Empagliflozin; Dapagliflozin; Canagliflozin; and Ertugliflozin, while to date, Ertugliflozin has not yet been authorized by the EMA [4]. These drugs were initially developed from phlorizin found in the bark of the apple tree, which acts as a non-selective competitive inhibitor of the SGLT2 protein [12]. The synthetic analogs of phlorizin were developed to have a higher selectivity for SGLT2, a longer half-life (>12 h), and better oral bioavailability [12]. This class is unique compared to any other antihyperglycemic in that they have a significant blood glucose-lowering effect, independent of insulin [13].



The SGLT2 transports a glucose molecule across the glomerular membrane by using the electrochemical gradient of Na+ transport [13]. These transporters are responsible for the reabsorption of about 90% of glucose in the S1 segment of the proximal tubules [13]. In healthy subjects, glucosuria occurs when the blood glucose level exceeds 180 mg/dL [14].



However, in people with diabetes, SLGT2 is upregulated, leading to an increased glucose reabsorption in the proximal tubules, and thus shifting the threshold of glycosuria to ≈ 220 mg/dL [4].



The SGLT2 activity requires energy provided by the gradient generated by the Na+/K+ ATPase at the basolateral surface of the PCT epithelial cells, in contrast to the passive transport of glucose from the cytoplasm to plasma via GLUT2 [15]. In addition, the upregulation of the SGLT2 gene and lower glucose excretion in the urine leads to worsened glycemic control [16]. SGLT2i reduces glucose reabsorption in the renal tubules and increases glucose excretion in the urine, lowers blood glucose levels, and reduces blood pressure and HbA1c by 0.5–1% or by 0.6–11 mmol/mol [17]. The selective inhibitor of SGLT2 acts on the kidney’s proximal tubule by blocking the resorption of glucose and causing glucosuria [18]. Therefore, the use of SGLT2i in T2D patients leads to glucosuria, which lowers blood glucose levels and minimizes the risk of hypoglycemia [4]. Recent evidence has documented the efficacy of SGLT2i in reducing cardiovascular complications and hospitalization in patients with and without diabetes (Figure 3) [18].



Recently, the importance of personalized medical treatment in patients with T2D or HF has become apparent. The 2022 American Heart Association guidelines (AHA) recommend SGLT2i as a first-line therapy in patients with HFrEF [19]. These drugs also have a high evidence level 2a in patients with HFpEF and HF with mildly reduced ejection fraction (HFmrEF) [19].



We aim to elucidate the efficacy and safety of SGLT2i in patients with HFrEF and HFpEF and outline the main clinical trials and recent guidelines. We also aim to understand the molecular mechanism underlying these effects.




2. Sglt2i Clinical Trials on Cardiovascular Disease


2.1. Empagliflozin


Several CVOTs were designed to evaluate the use of SGLT2i in patients with high cardiovascular risk. The first SGLT2i cardiovascular trial was EMPA-REG OUTCOME [20], which studied 7020 patients with T2DM and established atherosclerotic cardiovascular disease (ASCVD) over 3.1 years. The primary composite endpoint was major adverse cardiac events (MACE), such as cardiovascular death, nonfatal stroke, and nonfatal myocardial infarction. These showed a 14% reduction compared with the placebo group (HR, 0.86; 95% CI, 0.74–0.99; p = 0.04 for superiority). In addition, the empagliflozin group had a 32% risk reduction in death from all-causes, a 38% risk reduction in cardiovascular causes (HR, 0.62; 95% CI, 0.49–0.77), and a 35% relative risk reduction in hospitalization for heart failure. No significant differences were found in the myocardial infarction or stroke rates between the two groups. An increased rate of genital infection was observed among the patients receiving empagliflozin [20]. Empagliflozin reduced the overall burden of cardiovascular complications and hospital admissions in patients with type 2 diabetes and atherosclerotic cardiovascular disease [21]. The EMPEROR-REDUCED, a multicenter, randomized, double-blind, placebo-controlled trial, aimed to investigate the effect of empagliflozin in patients with established HF with an HFrEF [22]. The study included 3730 patients with or without T2DM with a chronic HF for at least three months with a left ventricular ejection fraction (LVEF) ≤ 40%, treated with optimal medical therapy.



During the 16-month study period, the primary endpoint was CV death or HFH, whether or not diabetes was present. The primary endpoint occurred in 361 of 1863 patients (19.4%) in the empagliflozin group and in 462 of 1867 (24.7%) in the placebo group (HR, 0.75; 95% [CI], 0.65 to 0.86; p < 0.001). Secondary endpoints, including total HFH, were lower in the empagliflozin group than in the placebo (p < 0.001). In addition, the decline of glomerular filtration rate was slower in the empagliflozin- than in the placebo group (−0.55 vs. −2.28 mL per minute per 1.73 m2 of body surface area per year, p < 0.001). The latter effect of empagliflozin was associated with a lower risk of severe renal impairment [23,24].



Empagliflozin has also been shown to modulate the activation of the Ca++/calmodulin-dependent kinase II, which contributes to the activation of NHE-1 in the heart. This effect in preventing calcium overload may explain why the drug prevents the time-dependent decline in systolic heart function in experimental heart failure caused by pressure overload [22,25].



In the EMPEROR-Preserved, a double-blind study, 5988 patients with HF (NYHA class II-IV) and an LVEF > of 40% were randomized to receive empagliflozin or a placebo in addition to the standard therapy [26]. Empagliflozin reduced the combined risk of cardiovascular death or HFH in the patients with HFpEF, whether or not diabetes was present.



The total number of HFH was lower in the empagliflozin than in the placebo group (p < 0.001). However, empagliflozin more frequently reported uncomplicated genital and urinary tract infections and hypotension [27]. Kolijn et al. studied the effects of empagliflozin on human HFpEF myocardium and obese rats with ZDF. They showed that empagliflozin reduced the myocardial inflammation and oxidative stress, improved endothelial function, and thereby reversed the pathological suppression of the NO-sGC-cGMP-PKG pathway and its downstream targets, resulting in reduced pathological cardiomyocyte stiffness. This could be a potential mechanism by which the drug could improve CV outcomes in patients with HFpEF [28].




2.2. Dapagliflozin


Dapagliflozin is a selective inhibitor of SGLT2 that blocks the glucose reabsorption in the proximal tubule of the kidney, promotes glucosuria, and induces clinically significant changes in the glycemic parameters in T2DM patients [29].



