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                    Abstract
Aims

EMPAREG OUTCOME study showed a reduction in cardiovascular events in patients treated with the sodium-glucose transporter 2 inhibitor (SGLT2i) empagliflozin, as compared to placebo. Other drugs of the same class are currently been investigated for cardiovascular outcomes. In the meanwhile, a re-analysis of data collected in available studies can add relevant insight.

Methods
A MEDLINE search for SGLT-2 inhibitors (dapagliflozin, empagliflozin, canagliflozin, ipragliflozin, ertugliflozin, luseogliflozin) was performed, collecting all randomized trials up to November 16, 2015. All trials with a duration of treatment ≥12 weeks, enrolling patients with type 2 diabetes, comparing a SGLT2i with placebo or other comparators were included. The principal outcome was the effect of SGLT2i on all-cause and cardiovascular mortality. Secondary endpoints were myocardial infarction and stroke. Mantel–Haenszel odds ratio with 95 % confidence interval (MH-OR) was calculated.
Results
A total of 71 trials were included (31,199 and 16,088 patients in SGLT2i and comparator groups). Treatment with SGLT2i was associated with a significant reduction in all-cause mortality (MH-OR 0.70 [0.59–0.83], p < 0.001), cardiovascular mortality (MH-OR 0.43 [0.36–0.53], p < 0.001), and myocardial infarction (MH-OR 0.77 [0.63–0.94], p < 0.01), but not stroke (MH-OR 1.09 [0.86–1.38], p = 0.50), with no apparent difference across molecules (after excluding cardiovascular outcome trials).

Conclusions
Available data suggest that the beneficial action observed with empagliflozin on all-cause and cardiovascular mortality in EMPAREG OUTCOME study is a class effect. The present meta-analysis showed a significantly reduction in myocardial infarction, with no increased risk of stroke.
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                                    Introduction

The EMPAREG OUTCOME study recently showed a reduction in major cardiovascular events in patients treated with the sodium-glucose transporter 2 (SGLT2) inhibitor empagliflozin, as compared to placebo [1]. This result was beyond the expectations of most clinicians, considering that the trial had been designed for safety purposes (with non-inferiority as the primary endpoint) and that previous studies in type 2 diabetes with similar design had failed to detect any significant beneficial effect of tested drugs [2–5]. The most striking result of the EMPAREG OUTCOME study was an impressive reduction in all-cause and cardiovascular mortality, which became evident after a few weeks from the beginning of treatment [1].Those results could modify current attitudes in the choice of drugs for the treatment of type 2 diabetes.
Landmark studies, while providing essential evidence, often open a number of novel research questions. This is the case of the EMPAREG OUTCOME study [1]. Mechanisms underlying the observed reduction in cardiovascular mortality, which cannot be entirely explained by the reduction in the incidence of major cardiovascular events, remain unknown. Several hypotheses have been formulated in this regard [6–8], but the contribution of the proposed mechanisms has not been explored so far. In fact, we do not even know whether the reduction in cardiovascular mortality with empagliflozin was determined by the inhibition of SGLT2 or by other, still unidentified, SGLT2-independent mechanisms. Due to this lack of information, we are unable to predict whether the benefit of empagliflozin on mortality is a class effect or a specific feature of that molecule; the ongoing cardiovascular studies with the other SGLT-2 inhibitors canagliflozin, dapagliflozin, and ertugliflozin [9–11] are not bound to produce any results in the next 2 years.
In the EMPAREG OUTCOME study, empagliflozin produced a significant benefit in the incidence of major cardiovascular events, hospitalization for heart failure, and all-cause and cardiovascular mortality. For other cardiovascular endpoints (e.g., myocardial infarction), a nonsignificant trend was reported, the only notable exception being the incidence of stroke, with an estimated hazard ratio of 1.18 and 1.24 for total and non-fatal cases, respectively [1]. Interestingly, an estimated hazard ratio of stroke of 1.46, although with a small number of overall events, had been reported in a pooled analysis of trials submitted to the Food and Drug Administration for the approval of canagliflozin [12]. The safety of SGLT-2 inhibitors with respect to the incidence of stroke deserves further investigation.
Other drugs of the same class are currently been investigated for cardiovascular outcomes [9–11], in order to comply with regulatory requirements. When all ongoing trials are completed, a comprehensive picture of the cardiovascular effects of SGLT-2 inhibitors will be available. In the meanwhile, a re-analysis of data collected in available studies, including phase II–III trials, can add relevant insight. Recently, such a meta-analysis has been performed, showing (for the whole class) a significant reduction in the hospitalization for heart failure and cardiovascular and all-cause mortality, which was largely driven by the EMPAREG OUTCOME study, with no significant effect on non-fatal myocardial infarction [13]. The same meta-analysis also showed a significant increase in the risk of stroke. Notably, the meta-analysis was performed collecting data only from published trials or regulatory submission, without any attempt at retrieving results from unpublished trials which were not submitted to regulatory agencies; this means that the database did not include all available data.
Aim of the present meta-analysis is the assessment of the effects of  SGLT-2 inhibitors on all-cause and cardiovascular mortality, and on selected major cardiovascular events (myocardial infarction, stroke), verifying differences across molecules of the class, and including all available evidence.