Dapagliflozin was evaluated in the DECLARE-TIMI 58 study, which enrolled 17,160 diabetic patients (HA1c level at least 6.5% but less than 12.0%) with or without (10,186 pts) established ASCVD and followed them for 4.2 years [30]. All of the eligible patients were 40 or older and had an estimated glomerular filtration rate (eGFR) of 60 mL/min. The patients were divided into two groups receiving dapagliflozin 10 mg or placebo. The primary efficacy outcomes were MACE and a composite of cardiovascular death or HFH [30]. Compared to the EMPA-REG OUTCOME and CANVAS, the inclusion criteria for this study indicated that participants were at a lower risk for CVD [17].



Dapagliflozin did not significantly reduce the primary composite outcome, including CV death, non-fatal MI, and non-fatal stroke (HR, 0.93; 95% CI, 0.84–1.03; p = 0.17), and hospitalization, but did result in a lower rate of cardiovascular death or HFH.



DECLARE-TIMI 58 was the first SGLT2i study to include HFH [30]. There was no significant difference in the various primary endpoints in the dapagliflozin group compared with the placebo group; however, only HFH was significantly reduced by dapagliflozin (HR, 0.73; 95% CI, 0.61–0.88). The secondary evidence of efficacy was renal composite and death from any cause. Dapagliflozin also reduced the incidence of HFH or CV death by 17% (HR, 0.83; 95% CI, 0.75–0.95). In the baseline population, 3.9% of patients had HFrEF, 7.7% had HFpEF, and the remaining 88.4% had no history of HF. It was observed that dapagliflozin reduced the number of hospitalizations or cardiovascular deaths more in patients with HFrEF (HR 0.62, 95% CI, 0.45–0.86) compared with those with HFpEF (HR, 0.88; 95% CI, 0.76–1.02; p-interaction 0.046) [30,31]. However, this study reported only a 2% reduction in CV death with dapagliflozin, compared with a 38% reduction in cardiovascular death with empagliflozin [18]. In addition, dapagliflozin showed a lower rate of adverse renal events [32].



DAPA-HF was the first outcome study designed to evaluate the effect of dapagliflozin in patients with HFrEF, with or without diabetes. In this trial, the patients with HF, NYHA class II, III, or IV, low LVEF 40% or less, and elevated levels of proBNP (≥600 pg/mL), received either dapagliflozin (at a dose of 10 mg once daily) or placebo, in addition to the recommended therapy [33]. This study included 4744 participants who were followed up for 18.2 months. The primary endpoint was an exacerbation of HF or death from CV causes. This outcome occurred in 16.3% in the dapagliflozin group and 21.2% in the placebo group (p < 0.001), regardless of the presence or absence of diabetes. The secondary endpoint was a composite of HFH and cardiovascular death, significantly reduced with dapagliflozin compared to placebo in those with and without diabetes.



The clinical benefit of dapagliflozin was mainly attributable to a 30% reduction in hospitalizations and urgent heart failure visits and a significant decrease in cardiovascular mortality (HR, 0.82; 95% CI, 0.69–0.98). The adverse effects associated with dapagliflozin, including volume depletion, renal dysfunction, and hypoglycemia, were not significantly different from the placebo group [33].



The PRESERVED-HF trial evaluated dapagliflozin in patients with HFpEF, a condition with few therapeutic options. This study randomized 324 patients with NYHA class II to IV, with LVEF higher than 45% for 12 weeks; in addition, 56% of the subjects had T2D, and 53% had atrial fibrillation. The Kansas City Cardiomyopathy Questionnaire (KCCQ) was the primary endpoint. Dapagliflozin improved the KCCQ by 5.8 points compared to the placebo group (p = 0.001) [34].



The DELIVER Phase III trial randomized 6263 patients with mildly reduced ejection fraction (HFmrEF) and HfpEF to receive dapagliflozin 10 mg or placebo. The primary endpoints were cardiovascular death and HF events. The secondary endpoints consisted of change from baseline in total symptom score of the KCCQ at 8 months, time to occurrence of CV death, and time to the occurrence of death from any cause [35]. The findings from the phase 3 DELIVER trial showed that dapagliflozin significantly reduced the risk for CV death or worsening HF compared vs. placebo [36].



Khalaf et al. studied cardiomyopathy in diabetic rats using dapagliflozin and crocin alone, or in combination with lactobacillus [37]. They showed a synergistic effect of the triple combination that reduced oxidation, inflammation, and apoptotic activities. In addition, dapagliflozin showed an increase in the expression of Cx 43 in the cardiomyocytes of diabetic rats by modulating the Akt/mTOR pathway [38]. Cx 43 is the major connexin expressed in the ventricle and plays a crucial role in the development of HF and arrhythmias [39]. Dapagliflozin also enhanced the biochemical indices, such as malondialdehyde and glutathione, as well as proinflammatory mediators such as NF-κB and tumor necrosis factor-α [38]. This could be a possible mechanism by which dapagliflozin could modulate cardiac remodeling and prevent arrhythmias in patients with HF [40].




2.3. Canagliflozin


The CANVAS (Canagliflozin Cardiovascular Assessment Study) program included CANVAS and CANVAS-R (renal), evaluating the effect of canagliflozin in 10,142 diabetic patients with or without ASCVD, with a mean follow-up of 188.2 weeks [41].



The clinical effect on each primary outcome was neutral, and the use of canagliflozin only reduced heart failure hospitalization (HFH) (HR, 0.67; 95% CI, 0.52–0.87).



The reduction in cardiovascular death or HFH appeared to be greater in patients with a history of HF (hazard ratio [HR] 0.61, 95% confidence interval [CI] 0.46–0.80) than in patients without a history of HF (HR 0.87, 95% CI 0.72–1.06; p for interaction 0.021). Regarding the secondary outcome, death from any cause, no superiority was observed between the canagliflozin and placebo groups. It was demonstrated that there was also no significant difference between the two groups in the fatal secondary outcome, death from any cause or cardiovascular causes (HR, 0.87; 95% CI, 0.74 to 1.01 and HR, 0.87; 95% CI, 0.72 to 1.06, respectively) [32,41].



The CREDENCE study examined the effect of canagliflozin in 4401 people with T2D and chronic kidney disease with or without CVD over 2.6 years. The primary outcome was a composite of end-stage kidney disease, a doubling of the creatinine level, or death from renal or cardiovascular causes. The relative risk of the primary outcome was 30% lower in the canagliflozin group than in the placebo group (p = 0.00001). HFH was reported in 4.0% of patients receiving canagliflozin, compared with 6.4% in the placebo group (p < 0.001). In addition, CV death or HFH occurred in 8.1% of canagliflozin patients compared with 11.5% of placebo patients (p = 0.01) [42].




2.4. Ertugliflozin


VERTIS-CV is a multicenter, double-blind trial that followed up 8246 diabetic patients with established ASCVD for 3.5 years and who were randomly assigned to receive 5 mg or 15 mg of ertugliflozin or placebo [43]. In this trial, ertugliflozin did not achieve superiority in reducing major CV or secondary composite renal events. The incidence of death from CV causes or HFH did not differ significantly between the trial groups. However, HFH was reduced by ertugliflozin, and it was reported that when ertugliflozin is used alone with the standard of care medication, it can decrease the risk of a sustained 40% decline in eGFR in patients with T2DM and established ASCVD. Overall, ertugliflozin reduced the risk for first HFH (HR, 0.70 [95% CI, 0.54–0.90]; p = 0.006) [43]. Indeed, a subgroup analysis suggested a benefit for HFH and HFH/CV death with ertugliflozin vs. placebo among patients with a higher risk (presence of albuminuria, higher KDIGO class). The adverse events, such as urinary infections observed with ertugliflozin, were similar to the known risks of the medicines in the SGLT2 inhibitor class. In the patients with type 2 diabetes mellitus, ertugliflozin reduced the risk of first and total HFH and total HFH/CV death, further supporting the use of sodium-glucose cotransporter 2 inhibitors in the primary and secondary prevention of HFH [44].




2.5. Sotagliflozin


Sotagliflozin is the most recent SGLT2i studied for safety and cardiovascular risk in diabetic patients. The SCORED study randomly enrolled 10,584 individuals with type 2 diabetes and chronic kidney disease, regardless of the presence of ASCVD (at least one major if age > 18 years, at least two minor if age ≥ 55 years), to receive sotagliflozin or placebo. A total of 31% of the participants had a history of HF [45]. The trial stopped early, after 1.3 years, due to a loss of funding due to COVID-19. To maintain the statistical power, the investigators changed the primary endpoint to CV death, HF hospitalization, and urgent visits for HF for sotagliflozin vs. placebo: 11.3% vs. 14.4% (p = 0.0004). This achieved significance by 95 days of follow-up [45]. Sotagliflozin is also able to reduce the gastrointestinal SGLT1 delay in glucose absorption and reduce postprandial glucose; this resulted in a 26% reduction in the primary outcome (HR, 0.74; 95% CI, 0.63–0.88) [45,46].



However, sotagliflozin was neutral compared with placebo in terms of mortality from CV causes or renal endpoint (HR, 0.90; 95% CI, 0.73–1.12) [45].



The SOLOIST-WHF study was designed to evaluate the effect of sotagliflozin in diabetic patients with HFrEF who were recently hospitalized for worsening heart failure HF [47]. SOLOIST-WHF was also terminated early because of a loss of funding, and 1222 patients were followed for nine months. This trial resulted in a 33% reduction in the primary outcome, defined as the composite outcome of CV death, HFH, and urgent visits for HF (HR, 0.67; 95% CI, 0.52–0.85). Sotagliflozin was neutral for CV mortality. However, it also showed a 30% reduction in HFH and urgent visits for HF (HR, 0.64; 95% CI, 0.49–0.83) [48].



As in the SCORED study, sotagliflozin was associated with diarrhea, which was not observed in DAPA-HF or EMPEROR-REDUCED. Therefore, this side effect could be a consequence of the inhibition of intestinal SGLT1 [46]. Another adverse effect observed with this agent was severe hypoglycemia [18].





3. Discussion


The mechanisms of action of SGLT2i in HF are still unclear, although the drugs have been shown to have multiple metabolic, hemodynamic, and organ-specific effects (Figure 3). In addition to reabsorbing glucose, SGLT2i affects renal function by enhancing diuresis processes, such as glycosuria, natriuresis, and uricosuria. They can lower intraglomerular pressure, which promotes the preservation of renal function [48,49]. SGLT2i may also produce pleiotropic effects, increase insulin sensitivity and glucose uptake in muscle cells, stimulate weight loss through renal caloric loss in glycosuria, and positively affect body fat distribution (Figure 3). A particular effect in patients treated with SGLT2i is an increase in plasma ketone bodies, presumably due to increased ketogenesis [50].



The increased ketogenesis could play a role in the organ-protective effect of these drugs [51]. The increased ketone body levels could be due to a systemic increase in free fatty acid (FFA) mobilization triggered by the reduction in plasma glucose and insulin caused by treatment. Although increased FFA mobilization is likely, there are currently no data in the literature that directly assess this mechanism [52]. In addition, SGLT2i appears to produce a more significant reduction in interstitial fluid. They resulted in a twofold increase in diuresis without evidence of plasma volume contraction or impaired renal function, which may prevent plasma volume depletion and subsequent hypoperfusion, as occasionally observed with the use of diuretics [53]. However, the complete mechanisms of cardioprotection induced by SGLT2i have to be clarified. An interesting hypothesis proposed in the animal models is the direct inhibition of the Na+/H+ exchanger (NHE) by SGLT2i, reducing the cardiac cytosolic Na+ and cytosolic Ca2+. NHE is overexpressed in both T2DM and HF. In addition, SGLT2i induce vasodilation and reduce myocardial oxidative stress in the healthy heart [54]. In the HF patients suffering from insulin resistance, FFA is used as an 80% energy source over glucose, resulting in the reduced efficiency of cardiac metabolism, suggesting that people with diabetes lack metabolic flexibility. By promoting a shift in metabolism from FFA to glucose oxidation, SGLT2i led to increased cardiac ATP production and prevented a decline in cardiac function [55]. In addition, the EMPA-HEART CardioLink-6 study and DAPA-HF showed that SGLT2i in T2D and ASCVD reduced left ventricular remodeling and improved diastolic function without negative inotropic effects [56].



SGLT2i reduced CV risk in relation to kidney function but not previous CVD status, and lower renal function was associated with a more significant reduction in HFH.



Although CREDENCE was not planned as a CVOT and therefore only 50.4% of the participants had prior CVD (compared with 40.6%, 65.6%, and 99.2% in DECLARE-TIMI 58, CANVAS, and EMPA- REG OUTCOME, respectively), MACE was twofold higher in this study than in DECLARE-TIMI 58. Therefore, the population of DECLARE-TIMI 58 had higher eGFR compared with CANVAS and EMPAREG OUTCOME.