Methods
The review protocol (CRD42015029573) was published on the University of York (Centre for Reviews and Dissemination) Web site [14].
Data sources and searches
A MEDLINE search for SGLT-2 inhibitors (dapagliflozin, empagliflozin, canagliflozin, ipragliflozin, ertugliflozin, luseogliflozin) was performed, collecting all randomized clinical trials on humans up to November 16, 2015. The identification of relevant abstracts, the selection of studies based on the criteria described below, and the subsequent data extraction were performed independently by two of the authors (I.D., M.M.), and conflicts resolved by the third investigator (E.M.). Completed but still unpublished trials were identified through a search of www.clinicaltrials.gov Web site, using the same keywords. In addition, for approved drugs, medical reviews were retrieved from the Food and Drug Administration (FDA) Web site [15], and the summary of product characteristics from the European Medicines Agency (EMA) Web site [16], for the identification of further unpublished and otherwise undisclosed trials.
Study selection
A meta-analysis was performed including all randomized clinical trials with a duration of treatment of at least 12 weeks, enrolling patients with type 2 diabetes, comparing a SGLT2 inhibitor with placebo or any other non-SGLT2 inhibitor drug, provided that concurrent treatment was the same for all treatment arms.
Data extraction and quality assessment
Results of trials were retrieved from the primary publication and, if needed, from other publications referring to the same trial. When an information was unavailable on published papers, data were retrieved (in this hierarchical order) from FDA medical reviews, EMA summaries of product characteristics, www.clinicaltrials.gov study results, and trial results on the manufacturers’ company Web sites. Retrieved data included all outcomes reported below, plus the main features of each trial (concurrent therapy, principal endpoint, and inclusion criteria for age, body mass index [BMI], and HbA1c), and baseline characteristics of enrolled patients (age, BMI, duration of diabetes, HbA1c). The quality of trials was assessed using the Cochrane Collaboration’s tool for assessing risk of bias in randomized controlled trials; quality was not used as a criterion for the selection of trials, but only for descriptive purposes.
Data synthesis and analysis
The principal outcome of this analysis was the effect of SGLT-2 inhibitors, compared with placebo or other active drugs, on all-cause and cardiovascular mortality. In addition, the effect of SGLT-2 inhibitors on the incidence of overall (fatal plus non-fatal) myocardial infarction and stroke was assessed. The composite endpoint of major cardiovascular events (MACE) was not considered, because it is not usually reported as such in trials with non-cardiovascular principal endpoints, which were the majority of available studies. Heterogeneity (on all-cause mortality) was assessed by using I [2] statistics. In order to estimate possible publication/disclosure bias, we used funnel plots and the Begg’s adjusted rank correlation test [17, 18], including published and unpublished, but disclosed, trials. Considering the differences across trials in molecules, treatment schedules, inclusion criteria, and length of follow-up, a random-effects model was applied, calculating Mantel–Haenszel odds ratio with 95 % confidence interval (MH-OR) for all the events defined above, on an intention-to-treat basis, excluding trials with zero events. For all-cause mortality, a sensitivity analysis was performed with continuity correction, in order to avoid distortions due to the exclusion of trials with zero events; a further sensitivity analysis was performed calculating Peto’s OR (fixed effects model). Subgroup analyses were performed for all endpoints for different drugs of the class, different classes of comparators, trials with cardiovascular and non-cardiovascular endpoints, and trials with different inclusion criteria (maximum age, maximum BMI, and maximum HbA1c). Further analyses were performed including only trials with molecules and doses approved by FDA, EMA, or both (dapagliflozin 10/day, empagliflozin 10 and 25/day, canagliflozin 100 and 300/day). All analyses were performed using Comprehensive Meta-Analysis version 2, Biostat (Englewood, NJ, USA).The meta-analysis was reported following the PRISMA checklist [19].


Results
Out of 139, 235, and 145 items identified through MEDLINE, www.clinicaltrials.gov, and FDA/EMA Web sites, respectively, 71 trials were selected, as shown in Fig. 1. The quality of trials (all intention-to-treat) was generally good (Table 1). The trials fulfilling the inclusion criteria enrolled 31,199 and 16,088 patients in SGLT2 inhibitor and comparator arms, respectively, with a mean duration of treatment of 40.2 weeks. The main characteristics of the selected trials, and the outcomes of interest in each study, are reported in Tables 1 and 2. The search of www.clinicaltrials.gov Web site allowed the identification of six unpublished and undisclosed, although completed, trials (Table 3).
Fig. 1
Trial flow summary


Full size image


                        Table 1 Baseline characteristics and quality assessment of trials included in the meta-analysisFull size table


                        Table 2 Baseline characteristics and quality assessment of trials included in the meta-analysisFull size table


                        Table 3 Principal characteristics of unpublished and undisclosed trialsFull size table


                     All-cause mortality
Of the 71 trials fulfilling the inclusion criteria, 6 did not report information on all-cause mortality, whereas 33 reported zero events in all treatment groups. The principal analysis was therefore performed on 32 trials, enrolling 26,856 and 14,090 patients in SGLT2 inhibitor and comparator arms, respectively, with a mean duration of 41.3 weeks. The number of reported deaths was 342 for SGLT-2 inhibitors and 243 for comparators, with an estimated yearly mortality rate of 1.01 and 1.37 %, respectively.
For the principal endpoint, I
                           2 was <0.001, suggesting no relevant heterogeneity. Funnel plot analysis (Fig. 2) and Kendall’s tau (−0.14; p = 0.26) did not suggest any relevant publication bias.
Fig. 2
Funnel plot of standard error by MH log odds ratio for all-cause mortality


Full size image


                        Overall, treatment with SGLT-2 inhibitors was associated with a significant reduction in all-cause mortality (MH-OR [95 % CI] 0.70 [0.59–0.83], p < 0.001; Fig. 3). Similar results were obtained with fixed effects model Peto’s OR (0.70 [0.58–0.83], p < 0.001). The sensitivity analysis with continuity correction confirmed the same result (MH-OR 0.67 [0.57–0.78], p < 0.001). When trials with different molecules were analyzed separately, the results with canagliflozin (N = 7 trials), dapagliflozin (N = 13), and empagliflozin (N = 12) were MH-OR 0.80 [0.45–1.42] (p = 0.45), 0.78 [0.41–1.48] (p = 0.45), and 0.68 [0.56–0.82] (p < 0.0001).
Fig. 3
MH-OR for all-cause mortality with 95 % CI. SGLT2i sodium-glucose transporter 2 inhibitors


Full size image


                        These results were largely driven by the EMPAREG OUTCOME study [1], which was one of the two included trials with a cardiovascular endpoint, together with an interim analysis of the CANVAS study with canagliflozin [20]. When trials with non-cardiovascular endpoints were analyzed separately, the reduction in all-cause mortality with SGLT-2 inhibitors was no longer significant, with no apparent difference across molecules. However, when the sensitivity analysis with continuity correction was performed, the reduction in mortality was significant, again with similar results for different molecules of the class (Fig. 4). A further analysis was performed including only molecules and doses approved by FDA and/or EMA. The results were similar to the previous analysis as reported in Fig. 4.
Fig. 4
Subgroup analyses for all-cause mortality considering trials with and without cardiovascular endpoints (a all randomized clinical trials; b sensitivity analysis with continuity correction; c only molecules and doses approved by FDA and/or EMA). SGLT2i sodium-glucose transporter 2 inhibitors