In EMPA-REG OUTCOME, the baseline population had a higher rate of events with prior confirmed CVD than in CANVAS and DECLARE-TIMI 58. There is a need for large-scale trials of SGLT2i with appropriate inclusion and exclusion criteria and appropriate endpoints to ensure a straightforward comparison of the drugs. Among the SGLT2i trials (Table 2), CREDENCE had the highest CV event rates and DECLARE-TIMI the lowest. Despite these differences, the relative risk reductions (RRRs) for similar composite renal endpoints were externally consistent between the four studies [17]. In addition, the DECLARE-TIMI 58 study showed that the benefits of CV death or HFH were more pronounced in patients with HFrEF than in HFpEF. The benefit was particularly notable in the patients with LVEF ≤ 30% [31].



DAPA-HF and EMPEROR-REDUCED, the two trials specifically in patients with HFrEF, showed that the use of SGLT2i is associated with reduced hospitalization, regardless of patients’ diabetes status. In the DAPA-HF study, dapagliflozin was as effective in 55% of the patients without type 2 diabetes as in those with diabetes. This evidence of a cardiovascular benefit of an SGLT2i in patients without diabetes supports previous evidence that such a treatment has other beneficial effects, besides lowering blood glucose levels [42,57,58]. Similar results were found in the EMPEROR-REDUCED trial, in which empagliflozin was associated with fewer HFH and a slower decline in estimated GFR. In addition, empagliflozin was associated with a lower combined risk of cardiovascular death or HFH than placebo and a slower progressive decline in renal function in the patients with chronic HFrEF, whether or not diabetes was present [23].



The SOLOIST-WHF was the most recent outcome study to evaluate the effect of SGLT2i and sotagliflozin in HFrEF patients with diabetes hospitalized for worsening HF. The study showed that in the patients with diabetes who had worsening heart failure, the total number of cardiovascular deaths, hospitalizations, and urgent visits for HF was significantly lower with the SGLT2 and SGLT1 inhibitor sotagliflozin than with placebo.



Furthermore, in DAPA-HF, the cardiovascular deaths were lower in the dapagliflozin group than in the placebo group. The baseline characteristics of the SGLT2i trials in patients with HFrEF showed that the populations of DAPA-HF had higher eGFR, lower NT-proBNP levels, and a reduced use of ARNI and cardiac resynchronization therapy than those of EMPEROR-REDUCED and SOLOIST-WHF. The differences in these baseline risk factors may be related to the lower event rates, particularly HFH events in the study DAPA-HF.



The recent studies have demonstrated the efficacy of empagliflozin and dapagliflozin at a dose of 10 mg in improving HFH compared with standard treatment, with no significant differences between them [59].



For the first time, a recent study has documented the effectiveness of an SGLT2i in HF-hospitalized patients. The EMPULSE trial compared empagliflozin 10 mg with placebo in patients with a primary diagnosis of decompensated chronic HF regardless of LVEF. The patients were randomized in the hospital and treated for up to three months. The patients treated with empagliflozin had a higher clinical benefit than placebo (p = 0.0054), meeting the primary endpoint. In addition, clinical benefit was observed in both the acute de novo and decompensated chronic HF, independent of EF or the presence or absence of diabetes.



The EMPULSE study showed that empagliflozin reduced the adverse events in the acutely decompensated HF patients [60].




4. Conclusions


The use of SGLT2i in patients with T2DM has improved CVOTs and controlled metabolic effects. In addition, a reduction in HFH in the patients treated with SGT2i has been demonstrated in all of the CVOTs. This reduction in HFH risk was observed in both the patients with and without HF history. However, the patients with HF history accounted for only a small proportion of the COVT populations, particularly without documentation of LVEF for natriuretic peptide levels. These effects of SGLT2i on CV outcomes may not be directly related to glycemic control, suggesting that these clinical benefits may also apply to non-diabetic patients, particularly when affected by HF. The main goals of treatment for HF are to improve quality of life, reduce hospitalization, and decrease mortality. For that reason, further studies are necessary to evaluate the efficacy and safety of SGLT2i as a therapeutic option for HFrEF, particularly during the acute phases.







Author Contributions


Conceptualization, S.M. and A.A.; methodology, S.M. and A.A.; validation, S.M., A.A., F.B. and D.L.; investigation, S.M. and A.A.; resources, D.L.; data curation, R.T.; writing—original draft preparation, S.M. and A.A.; writing—review and editing, S.M. and A.A.; visualization, M.M., D.D.M., N.D.D., F.B., A.B. and D.L.; supervision, F.B. and D.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


All figures were created with the application of biorender.com.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Seferović, P.M.; Fragasso, G.; Petrie, M.; Mullens, W.; Ferrari, R.; Thum, T.; Bauersachs, J.; Anker, S.D.; Ray, R.; Çavuşoğlu, Y.; et al. Sodium–Glucose Co-transporter 2 Inhibitors in Heart Failure: Beyond Glycaemic Control. A Position Paper of the Heart Failure Association of the European Society of Cardiology. Eur. J. Heart Fail. 2020, 22, 1495–1503. [Google Scholar] [CrossRef] [PubMed]

	



Kannel, W.B.; Hjortland, M.; Castelli, W.P. Role of Diabetes in Congestive Heart Failure: The Framingham Study. Am. J. Cardiol. 1974, 34, 29–34. [Google Scholar] [CrossRef]

	



McEwan, P.; Darlington, O.; McMurray, J.J.V.; Jhund, P.S.; Docherty, K.F.; Böhm, M.; Petrie, M.C.; Bergenheim, K.; Qin, L. Cost-effectiveness of Dapagliflozin as a Treatment for Heart Failure with Reduced Ejection Fraction: A Multinational Health-economic Analysis of DAPA-HF. Eur. J. Heart Fail. 2020, 22, 2147–2156. [Google Scholar] [CrossRef] [PubMed]

	



Wojcik, C.; Warden, B.A. Mechanisms and Evidence for Heart Failure Benefits from SGLT2 Inhibitors. Curr. Cardiol. Rep. 2019, 21, 130. [Google Scholar] [CrossRef]

	



McDonagh, T.A.; Metra, M.; Adamo, M.; Gardner, R.S.; Baumbach, A.; Böhm, M.; Burri, H.; Butler, J.; Čelutkienė, J.; Chioncel, O.; et al. 2021 ESC Guidelines for the Diagnosis and Treatment of Acute and Chronic Heart Failure. Eur. Heart J. 2021, 42, 3599–3726. [Google Scholar] [CrossRef]

	



Murphy, S.P.; Ibrahim, N.E.; Januzzi, J.L. Heart Failure With Reduced Ejection Fraction: A Review. JAMA 2020, 324, 488. [Google Scholar] [CrossRef]

	



Brito, D.; Bettencourt, P.; Carvalho, D.; Ferreira, J.; Fontes-Carvalho, R.; Franco, F.; Moura, B.; Silva-Cardoso, J.C.; de Melo, R.T.; Fonseca, C. Sodium-Glucose Co-Transporter 2 Inhibitors in the Failing Heart: A Growing Potential. Cardiovasc. Drugs Ther. 2020, 34, 419–436. [Google Scholar] [CrossRef]

	



Lam, C.S.P.; Chandramouli, C.; Ahooja, V.; Verma, S. SGLT-2 Inhibitors in Heart Failure: Current Management, Unmet Needs, and Therapeutic Prospects. JAHA 2019, 8, e013389. [Google Scholar] [CrossRef]

	



Samia El Hayek, M.M.; Beydoun, M.F.; Azar, S.T. Antidiabetic Medications in Patients with Heart Failure. Minerva Endocrinol. 2017, 42, 53–63. [Google Scholar] [CrossRef]

	



Tamargo, J. Sodium–Glucose Cotransporter 2 Inhibitors in Heart Failure: Potential Mechanisms of Action, Adverse Effects and Future Developments. Eur. Cardiol. 2019, 14, 23–32. [Google Scholar] [CrossRef]

	



Espinoza, C.; Alkhateeb, H.; Siddiqui, T. Updates in Pharmacotherapy of Heart Failure with Reduced Ejection Fraction. Ann. Transl. Med. 2021, 9, 516. [Google Scholar] [CrossRef] [PubMed]

	



Ghezzi, C.; Loo, D.D.F.; Wright, E.M. Physiology of Renal Glucose Handling via SGLT1, SGLT2 and GLUT2. Diabetologia 2018, 61, 2087–2097. [Google Scholar] [CrossRef] [PubMed]

	



Genuardi, M.V.; Mather, P.J. The Dawn of the Four-Drug Era? SGLT2 Inhibition in Heart Failure with Reduced Ejection Fraction. Ther. Adv. Cardiovasc. Dis. 2021, 15, 175394472110026. [Google Scholar] [CrossRef] [PubMed]

	



DeFronzo, R.A.; Norton, L.; Abdul-Ghani, M. Renal, Metabolic and Cardiovascular Considerations of SGLT2 Inhibition. Nat. Rev. Nephrol. 2017, 13, 11–26. [Google Scholar] [CrossRef] [PubMed]

	



Rieg, T.; Vallon, V. Development of SGLT1 and SGLT2 Inhibitors. Diabetologia 2018, 61, 2079–2086. [Google Scholar] [CrossRef]

	



Mather, A.; Pollock, C. Glucose Handling by the Kidney. Kidney Int. 2011, 79, S1–S6. [Google Scholar] [CrossRef]

	



Kluger, A.Y.; Tecson, K.M.; Lee, A.Y.; Lerma, E.V.; Rangaswami, J.; Lepor, N.E.; Cobble, M.E.; McCullough, P.A. Class Effects of SGLT2 Inhibitors on Cardiorenal Outcomes. Cardiovasc. Diabetol 2019, 18, 99. [Google Scholar] [CrossRef]

	



Oh, J.; Lee, S.-H.; Lee, C.J.; Kang, S.-M. Sodium-Glucose Co-Transporter 2 Inhibitors: A New Path for Heart Failure Treatment. Korean Circ. J. 2021, 51, 399. [Google Scholar] [CrossRef]

	



Heidenreich, P.A.; Bozkurt, B.; Aguilar, D.; Allen, L.A.; Byun, J.J.; Colvin, M.M.; Deswal, A.; Drazner, M.H.; Dunlay, S.M.; Evers, L.R.; et al. 2022 AHA/ACC/HFSA Guideline for the Management of Heart Failure: A Report of the American College of Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. J. Am. Coll. Cardiol. 2022, 79, e263–e421. [Google Scholar] [CrossRef]

	



Zinman, B.; Wanner, C.; Lachin, J.M.; Fitchett, D.; Bluhmki, E.; Hantel, S.; Mattheus, M.; Devins, T.; Johansen, O.E.; Woerle, H.J.; et al. Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes. N. Engl. J. Med. 2015, 373, 2117–2128. [Google Scholar] [CrossRef]

	



McGuire, D.K.; Zinman, B.; Inzucchi, S.E.; Wanner, C.; Fitchett, D.; Anker, S.D.; Pocock, S.; Kaspers, S.; George, J.T.; von Eynatten, M.; et al. Effects of Empagliflozin on First and Recurrent Clinical Events in Patients with Type 2 Diabetes and Atherosclerotic Cardiovascular Disease: A Secondary Analysis of the EMPA-REG OUTCOME Trial. Lancet Diabetes Endocrinol. 2020, 8, 949–959. [Google Scholar] [CrossRef]

	



Packer, M.; Butler, J.; Filippatos, G.S.; Jamal, W.; Salsali, A.; Schnee, J.; Kimura, K.; Zeller, C.; George, J.; Brueckmann, M.; et al. Evaluation of the Effect of Sodium–Glucose Co-transporter 2 Inhibition with Empagliflozin on Morbidity and Mortality of Patients with Chronic Heart Failure and a Reduced Ejection Fraction: Rationale for and Design of the EMPEROR-Reduced Trial. Eur. J. Heart Fail. 2019, 21, 1270–1278. [Google Scholar] [CrossRef] [PubMed]

	



Packer, M.; Anker, S.D.; Butler, J.; Filippatos, G.; Pocock, S.J.; Carson, P.; Januzzi, J.; Verma, S.; Tsutsui, H.; Brueckmann, M.; et al. Cardiovascular and Renal Outcomes with Empagliflozin in Heart Failure. N. Engl. J. Med. 2020, 383, 1413–1424. [Google Scholar] [CrossRef] [PubMed]

	



Zannad, F.; Ferreira, J.P.; Pocock, S.J.; Anker, S.D.; Butler, J.; Filippatos, G.; Brueckmann, M.; Ofstad, A.P.; Pfarr, E.; Jamal, W.; et al. SGLT2 Inhibitors in Patients with Heart Failure with Reduced Ejection Fraction: A Meta-Analysis of the EMPEROR-Reduced and DAPA-HF Trials. Lancet 2020, 396, 819–829. [Google Scholar] [CrossRef]

	