Full size image


                        Few of the trials with events compared SGLT-2 inhibitors with active comparators (three with DPP4 inhibitors, three with sulfonylureas, and four with metformin), with no statistically significant differences. The results of the analysis of placebo-controlled trials were similar to those of the one including all trials, reported above (Fig. 5). Separate analyses were performed for trials on the basis of the main inclusion criteria. The effect of SGLT2 on mortality was significant only in trials in which the maximum HbA1c was over 10 % (86 mmol/mol), the maximum BMI greater than 45 kg/m [2], and the maximum age lower than 81 years. However, those results were again driven by the EMPAREG OUTCOME study [1]; when trials with CV endpoints were excluded, differences based on inclusion criteria were no longer detectable (Fig. 6).
Fig. 5
Subgroup analyses of different molecules for all-cause mortality in placebo-controlled trials. SGLT2i sodium-glucose transporter 2 inhibitors


Full size image


                           Fig. 6
Subgroup analyses for all-cause mortality on the basis of the main inclusion criteria. a all randomized clinical trials; b excluding trials with cardiovascular endpoints. SGLT2i sodium-glucose transporter 2 inhibitors


Full size image


                        Secondary endpoints
Cardiovascular mortality
Only a fraction of available trials reported information on causes of death. Cardiovascular mortality was available for 61 trials, 23 of which with at least one event. SGLT-2 inhibitors significantly reduced cardiovascular mortality (MH-OR [95 % CI] 0.43 [0.36–0.53], p < 0.001). MH-OR for canagliflozin (N = 7 trials), dapagliflozin (N = 9), and empagliflozin (N = 7) were 0.50 [0.27–0.95] (p = 0.034), 0.46 [0.20–1.07] (p = 0.071), and 0.42 [0.34–0.52] (p < 0.0001), respectively. When trials with non-cardiovascular endpoints were analyzed separately, the reduction in cardiovascular mortality with SGLT-2 inhibitors was still significant, with no apparent difference across molecules (Fig. 7). Similar results were obtained when restricting the analysis to placebo-controlled trials only (Fig. 8).
Fig. 7
Subgroup analyses for cardiovascular mortality (a), myocardial infarction (b), and stroke (c) considering all randomized clinical trials with and without cardiovascular endpoints. SGLT2i sodium-glucose transporter 2 inhibitors


Full size image


                              Fig. 8
Subgroup analyses for cardiovascular mortality (a), myocardial infarction (b), and stroke (c) considering placebo-controlled trials with and without cardiovascular endpoints. SGLT2i sodium-glucose transporter 2 inhibitors


Full size image


                           Myocardial infarction
Information on myocardial infarction was reported for 64 trials, 36 of which with at least one event. SGLT-2 inhibitors produced a significant reduction in the incidence of myocardial infarction (MH-OR [95 % CI] 0.77 [0.63–0.94], p < 0.01); data for canagliflozin (N = 6 trials), dapagliflozin (N = 14), and empagliflozin (N = 15) were 0.57 [0.26–1.24] (p = 0.15), 0.48 [0.26–0.87] (p = 0.017), and 0.83 [0.67–1.04] (p = 0.10), respectively. The reduction in risk of myocardial infarction was not statistically significant in the only one available trial with a cardiovascular endpoint, the EMPAREG OUTCOME study [1]; conversely, in trials with non-cardiovascular endpoints, the effect of SGLT-2 inhibitors was significant, with no apparent difference across molecules (Fig. 7). The number and size of available trials versus active comparators was too small to obtain reliable results for myocardial infarction; the exclusion of those trials for the analysis did not produce major changes in results (Fig. 8).
Stroke
Information on stroke was reported by 63 studies, 29 of which with no events. The analysis was therefore performed on 34 trials with at least one event. The incidence of stroke with SGLT-2 inhibitors was not significantly different from that of comparator groups (MH-OR [95 % CI] 1.09 [0.86–1.38], p = 0.50). The risk of stroke (MH-OR) associated with SGLT2 inhibitor therapy was 1.36 [0.54–3.40] for canagliflozin (N = 8 trials; p = 0.51), 0.68 [0.31–1.46] for dapagliflozin (N = 11; p = 0.32), and 1.13 [0.87–1.46] for empagliflozin (N = 15, p = 0.37), respectively. No significant differences between SGLT-2 inhibitors, either as individual molecules or as a class, were detected after the exclusion of trials with cardiovascular endpoints (Fig. 7), or after the exclusion of trials versus active comparators (Fig. 8).