Byrne, N.J.; Parajuli, N.; Levasseur, J.L.; Boisvenue, J.; Beker, D.L.; Masson, G.; Fedak, P.W.M.; Verma, S.; Dyck, J.R.B. Empagliflozin Prevents Worsening of Cardiac Function in an Experimental Model of Pressure Overload-Induced Heart Failure. JACC Basic Transl. Sci. 2017, 2, 347–354. [Google Scholar] [CrossRef] [PubMed]

	



Anker, S.D.; Butler, J.; Filippatos, G.; Ferreira, J.P.; Bocchi, E.; Böhm, M.; Brunner–La Rocca, H.-P.; Choi, D.-J.; Chopra, V.; Chuquiure-Valenzuela, E.; et al. Empagliflozin in Heart Failure with a Preserved Ejection Fraction. N. Engl. J. Med. 2021, 385, 1451–1461. [Google Scholar] [CrossRef]

	



Anker, S.D.; Butler, J.; Filippatos, G.S.; Jamal, W.; Salsali, A.; Schnee, J.; Kimura, K.; Zeller, C.; George, J.; Brueckmann, M.; et al. Evaluation of the Effects of Sodium–Glucose Co-transporter 2 Inhibition with Empagliflozin on Morbidity and Mortality in Patients with Chronic Heart Failure and a Preserved Ejection Fraction: Rationale for and Design of the EMPEROR-Preserved Trial. Eur. J. Heart Fail. 2019, 21, 1279–1287. [Google Scholar] [CrossRef]

	



Kolijn, D.; Pabel, S.; Tian, Y.; Lódi, M.; Herwig, M.; Carrizzo, A.; Zhazykbayeva, S.; Kovács, Á.; Fülöp, G.Á.; Falcão-Pires, I.; et al. Empagliflozin Improves Endothelial and Cardiomyocyte Function in Human Heart Failure with Preserved Ejection Fraction via Reduced Pro-Inflammatory-Oxidative Pathways and Protein Kinase Gα Oxidation. Cardiovasc. Res. 2021, 117, 495–507. [Google Scholar] [CrossRef]

	



Komoroski, B.; Vachharajani, N.; Feng, Y.; Li, L.; Kornhauser, D.; Pfister, M. Dapagliflozin, a Novel, Selective SGLT2 Inhibitor, Improved Glycemic Control Over 2 Weeks in Patients With Type 2 Diabetes Mellitus. Clin. Pharmacol. Ther. 2009, 85, 513–519. [Google Scholar] [CrossRef]

	



Wiviott, S.D.; Raz, I.; Bonaca, M.P.; Mosenzon, O.; Kato, E.T.; Cahn, A.; Silverman, M.G.; Zelniker, T.A.; Kuder, J.F.; Murphy, S.A.; et al. Dapagliflozin and Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. J. Med. 2019, 380, 347–357. [Google Scholar] [CrossRef]

	



Kato, E.T.; Silverman, M.G.; Mosenzon, O.; Zelniker, T.A.; Cahn, A.; Furtado, R.H.M.; Kuder, J.; Murphy, S.A.; Bhatt, D.L.; Leiter, L.A.; et al. Effect of Dapagliflozin on Heart Failure and Mortality in Type 2 Diabetes Mellitus. Circulation 2019, 139, 2528–2536. [Google Scholar] [CrossRef] [PubMed]

	



Cardiorenal Outcomes in the CANVAS, DECLARE-TIMI 58, and EMPA-REG OUTCOME Trials: A Systematic Review. Rev. Cardiovasc. Med. 2018, 19, 41–49. [CrossRef]

	



McMurray, J.J.V.; Solomon, S.D.; Inzucchi, S.E.; Køber, L.; Kosiborod, M.N.; Martinez, F.A.; Ponikowski, P.; Sabatine, M.S.; Anand, I.S.; Bělohlávek, J.; et al. Dapagliflozin in Patients with Heart Failure and Reduced Ejection Fraction. N. Engl. J. Med. 2019, 381, 1995–2008. [Google Scholar] [CrossRef]

	



Nassif, M.E.; Windsor, S.L.; Borlaug, B.A.; Kitzman, D.W.; Shah, S.J.; Tang, F.; Khariton, Y.; Malik, A.O.; Khumri, T.; Umpierrez, G.; et al. The SGLT2 Inhibitor Dapagliflozin in Heart Failure with Preserved Ejection Fraction: A Multicenter Randomized Trial. Nat. Med. 2021, 27, 1954–1960. [Google Scholar] [CrossRef] [PubMed]

	



Solomon, S.D.; Vaduganathan, M.; Claggett, B.L.; de Boer, R.A.; DeMets, D.; Hernandez, A.F.; Inzucchi, S.E.; Kosiborod, M.N.; Lam, C.S.P.; Martinez, F.; et al. Baseline Characteristics of Patients With HF With Mildly Reduced and Preserved Ejection Fraction. JACC Heart Fail. 2022, 10, 184–197. [Google Scholar] [CrossRef] [PubMed]

	



Requena-Ibanez, J.A.; Santos-Gallego, C.G.; Zafar, M.U.; Badimon, J.J. SGLT2-Inhibitors on HFpEF Patients. Role of Ejection Fraction. Cardiovasc. Drugs Ther. 2022; ahead of print. [Google Scholar] [CrossRef]

	



Khalaf, E.M.; Hassan, H.M.; El-Baz, A.M.; Shata, A.; Khodir, A.E.; Yousef, M.E.; Elgharabawy, R.M.; Nouh, N.A.; Saleh, S.; Bin-Meferij, M.M.; et al. A Novel Therapeutic Combination of Dapagliflozin, Lactobacillus and Crocin Attenuates Diabetic Cardiomyopathy in Rats: Role of Oxidative Stress, Gut Microbiota, and PPARγ Activation. Eur. J. Pharmacol. 2022, 931, 175172. [Google Scholar] [CrossRef]

	



Ren, M.; Pan, D.; Zha, D.; Shan, Z. Dapagliflozin Improves Diabetic Cardiomyopathy by Modulating the Akt/MTOR Signaling Pathway. BioMed Res. Int. 2022, 2022, 1–10. [Google Scholar] [CrossRef]

	



Rattka, M.; Westphal, S.; Gahr, B.M.; Just, S.; Rottbauer, W. Spen Deficiency Interferes with Connexin 43 Expression and Leads to Heart Failure in Zebrafish. J. Mol. Cell. Cardiol. 2021, 155, 25–35. [Google Scholar] [CrossRef]

	



Jansen, J.A.; Noorman, M.; Musa, H.; Stein, M.; de Jong, S.; van der Nagel, R.; Hund, T.J.; Mohler, P.J.; Vos, M.A.; van Veen, T.A.; et al. Reduced Heterogeneous Expression of Cx43 Results in Decreased Nav1.5 Expression and Reduced Sodium Current That Accounts for Arrhythmia Vulnerability in Conditional Cx43 Knockout Mice. Heart Rhythm 2012, 9, 600–607. [Google Scholar] [CrossRef]

	



Figtree, G.A.; Rådholm, K.; Barrett, T.D.; Perkovic, V.; Mahaffey, K.W.; de Zeeuw, D.; Fulcher, G.; Matthews, D.R.; Shaw, W.; Neal, B. Effects of Canagliflozin on Heart Failure Outcomes Associated With Preserved and Reduced Ejection Fraction in Type 2 Diabetes Mellitus: Results From the CANVAS Program. Circulation 2019, 139, 2591–2593. [Google Scholar] [CrossRef] [PubMed]

	



Perkovic, V.; Jardine, M.J.; Neal, B.; Bompoint, S.; Heerspink, H.J.L.; Charytan, D.M.; Edwards, R.; Agarwal, R.; Bakris, G.; Bull, S.; et al. Canagliflozin and Renal Outcomes in Type 2 Diabetes and Nephropathy. N. Engl. J. Med. 2019, 380, 2295–2306. [Google Scholar] [CrossRef] [PubMed]

	



Cannon, C.P.; Pratley, R.; Dagogo-Jack, S.; Mancuso, J.; Huyck, S.; Masiukiewicz, U.; Charbonnel, B.; Frederich, R.; Gallo, S.; Cosentino, F.; et al. Cardiovascular Outcomes with Ertugliflozin in Type 2 Diabetes. N. Engl. J. Med. 2020, 383, 1425–1435. [Google Scholar] [CrossRef] [PubMed]

	



Cosentino, F.; Cannon, C.P.; Cherney, D.Z.I.; Masiukiewicz, U.; Pratley, R.; Dagogo-Jack, S.; Frederich, R.; Charbonnel, B.; Mancuso, J.; Shih, W.J.; et al. Efficacy of Ertugliflozin on Heart Failure-Related Events in Patients With Type 2 Diabetes Mellitus and Established Atherosclerotic Cardiovascular Disease: Results of the VERTIS CV Trial. Circulation 2020, 142, 2205–2215. [Google Scholar] [CrossRef] [PubMed]

	



Bhatt, D.L.; Szarek, M.; Pitt, B.; Cannon, C.P.; Leiter, L.A.; McGuire, D.K.; Lewis, J.B.; Riddle, M.C.; Inzucchi, S.E.; Kosiborod, M.N.; et al. Sotagliflozin in Patients with Diabetes and Chronic Kidney Disease. N. Engl. J. Med. 2021, 384, 129–139. [Google Scholar] [CrossRef]

	



Sands, A.T.; Zambrowicz, B.P.; Rosenstock, J.; Lapuerta, P.; Bode, B.W.; Garg, S.K.; Buse, J.B.; Banks, P.; Heptulla, R.; Rendell, M.; et al. Sotagliflozin, a Dual SGLT1 and SGLT2 Inhibitor, as Adjunct Therapy to Insulin in Type 1 Diabetes. Diabetes Care 2015, 38, 1181–1188. [Google Scholar] [CrossRef]

	



Bhatt, D.L.; Szarek, M.; Steg, P.G.; Cannon, C.P.; Leiter, L.A.; McGuire, D.K.; Lewis, J.B.; Riddle, M.C.; Voors, A.A.; Metra, M.; et al. Sotagliflozin in Patients with Diabetes and Recent Worsening Heart Failure. N. Engl. J. Med. 2021, 384, 117–128. [Google Scholar] [CrossRef]

	



Neuen, B.L.; Young, T.; Heerspink, H.J.L.; Neal, B.; Perkovic, V.; Billot, L.; Mahaffey, K.W.; Charytan, D.M.; Wheeler, D.C.; Arnott, C.; 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, 845–854. [Google Scholar] [CrossRef]

	



Zhao, Y.; Xu, L.; Tian, D.; Xia, P.; Zheng, H.; Wang, L.; Chen, L. 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, 458–462. [Google Scholar] [CrossRef]

	



Polidori, D.; Iijima, H.; Goda, M.; Maruyama, N.; Inagaki, N.; Crawford, P.A. Intra- and Inter-subject Variability for Increases in Serum Ketone Bodies in Patients with Type 2 Diabetes Treated with the Sodium Glucose Co-transporter 2 Inhibitor Canagliflozin. Diabetes Obes. Metab. 2018, 20, 1321–1326. [Google Scholar] [CrossRef]

	



Lopaschuk, G.D.; Verma, S. Mechanisms of Cardiovascular Benefits of Sodium Glucose Co-Transporter 2 (SGLT2) Inhibitors. JACC Basic Transl. Sci. 2020, 5, 632–644. [Google Scholar] [CrossRef] [PubMed]

	



Nielsen, R.; Møller, N.; Gormsen, L.C.; Tolbod, L.P.; Hansson, N.H.; Sorensen, J.; Harms, H.J.; Frøkiær, J.; Eiskjaer, H.; Jespersen, N.R.; et al. Cardiovascular Effects of Treatment With the Ketone Body 3-Hydroxybutyrate in Chronic Heart Failure Patients. Circulation 2019, 139, 2129–2141. [Google Scholar] [CrossRef]

	



Sha, S.; Polidori, D.; Heise, T.; Natarajan, J.; Farrell, K.; Wang, S.-S.; Sica, D.; Rothenberg, P.; Plum-Mörschel, L. Effect of the Sodium Glucose Co-Transporter 2 Inhibitor Canagliflozin on Plasma Volume in Patients with Type 2 Diabetes Mellitus. Diabetes Obes. Metab. 2014, 16, 1087–1095. [Google Scholar] [CrossRef]

	



Uthman, L.; Baartscheer, A.; Bleijlevens, B.; Schumacher, C.A.; Fiolet, J.W.T.; Koeman, A.; Jancev, M.; Hollmann, M.W.; Weber, N.C.; Coronel, R.; et al. Class Effects of SGLT2 Inhibitors in Mouse Cardiomyocytes and Hearts: Inhibition of Na+/H+ Exchanger, Lowering of Cytosolic Na+ and Vasodilation. Diabetologia 2018, 61, 722–726. [Google Scholar] [CrossRef] [PubMed]

	