Discussion
The reduction in cardiovascular and all-cause mortality observed in the EMPAREG OUTCOME study was much greater than that of major cardiovascular events, and it was already evident after a few weeks of treatment [1]. Such a result cannot be attributed to the prevention of atherosclerosis, rather suggesting alternative and yet unknown protective mechanisms [6–8, 20]. The lack of information on mechanisms underlying the reduction in mortality does not allow the prediction of the effects of SGLT-2 inhibitors other than empagliflozin. In other words, we do not know whether the beneficial actions of empagliflozin are specific of the molecule or characteristic of the whole class.
The present meta-analysis shows that SGLT-2 inhibitors, as a class, are associated with a reduction in all-cause mortality. The concordant results of sensitivity analyses (with fixed effect model, or with continuity correction, or including only placebo-controlled trials, or only molecules and doses approved by EMA and/or FDA) support the robustness of this effect. However, the result is largely driven by the EMPAREG OUTCOME study [1], which accounts for 79 % of all reported deaths. When the trials with cardiovascular endpoints (i.e., the EMPAREG OUTCOME study [1] and the CANVAS trial interim analysis [21]) were excluded, the reduction in cardiovascular mortality was no longer significant. Smaller, non-cardiovascular trials were performed in populations different from those enrolled in cardiovascular outcome studies, with a lower mortality rate. The small number of events could have prevented the detection of relevant differences between groups. In addition, the result was affected by the exclusion of a relatively high number of trials with no events. In many of those latter studies, the proportion of patients allocated to SGLT-2 inhibitors was higher than comparators; this explains the greater reduction in mortality in the analysis with continuity correction, which reached statistical significance. In both analyses (with and without continuity correction), after excluding trials with cardiovascular endpoints, the estimated effects on mortality were similar for all SGLT-2 inhibitors. These results do not support the hypothesis of differences in the effects on all-cause mortality across the molecules of the class.
Data on cardiovascular mortality were not available for all trials. In fact, only a fraction of studies with non-cardiovascular endpoints reported causes of death. In addition, the classification of causes of death can be problematic, particularly in those trials in which a formal adjudication is not provided. Despite these limitations, the meta-analysis clearly shows that SGLT-2 inhibitors markedly reduced cardiovascular mortality, either versus placebo or versus all comparators. This result retained statistical significance even after excluding cardiovascular outcome trials. Again, no relevant differences were apparent across molecules of the class.
The typical endpoint for cardiovascular outcome trials is major cardiovascular events (MACE), i.e., a composite of non-fatal myocardial infarction, non-fatal stroke, and cardiovascular mortality, sometimes with the addition of unstable angina. Both the EMPAREG OUTCOME [1] and CANVAS [9] studies had three-point MACE as their principal endpoint. For MACE, pooled analyses of patient-level data submitted to regulatory authorities had shown a significant risk reduction with empagliflozin [22, 23], but not for dapagliflozin [24, 25] or canagliflozin [12, 21]. Unfortunately, such endpoint could not be used in this meta-analysis, because non-cardiovascular trials usually report single events, but not composite endpoints. Therefore, we chose to explore the endpoints individually: cardiovascular mortality (see above), myocardial infarction (including both fatal and non-fatal), and stroke.
For myocardial infarction, SGLT-2 inhibitors as a class were associated with a significant reduction in risk, which was confirmed when the analysis was restricted to placebo-controlled trials only. A similar result had been recently reported by a meta-analysis of published trials, on a smaller number of studies, which did not use regulatory submissions as a source for identification of trials, and which included only larger studied, while posing no minimum duration limit [26]. However, in that meta-analysis, the interpretation of results was complicated by the detection of a potential publication bias, which was not present in this meta-analysis. The difference in results can be attributed to the diversity in data sources and in trial selection criteria, which are a key issue for meta-analyses. Interestingly, despite a smaller number of events, the reduction in myocardial infarction was statistically significant in trials with non-cardiovascular endpoints, but not in the EMPAREG OUTCOME study [1]. When excluding trials with cardiovascular endpoints, the protective effect was significant only for dapagliflozin, but the estimates of risk with the other molecules of the class were similar (−50, −48, and −59 % for dapagliflozin, empagliflozin, and canagliflozin, respectively). Overall, these results suggest a protective effect of SGLT-2 inhibitors as a class with respect to the risk of myocardial infarction. The fact that a therapeutic action is more evident in a population at lower risk, and with a lower number of overall events, may seem surprising. However, similar findings have been reported for other classes of glucose-lowering drugs: DPP4 inhibitors are associated with a reduction in cardiovascular risk in smaller trials with metabolic endpoints [27–29], but not in cardiovascular outcome trials [2–4]. These discrepancies could be the consequences of differences in trial design, with particular reference to the length of treatment and the assessment of outcomes or, more probably, to the diversities in the characteristics of enrolled patients. The hypothesis that patients at earlier stages of the natural history of diabetes, with a lower number of concomitant cardioprotective therapies and a smaller burden of comorbid conditions, could obtain a greater benefit from SGLT-2 inhibitors and other treatments for diabetes, although unproved, is intriguing, and it deserves further investigation.
The effect of empagliflozin on stroke was a potential weakness in the results of the EMPAREG OUTCOME study [1]. In fact, stroke (either total or non-fatal) was the only cardiovascular endpoint for which the estimated HR was greater than 1.0, although differences from placebo did not reach statistical significance. In addition, initial results from the CANVAS trial, showing a small excess of cases in the canagliflozin arm, had evoked concerns in some members of a FDA advisory committee [30]. In fact, a recent meta-analysis reported a significant increase in the risk of stroke with SGLT-2 inhibitors [13]. Conversely, the results of the present meta-analysis are reassuring, failing to show any major adverse effect of SGLT-2 inhibitors on the incidence of stroke. In comparison with the previous meta-analysis, which provided different results, the present analysis collects data from a larger number of trials. However, it should be noted that the number of events, for this endpoint, is relatively small and confidence intervals are therefore wide; at present, we can only exclude an increase in risk greater than 38 %.
Some limitations on the present meta-analysis should be recognized. The overall number and size of trials, although remarkable, is still insufficient to detect minor differences between treatment arms. The small number of trials versus other glucose-lowering agents does not allow any reliable comparative estimate of risk. In addition, although the number of completed, but unpublished and undisclosed trials was rather small, the possibility of a selective disclosure, particularly for some endpoints (e.g., cardiovascular mortality) cannot be ruled out. Conversely, the extensive search of unpublished studies, and the retrieval of data from different sources, is a strength of this meta-analysis, which allowed the inclusion of information, which had been disclosed without ever being reported on scientific journals. Another typical limitation of meta-analyses of cardiovascular events recorded in trials with non-cardiovascular endpoints is that, in many trials, those events are not adjudicated [31]. However, in the case of SGLT-2 inhibitors, the majority of non-cardiovascular trials (all those submitted to regulatory authorities), following a FDA guideline, had undergone adjudication for the inclusion in patient-level pooled analyses of MACE [12, 23, 25].
In conclusion, available data suggest that the beneficial action observed with empagliflozin on all-cause and cardiovascular mortality in the EMPAREG OUTCOME study [1] is a class effect. The results of randomized trials do not highlight any specific risk of stroke associated with SGLT2 inhibitor therapy. On the other hand, a reduction in the incidence of myocardial infarction is evident, particularly in early trials enrolling patients at lower cardiovascular risk.
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