Paolisso, G.; De Riu, S.; Marrazzo, G.; Verza, M.; Varricchio, M.; D’Onofrio, F. Insulin Resistance and Hyperinsulinemia in Patients with Chronic Congestive Heart Failure. Metabolism 1991, 40, 972–977. [Google Scholar] [CrossRef]

	



Verma, S.; Mazer, C.D.; Yan, A.T.; Mason, T.; Garg, V.; Teoh, H.; Zuo, F.; Quan, A.; Farkouh, M.E.; Fitchett, D.H.; et al. Effect of Empagliflozin on Left Ventricular Mass in Patients With Type 2 Diabetes Mellitus and Coronary Artery Disease: The EMPA-HEART CardioLink-6 Randomized Clinical Trial. Circulation 2019, 140, 1693–1702. [Google Scholar] [CrossRef]

	



Verma, S.; McMurray, J.J.V. SGLT2 Inhibitors and Mechanisms of Cardiovascular Benefit: A State-of-the-Art Review. Diabetologia 2018, 61, 2108–2117. [Google Scholar] [CrossRef]

	



Zelniker, T.A.; Wiviott, S.D.; Raz, I.; Im, K.; Goodrich, E.L.; Bonaca, M.P.; Mosenzon, O.; Kato, E.T.; Cahn, A.; Furtado, R.H.M.; et al. SGLT2 Inhibitors for Primary and Secondary Prevention of Cardiovascular and Renal Outcomes in Type 2 Diabetes: A Systematic Review and Meta-Analysis of Cardiovascular Outcome Trials. Lancet 2019, 393, 31–39. [Google Scholar] [CrossRef]

	



Shi, Z.; Gao, F.; Liu, W.; He, X. Comparative Efficacy of Dapagliflozin and Empagliflozin of a Fixed Dose in Heart Failure: A Network Meta-Analysis. Front. Cardiovasc. Med. 2022, 9, 869272. [Google Scholar] [CrossRef]

	



Voors, A.A.; Angermann, C.E.; Teerlink, J.R.; Collins, S.P.; Kosiborod, M.; Biegus, J.; Ferreira, J.P.; Nassif, M.E.; Psotka, M.A.; Tromp, J.; et al. The SGLT2 Inhibitor Empagliflozin in Patients Hospitalized for Acute Heart Failure: A Multinational Randomized Trial. Nat. Med. 2022, 28, 568–574. [Google Scholar] [CrossRef]








[image: Pharmaceutics 14 01730 g001 550] 





Figure 1. Effect of SGLT2i for the treatment of T2D in patients with HFpEF or HFrEF: The use of SGLT2i has shown improvement in diastolic dysfunction in patients with FHrEF or HF and reduced oxidative stress, infiammation, fibrosis, and myofilament stifness when compared with patients not using SGLT2i. 
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Figure 2. Effect of SGLT2i for the treatment of T2D in patients with HFpEF or HFrEF: The use of SGLT2i has shown improvement in diastolic dysfunction in patients with FHrEF or HF and reduced oxidative stress, infiammation, fibrosis, and myofilament stifness when compared with patients not using SGLT2i. 
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Figure 3. Pleiotropic effects of SGLT2i: recent evidence supports the efficacy of SGLT2i in reducing cardiovascular complication and hospitalizations in patients with and without diabetes by ameliorating renal, cardiometabolic, and vascular effects. (* FFA: free fatty acid). 
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Table 1. Class I therapy for a patient with HFrEF.
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	Currently Approved Pharmacological Treatment for Heart

Failure Reduced Ejection Fraction (HFrEF)





	 



	(1) ACE-I * /ARBs*



	(2) ARNI *: as a replacement for ACE-I



	(3) ARBs: recommended for patients who cannot tolerate ACE-I or ARNI



	(4) Beta-blocker



	(5) MRA *



	(6) SGLT2i *: Dapagliflozin / Empagliflozin



	(7) Loop diuretic for fluid retention







* ACE-I: angiotensin-converting enzyme inhibitor, ARBs: angiotensin-receptor blocker, ARNI: angiotensin receptor-neprilysin inhibitor, MRA: mineralocorticoid receptor antagonists, SGLT2i: sodium-glucose transporter 2 inhibitor.
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Table 2. Clinical Trials and effects of the SGLT2i: summary of the clinical trials of SGLT2i, most significant adverse effects, % reduction of hospitalization and primary outcome (* HFrEF: Heart Failure reduced Ejection Fraction).
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SGLT2i

	
Trial

	
Patients (Number)

	
Duration of the Study (in Years)

	
Diabetes

	
HFrEF *

	
% Reduction of Primary Outcome

	
Adverse Effects

	
% Reduction in Hospitalization






	
 




	
Empagliflozin

	
EMPEROR-reduced

	
3730

	
1.4

	
With/without

	
Yes

	
21%

	
Uncompleted genital tract infection in patients treated with empagliflozin was reported more frequently compared to the placebo group. However, hypoglycemia, lower limb amputation, and bone fracture were not observed to be significantly different between the two groups.

	
15.4%




	
EMPA-REG

	
7020

	
3.1

	
Yes

	
N/A

	
14%

	
35%




	
Emperor-presrved

	
5988

	
2.4

	
With/without

	
No (LVEF >40%)

	
N/A

	
N/A




	
 




	
Dapagliflozin

	
Declare-TIMI

	
17,160

	
4.2

	
Yes

	
N/A

	
N/A

	
volume depletion, renal dysfunction, and hypoglycemia, were not reported

significantly different from the placebo group

	
17%




	
DAPA-HF

	
4744

	
1.7

	
With/without

	
Yes

	
21.1%

	
30%




	
 




	
Canagliflozin

	
CANVAS

	
10,142

	
3.6

	
Yes

	
N/A

	
N/A

	
with a higher risk of amputation primarily at the level of toe or metatarsal

	
14.4%




	
CREDENCE

	
4401

	
2.6

	
Yes

	
N/A

	
N/A

	
37.5%




	
 




	
Ertugliflozin

	
VERTIS CV

	
8246

	
3.5

	
Yes

	
N/A

	
N/A

	
urinary infections, observed with ertugliflozin were similar to the known risks of the medicines in the SGLT2 inhibitor class.

	
N/A




	
 




	
Sotagliflozin

	
SOLOIST-WHF

	
1222

	
0.9

	
Yes

	
Yes

	
33%

	
Diarrhea (SGLT1 inhibition), diabetic ketoacidosis, genital mycotic infections, and volume depletion, severe hypoglycemia.

	
30%




	
SCORED

	
10,584

	
1.3

	
Yes

	
N/A

	
N/A

	
33%
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